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Abstract 

The regeneration of visual pigment in rod photoreceptors of the vertebrate retina requires an exchange of 
retinoids between the neural retina and the retinal pigment epithelium (RPE). It has been hypothesized that 
interphotoreceptor retinoid-binding protein (IRBP) functions as a two-way carrier of retinoid through the 
aqueous compartment (interphotoreceptor matrix) that separates the RPE and the photoreceptors. The first part 
of this review summarizes the cellular and molecular biology of IRBP. Work on the IRBP gene indicates that the 
protein contains a four-fold repeat structure that may be involved in binding multiple retinoid and fatty acid 
ligands. These repeats and other aspects of the gene structure indicate that the gene has had an active and 
complex evolutionary history. IRBP mRNA is detected only in retinal photoreceptors and in the pineal gland; 
expression is thus restricted to the two photosensitive tissues of vertebrate organisms. In the second part of this 
review, we consider the results obtained in experiments that have examined the activity of IRBP in the process 
of visual pigment regeneration. We also consider the results obtained on the bleaching and regeneration of 
rhodopsin in the acutely detached retina, as well as in experiments testing the ability of IRBP to protect its 
retinoid ligand from isomerization and oxidation. Taken together, the findings provide evidence that, in vivo, 
IRBP facilitates both the delivery of all-trans retinol to the RPE and the transfer of 11-c/s retinal from the RPE to 
bleached rod photoreceptors, and thereby directly supports the regeneration of rhodopsin in the visual cycle. 

Index Entries: Interphotoreceptor retinoid-binding protein; IRBP; rhodopsin; retinoid; visual cycle; visual 
pigment; retinal pigment epithelium. 

Introduction 

It is well established that the bleaching and 
regeneration cycle of rhodopsin in the vertebrate 
eye depends critically on the movement of 
retinoid between the rod photoreceptors and the 
retinal pigment epithelium (RPE) (for recent 
reviews, see Saari, 1990; Bok, 1990; Rando et al., 
1991). All-trans retinol, generated within the rods 
by the bleaching of rhodopsin (Wald, 1935; 
Futterman, 1963; Brin and Ripps, 1977; Sears and 
Kaplan, 1989; Ishiguro et al., 1991), is transferred 
from the rods to the RPE by passage through the 
interphotoreceptor matrix (IPM), the aqueous 
compartment that separates the RPE and the neu- 
ral retina. Within the RPE, the retinol is enzymati- 
cally esterified (Krinsky, 1958; Hubbard and 
Dowling, 1962; Zimmerman, 1974; Bridges, 1975, 
1976a; Berman et al., 1980; Saari and Bredberg, 
1988a, 1989; Das and Gouras, 1988; Bongiomo et 
al., 1991) and isomerized from the all-trans to the 
l l - c i s  configuration (Bernstein et al., 1987; 
Deigner et al., 1989; Shi and Olson, 1990). l l-cis 
Retinoid formed within the RPE subsequently 
moves to the rods, where, as 11-c/s retinal, it binds 

to opsin (Dowling, 1960; Perlman et al., 1982; 
Kawaguchi et al., 1986; Okajima et al., 1990). The 
resulting formation of rhodopsin directly regu- 
lates the recovery o f visual sensitivity; ultimately, 
the full complement of photosensitive pigment 
is restored and sensitivity recovers to its fully 
dark-adapted, i.e., pre-bleach, level (Dowling, 
1960; Rushton, 1961; Dowling and Ripps, 1970; 
Pepperberg et al., 1978; Jones et al., 1989). 

The dependence of visual function on the 
regeneration of rhodopsin emphasizes the need 
to understand the mechanisms that support the 
transfer of retinoids between the rods and the 
RPE. Interest has focused on the possible activity 
in this process of interphotoreceptor retinoid- 
binding protein (IRBP), a glycoprotein (M r = 140 
kDa) that is uniquely localized in the IPM and is 
the major soluble protein of this intercellular com- 
partment (Bunt-Milam and Saari, 1983; for a 
review, see Chader, 1989). The possibility that 
IRBP serves as a retinoid transport vehicle in the 
bleaching/regeneration cycle is clearly implied, 
for example, by the finding that light modulates 
the relative levels of all-trans and 11-c/s retinoids 
associated with IRBP (Wiggert et al., 1979; Adler 
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and Martin, 1982; Liou et al., 1982; Bridges et al., 
1984; Saari et al., 1985; Adler and Evans, 1985; Lin et 
al., 1989; Adler and Spencer, 1991a). Exposure to 
bright light favors the binding of all-trans retinol 
to IRBP, whereas in the course of dark adapta- 
tion, 11-c/s retinal becomes the principal ligand. 

Despite these observations, the need for an 
intercellular retinoid carrier within the IPM has 
been questioned. The relatively close apposition 
of the apical processes of the RPE with the plasma 
membranes of the rod outer segments, and the 
evidence that the intermembraneous transfer of 
retinol through aqueous medium is retarded by 
IRBP (Ho et al., 1989), have led to the suggestion 
that IRBP acts primarily to buffer the extracellu- 
lar concentration of retinoid, thereby preventing 
both aqueous degradation of the retinoid and its 
potentially toxic effect on cell membranes. 

It is important to note, however, that these 
diverse functions are not mutually exclusive, and 
as will become evident, it is likely that IRBP 
subserves multiple functions associated with the 
translocation of retinoids through the IPM. The 
present review summarizes a select body of work 
dealing with the molecular properties of IRBP, 
and its physiological role in the retinoid exchange 
process that underlies the rhodopsin cycle. 

Molecular Biology 
and Expression of IRBP 

cDNA Analysis 
The analysis of cDNA has replaced the classi- 

cal biochemical methods in determining the 
primary sequence of large proteins, such as IRBP; 
it also affords a quick insight into functional 
groupings of amino acids and their possible con- 
formation. The first report of IRBP clones (Barrett 
et al., 1985) was followed by publication of the 
cDNA sequences of the bovine (Liou et al., 1986) 
and human (Fong and Bridges, 1988) proteins. 
The deduced protein sequence for bovine IRBP 
is consistent with a protein of about 140 kDa mol 
wt, and corresponds to a total of 1264 amino acids. 

The bovine and human proteins are 80-90% simi- 
lar in sequence and in apparent  structure. 
Although sequences of many other retinoid- 
binding proteins (opsin, serum retinol-binding 
protein, cellular retinol- and retinoic acid-bind- 
ing proteins, cellular retinaldehyde-binding 
protein, and purpurin) have been reported, 
GenBank and PIR searches show IRBP to be 
unique, with no similarities to these proteins or 
to other members of the super families to which 
they belong. 

One of the most striking features to emerge 
from the cDNA analysis is a four-fold repeat 
structure in the nucleic acid sequence that trans- 
lates into a strong four-repeat structure in the 
protein moiety. Each repeat is approx 300 amino 
acids long with a short C-terminal extension of 
about 55 amino acids (Fong and Bridges, 1988). 
The sequence identity between any two of the 
repeats is 30--40%; many of the remaining posi- 
tions exhibit conservative amino acid substitu- 
tions. Moreover, many of the identical amino 
acids are clustered together in the repeats, sug- 
gesting that these could be functionally impor- 
tant areas that are retained because of 
evolutionary constraints. These areas are there- 
fore likely candidates for studies on retinoid and 
fatty acid binding. For example, Redmond et al. 
(1991) have recently used a prokaryotic expres- 
sion system to synthesize 38, 64, and 82 kDa frag- 
ments of IRBP within repeats I + 2. Only the 82 
kDa fragment exhibited binding activity for 
(3H)retinol, suggesting that the full two repeats 
are necessary to constitute a binding domain. 
IRBP appears to have multiple binding sites for 
retinoids and for fatty acids, and this molecular 
biological approach should be profitable in map- 
ping all of the binding sites. 

A number of putative sites for covalent modi- 
fication are apparent in the IRBP protein, includ- 
ing five sites that match the N-glycosylation site 
consensus sequence, NX (T/S). Three of these 
sites align closely within the repeat structure and 
may actually be glycosylated; the putatively 
glycosylated asparagine residues could not be 
detected by Edman degradation, suggesting 
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carbohydrate derivatization. There are 18 possible 
serine and threonine residues that can be phos- 
phorylated in the bovine protein. Based on hydro- 
phobicity analysis, many of these probably exist 
on the surface of the protein. Wiggert et al. (1988) 
demonstrated that IRBP can be phosphorylated 
by kinases endogenous to the IPM; the phospho- 
rylated residues may be of importance in protein- 
protein or protein-membrane interactions in the 
IPM. Also of interest is the fact that the protein 
contains a stretch of five proline residues close 
to the middle of the peptide (residues 690-694); 
conceivably, these prolines may be involved in 
the flexible, bend area in the middle of the IRBP 
protein, as described by Adler et al. (1987). 

mRNA Analysis 
Using a bovine probe and Northern blot analy- 

ses, Inouye et al. (1989) examined retinal RNA 
from a number of species. They demonstrated 
that IRBP mRNA is relatively abundant in verte- 
brates except for birds, in which only relatively 
weak hybridization was detected. Although a 
single hybridizing band is observed in most spe- 
cies, rat retinal mRNA exhibits two discrete bands 
at 5.4 and 6.6 kb. A wide variation in band size is 
apparent; for example, mRNAs from human and 
monkey retinas exhibit bands at 4.6 kb, whereas 
the hybridizing band from hamster retinal 
mRNA is at 7.6 kb. This variation seems prima- 
rily to be due to differences in the 3'-untranslated 
region, since Si et al. (1989) demonstrated a 1.58 
kb insertion/deletion in this region when dot 
matrix comparisons were made of the human and 
bovine cDNA sequences. Northern blot analysis 
also reveals that IRBP message is present in the 
pineal gland as well as in retina (Nickerson et al., 
1991). It appears to be of the same size as the reti- 
nal mRNA but, as with the protein, is present at 
a much lower concentration than in the retina. 

van Veen and coworkers (1986), using in situ 
hybridization techniques, found that the IRBP 
mRNA of bovine and monkey retinas is localized 
specifically in the photoreceptors (Fig. 1), but reac- 
tion product was found to be less intense over 
cones than over rods (Fig. 1D). These findings 

are consistent with recent results, obtained with 
light microscopic immunogold cytochemistry, 
showing that staining of the IPM around rod 
outer segments is denser than that around the 
outer segments of cones (Carter-Dawson and 
Burroughs, 1989a,b). The observation that IRBP 
mRNA appears early in the postnatal develop- 
ment of the rat retina suggests a possible role for 
the protein in retinal development as well as in 
the adult visual cycle (Gonzalez-Fernandez and 
Healy, 1990). 

Genomic Analysis 
A full genomic analysis was published by Borst 

and Nickerson (1988) and Borst et al. (1989) for 
bovine IRBP, and by Liou et al. (1989) and Fong 
et al. (1990) for the human protein. The human 
gene has been mapped to chromosome 10, and 
Liou et al. (1987) have assigned the gene to 
10p11.2 to 10q11.2, with a secondary site at q24- 
25; Nickerson et al. (1991) make the assignment 
to 10q21.1. Restriction enzyme digests of bovine 
liver DNA reveal only 1-2 bands/lane, indicat- 
ing the probability of only one IRBP gene per 
haploid genome. The nucleotide sequence indi- 
cates a surprisingly compact gene of only about: 
11.6 kb, containing only four exons and three! 
introns (Fig. 2). Intron and exon lengths in the 
bovine and human proteins are roughly equiva- 
lent, except for variability in exon 4 as alluded to 
above, where, for example, the human sequence 
is about 1700 bp shorter than that of cow. The 
introns do not each code for one of the repeat units 
in the protein; rather, the first three repeats, as 
well as part of the fourth, lie within the first exon. 
This exon, at about 3.2 kb, is thus one of the long- 
est yet reported. 

At the 3' end, the bovine gene contains a poly- 
adenylation signal (AATAAA at position 11,613), 
and a sequence (TTGTTATCTTTT) 21 bases 
downstream that resembles a consensus sequence 
often found at the end of eukaryotic genes. At 
the 5' end, the cap site has been established by 
primer extension and $1 nuclease experiments 
(Borst et al., 1989). As IRBP is a secreted protein, 
it is not surprising that it contains a signal 
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Fig. 1. In situ hybridization of bovine retinal tissue sections, a: sSS-cRNA probe hybridization to photoreceptor layer 
(thick arrows) with less hybridization in cone perikaryon (thin arrow), b: Negative reaction using (+) sense cRNA strand. 
r Hybridization of HRP-labeled probe in photoreceptor layer (arrows). d: Higher magnification of photoreceptor layer, 
showing cone perikarya (white arrows) or outer segments (black arrow) with little reaction product, e: Negative reaction 
with sense HRP-labeled probe. Reproduced from van Veen et al. (1986). 

sequence coding for 17 amino acid residues and 
a pro-peptide of five amino acids positioned 
between the signal sequence and the authentic 
N-terminus of the protein. 

Many genes contain sequences referred to 
as TATA boxes at about-25 to -30 bp and CAAT 
boxes at about -70 to -80 bp upstream from 
the start site. The bovine IRBP gene contains 
neither of these typical elements, although it 
does exhibit a TATA-Iike box (TTAAA) at about 

-50 bp and a CAAT-Iike box (CCACTT) at about 
-106 bp. Dot matrix analysis of the promoter 
regions within the vertebrate genes sequenced to 
date reveals two blocks of similarity: the first near 
the start of the gene at-1 to -350 bp, and the sec- 
ond well upstream at -1250 to -1500 bp. Thus, 
along with having an odd gene structure, the 
IRBP promoter signals are different from those 
present in most tissue-specific genes. The human 
S-antigen gene also lacks the typical transcrip- 
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Fig. 2. General model of the LRBP gene. 

tional regulatory elements (Yamaki et al., 1990), 
as does the gene for the transducin et-subunit in 
mouse rods (Raport et al., 1989). On the other 
hand, the opsin gene does contain conventional 
TATA and CAAT boxes (Nathans and Hogness, 
1984). Future experiments with these genes 
should help to define the specificity of 5'-regula- 
tory regions (or the lack thereof) in tissue-spe- 
cific expression and in evolutionarily-related 
tissues such as retina and pineal. 

Tissue-Specific Expression 

The factors that govern the expression of IRBP 
have been examined in several recent inves- 
tigations. In transgenic mice, Liou et aI. (1990) 
have used the CAT reporter gene fused to seg- 
ments of the human IRBP promoter region to 
begin to analyze the regulation of the IRBP 
gene. They determined that a 1.3 kb fragment that 
is 5'-upstream from the start site will allow for 
tissue-specific expression in retina and pineal. 
More recently, Liou et al. (1991) have used shorter 
chimeric constructs to establish that all elements 
necessary for tissue-specific expression are within 
the first 212 bps of the 5'-flanking region. It is well 
known that factors other than simple 5'-upstream 
DNA sequences are important in determining 
whether a gene is expressed. For example, the 
state of DNA methylation within a gene is 
thought to influence gene activation/inactivation 
in a reversible manner, allowing for tissue and 
developmental specificity of expression. Most 
often, methylation has been reported in CpG-rich 
promoter regions, with hypomethylation of spe- 

cific CpG-rich islands associated with gene acti- 
vation. Albini et al. (1990) have compared hypo- 
methylation of the IRBP gene in cultured human 
retinoblastorna cells that express the IRBP pro- 
tein, with that in cultured human lymphocytes 
in which no IRBP mRNA can be detected. Two 
sites of hypomethylation were observed in the 
retinoblastoma IRBP gene that were not present 
in its lymphocyte counterpart: a site within a 
CpG-rich region of the promoter (-1578 to-1108 
bp) and sites within exon 1 (Fig. 3). Thus, 
hypomethylation may be a permissive factor 
that affords the binding of specific nuclear fac- 
tors that control IRBP expression. Elucidation of 
the factors controlling the developmental timing 
of expression and tissue specificity in retina and 
pineal may allow for a better understanding of 
the functional roles of IRBP in the visual process. 

Activity of IRBP 
in the Reflnoid Visual Cycle 

Abundance, Localization, 
and Ligand Binding in the IPM 
The interphotoreceptor matrix (IPM) is 

bounded proximally by the external limiting 
membrane and distally by the apical surface of 
the RPE. Junctions between the cells forming 
these borders prevent diffusion of large molecules 
like IRBP beyond the confines of the IPM (Bunt- 
Milam et al., 1985). In the retina, IRBP is exclu- 
sively synthesized in the photoreceptor cells 
(Hollyfield et al., 1985a; van Veen et al., 1986: 
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Fig. 3. Hypomethylafion model of the IRBP promoter region. +1: mRNA cap site. Shaded region: 1.8 kb MspI/Hpa 11 
fragment demethylated (-CH3) in Y-79 cells as indicated by set of shaded arrows. Striped region: 2.1-2.3 Hha I fragment 
found in Y-79 cells due to demethylation at sites indicated by striped arrows. Reproduced from Albini et al. (1990) with 
permisssion from Oxford University Press. 

Rodrigues et al., 1986), and there is indirect evi- 
dence indicating that it may be secreted into the 
IPM by a process of exocytosis (Bunt-Milam et 
al., 1985; Hollyfield et al., 1985b). IRBP has been 
isolated from the eyes of virtually every class of 
vertebrate, and its level within the IPM is to some 
extent species-dependent (Fong et al., 1984; 
Redmond et al., 1985; Wiggert et al., 1986; Bridges 
et al., 1986). 

Interestingly, the quantity of IRBP recovered 
from light- and dark-adapted eyes appears to be 
independent of the state of adaptation (Lin et al., 
1989; Adler and Spencer, 1991a). However, at 
least in the case of rat, photic exposure exerts a 
profound effect on the distribution of IRBP within 
the IPM. In dark-adapted rats, Uehara et al. (1990) 
observed that IRBP and other major constituents 
of the IPM (e.g., chondroitin sulfate) are distrib- 
uted more or less uniformly throughout the inter- 
stitial space. In light-adapted animals, these 
substances were partitioned into bands: one near 
the distal ends of the photoreceptor outer seg- 
ments, the other near the junction of the receptor 
inner- and outer-segments. In bovine eyes, on the 
other hand, IRBP exhibited a heterogeneous dis- 
tribution within the IPM, but the localization of 
the protein was not affected by light (Adler and 
Spencer, 1991a). Although the basis for this dis- 
crepancy is not immediately apparent, it may 

reflect a species difference, or more likely, the very 
different experimental conditions in the two stud- 
ies, i.e., the use of eyes from animals light- and 
dark-adapted in vivo (Uehara et al., 1990), as com- 
pared to the use of eyes enucleated prior to phofic 
treatment (Adler and Spencer, 1991a). In the lat- 
ter case, certain enzymatic or ATP-driven mecha- 
nisms required for protein translocation may 
have been inactivated. 

When recovered from the IPM, IRBP is found 
to be associated with endogenous ll-c/s and all- 
trans retinoids (see Introduction). The protein also 
binds a number of other hydrophobic ligands, 
such as o~-tocopherol, cholesterol, and retinoic 
acid (Alvarez et al., 1987). Moreover, IRBP has 
been shown to bind fatty acids both covalently 
and noncovalently (Bazan et al., 1985); it has been 
hypothesized that the noncovalent binding 
reflects a carrier role for IRBP in the movement 
of fatty acids between the retina and RPE. 

Electron microscopy of individual tungsten- 
coated IRBP molecules indicates the existence of 
both a bent (60-90 ~ angle between the two arms 
of the molecule) and a straight configuration; the 
transition from the straight to the bent form may 
be induced by the binding of 11-ds retinoid (Adler 
et al., 1987). In vitro experiments analyzing the 
binding of retinoids by purified IRBP have 
yielded binding constants in the micromolar 
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range, i.e., affinities much weaker than those 
exhibited by other retinoid-binding proteins 
(Adler et al., 1985; Saari, 1990; Noy and Blaner, 
1991; Adler and Spencer, 1991b). The previous 
studies have reported different values for the 
binding capacity of IRBP for all-trans retinol; the 
data of Adler et al. (1985) and Okajima et al. (1989) 
indicate a single (independent) binding site for 
this ligand, whereas results obtained by Fong et 
al. (1984), Saari et al. (1985), and Hazard et al. 
(1991) indicate the presence of at least two such 
sites (see also Adler and Spencer, 1991b). The basis 
of the disparity in the capacity for binding all- 
trans retinol remains unclear, but may reflect a 
dependence on experimental conditions, such as 
the composition of the physiological saline used 
in the incubations. 

The binding constants determined in vitro in 
principle afford determination of the percent 
loading of IRBP at a given concentration. How- 
ever, the heterogeneous distribution of IRBP 
within the IPM, and the resulting uncertainty in 
the volume of this aqueous compartment, pre- 
clude an accurate determination of the (local) 
IRBP concentration, and thus, of percent loading, 
in situ. Average (i.e., bulk) concentrations of IRBP 
in human and bovine eyes are in the range of 
30-100 WVI (Adler et al., 1985; Bridges et al., 1986). 
Using these numbers, the binding affinity is such 
that some free IRBP is expected. Adler and 
Spencer (1991a) estimate that there is about 3 
nmole of IRBP in the bovine eye and that approxi- 
mately 0.5 nmole of retinoid ligands are bound 
by IRBP in the dark-adapted eye. This implies 
that most of the IRBP is ligand-free under these 
conditions. By comparison, Lin et al. (1989) report 
that there is almost complete loading of IRBP 
(with 11-cis retinal and 11-c/s retinol) in the frog 
eye after several hours of dark adaptation. 

Little is known regarding the processes that 
underlie the degradation and removal of IRBP 
from the IPM. Invitro experiments have indicated 
that IRBP-containing particles can be taken up 
into the photoreceptors (inner segment region) 
(see Hollyfield et al., 1985b). Phagocytosis by the 
RPE is known to represent a major process of 

removal of disk membranes that have been shed 
from the outer segments (Young, 1976), but the 
role of phagocytosis in IRBP removal is unclear. 

Delivery of Reffnol to the RPE 
The influence of light on the relative levels of 

endogenous l l-cis and all-trans retinoids bound 
to IRBP (see preceding section), the dependence 
of the conformation of IRBP on the form of 
retinoid bound (Adler et al., 1987), and the influ- 
ence of illumination conditions on the localiza- 
tion of IRBP within the IPM (Uehara et al., 1990) 
clearly imply an involvement of the protein in 
the transfer of retinoid in the visual cycle. To test 
the hypothesis that IRBP functions as an inter- 
cellular shuttle of retinoid to and from the RPE, 
we have employed the "RPE-eyecup," i.e., the 
posterior half of the globe from which the vitre- 
ous and neural retina have been removed. The 
preparation serves as a vessel in which aqueous 
solutions (250 ~tL) containing IRBP or other test 
substances can be incubated in contact with the 
apical surface of the RPE. Procedures used to pre- 
pare the RPE-eyecup from the toad (Bufo marinus) 
eye, and to isolate and purify ligand-free IRBP 
from the bovine eye, as well as all other prepara- 
tive and analytical procedures,  have been 
described in previous reports (Okajima et al., 
1989,1990; Pepperberg et al., 1991). 

One example of the use of the RPE-eyecup is 
illustrated in Fig. 4, which shows the results of 
an experiment designed to test the possible activ- 
ity of IRBP in the delivery of retinol to the RPE 
(Okajima et al., 1989). Because retinol is readily 
esterified in the RPE, the appearance of radiola- 
beled retinyl ester following incubation with 
(3H)retinol in the RPE-eyecup provides a useful 
assay of the incorporation of retinol by the RPE. 
In the experiment illustrated in Fig. 4, RPE-eye- 
cups were incubated with aqueous medium 
containing all-trans (3H)retinol and IRBP. The 
medium delivered to each eyecup had been pre- 
pared in a test tube, by pre-incubating all-trans 
(3H)retinol (55 pmol) with defined concentrations 
of IRBP in 250 ~tL of a physiological saline 
(Ringer's) solution. Following a 2-h incubation 

Molecular Neurobiotogy Volume 7, 1993 



Interphotoreceptor Retinoid-Binding Protein (fRBP) 69 

0 

D,. 
o 

. . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . .  

o 1 

I I I, I I I I 
0 5 10 15 20 25 30 

IRBP (uM) 

4 

O 

x 

0 .  
o 

2 

Fig. 4. Delivery of all-trans (3H)retinol to the RPE; dependence on the concentration of IRBP. Aqueous medium (250 I~L 
of a physiological saline solution) containing IRBP and all-trans (3H)retinol was delivered to a group of RPE-eyecups. 
Following a 2-h incubation, (3H)retinyl ester in the RPE was analyzed by isolation and extraction of the tissue, and by 
HPLC (normal phase separation in a Waters 5rt spherical silica column; elution with dioxane/hexane) and scintillation 
counting. Filled circles show mean levels (n > 2) of all-trans (3H)retinyl ester in matched aliquots of the RPE extracts. Error 
bars indicate + SD for > 3 determinations; symbols with abscissa values of 0.8 ILM and 2.5 WVI combine results for, 
respectively, (1.0 laM and 0.3 lu~I) and (2 I~M and 3 laM). Open circles show mean levels (and + SD, where appropriate) of 
(3H) contained in a 10 I.tL aliquot of the test mixture delivered to the RPE-eyecup; the dashed line indicates the predicted 
level of (3H) in the aliquot, assuming complete solubilization of the (3H)retinol originally added to the preparation tube. 
Reproduced from Okajima et al. (1989) with permission from Academic Press. 

of the supplemented RPE-eyecups, each prepa- 
ration was analyzed for the amount of (3H)reti- 
nyl ester in the RPE. The observed levels of 
(3H)retinyl ester are plotted in Fig. 4 (filled circles) 
as a function of the concentration of added IRBP; 
open circles in the Figure indicate the amount of 
(3H)retinol contained in a 10 rtL aliquot of the 
aqueous medium that had been delivered to 
the RPE-eyecup. In the range of about 1-10 llM 
IRBP, the amount of radiolabeled ester formed 
in the RPE was found to increase with the con- 
centration of IRBP; the amount  of all-trans 
(3H)retinol transferred from the pre-incubation 
tube to the RPE-eyecup also increased with the 
concentration of IRBP. The data obtained with 
IRBP concentrations of <10 I~M thus indicate a 

dependence of ester synthesis on the amount of 
all-trans retinol solubilized in the aqueous incu- 
bation medium, and a dependence 9f this aque- 
ous level of retinol on the concentration of IRBP. 

Interestingly, higher concentrations of IRBP 
(20-30 IJM) reduced both the amount of (3H)reti- 
nyl ester formed (Fig. 4) and the overall molar 
quantity of retinyl ester in the RPE (data not illus- 
trated; see Table I of Okajima et al., 1989). In light 
of the evidence that [RBP can retard the aqueous 
transfer of retinoid between membraneous par- 
ticles (Ho et al., 1989; see also discussion below), 
it seems likely that the reduction observed with 
the high concentrations of IRBP may reflect a 
competition, for both tritiated (i.e., added) and 
native retinoid, between IRBP and the RPE. 
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Regeneration of Rhodopsin 
in the ROS/RPE-Eyecup 
Another question that needs to be addressed 

concerns the role of IRBP in the transfer of ll-cis 
retinoid from the RPE to the rods, a sine qua 
n o n  for rhodopsin regeneration. In this case, the 
evidence that IRBP facilitates the movement of 
11-ds retinoid from the RPE to the rods comes 
from experiments involving the incubation of 
bleached rod outer segments (ROS) in the RPE- 
eyecup ("ROS/RPE-eyecup"  preparat ion),  
both in the presence and absence of IRBP 
(Okajima et al., 1990). 

Figures 5A-B illustrate the protocol for a 
representative experiment. A suspension of 
ROS was  first subjected to irradiation that 
bleached most of the native rhodopsin ("prepara- 
tive bleach"). Aliquots of the bleached ROS were 
supplemented with either Ringer's solution 
alone, or with Ringer's containing purified, ini- 
tially ligand-free IRBP, and then incubated for 3 
h in an RPE-eyecup. Subsequently, each ROS 
suspension was withdrawn from the RPE-eye- 
cup, mixed with hydroxylamine, and analyzed 
by spectrophotometry before and after a 5-rain 
irradiation to obtain the absorbance difference 
spectrum (hydroxylamine-difference spectrum) 
of the suspension. 

Figure 5C shows the results obtained in the 
experiment just described. Consider first the data 
obtained from the ROS-RPE/eyecup that had 
received only Ringer's solution (filled squares). 
This spectrum was similar in magnitude to the 
baseline spectrum obtained from the ROS imme- 
diately after the preparative bleach (see horizon- 
tal arrow in the figure). Thus, there was little 
evidence of rhodopsin formation in the ROS; i.e., 
the final level of rhodopsin present in the 
Ringer's-supplemented RPE-eyecup was due al- 
most entirely to the rhodopsin that remained af- 
ter the preparat ive bleaching exposure. By 
contrast, the spectrum obtained from the IRBP- 
supplemented RPE-eyecup (filled circles) shows 
the formation within the ROS of a large quantity 
of light-sensitive pigment, spectrally indistin- 
guishable from native rhodopsin (triangles). 

Molecular Neurobiology 

The results shown in Fig. 5C demonstrate fur- 
ther the importance of the RPE to the process of 
rhodopsin regeneration. Shown by open squares 
and open circles in the figure are the data obtained 
when aliquots of the bleached ROS were incu- 
bated in test tubes, i.e., in the absence of the RPE, 
with Ringer's solution alone or with Ringer's con- 
taining IRBP. The hydroxylamine difference spec- 
tra of both of these RPE-deficient preparations 
were similar to the baseline difference spectrum, 
indicating the absence of substantial regeneration. 
It is apparent, therefore, that the RPE functions 
as the source of the 11-cis retinoid ultimately 
delivered to opsin. 

The findings just summarized emphasize the 
need for both IRBP and the RPE in the delivery 
of 11-c/s retinoid to opsin in ROS membranes. 
Interestingly, a similar result was seen when 
intact, previously isolated and bleached retina 
served as the target tissue in the RPE-eyecup. By 
comparison with bovine serum albumin (used as 
a control retinoid-binding protein), IRBP that had 
been introduced between the retina and RPE was 
substantially more effective in promoting the 
regeneration of rhodopsin in the retina (Okajima 
et al., 1990). 

Release of Retinoid by the RPE 
A long-standing issue has been the identity of 

the 11-cis retinoid released by the RPE. Depend- 
ing upon the state of visual adaptation (see above), 
both 11-cis retinal and 11-c/s retinol may be found 
in the IPM associated with IRBP (e.g., Lin et al., 
1989; Adler and Spencer, 1991a), and indeed, in 
some species, both of these 11-cis retinoids sup- 
port rhodopsin regeneration in the isolated retina 
preparation (Perlman et al., 1982). To identify the 
retinoid(s) released by the RPE of the toad, an 
RPE-eyecup was incubated for 3 h with 250 ~tL 
Ringer's solution that contained initially ligand- 
free IRBP. The aqueous solution was then extrac- 
ted with organic solvent, and analyzed for its 
retinoid content by spectrophotometry and high 
performance liquid chromatography (HPLC) 
(Figs. 6A-B). The spectrophotometric data 
showed that the absorbance spectrum of the 
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Fig. 5. Regeneration of rhodopsin in the IRBP-supplemented ROS/RPE-eyecup. A and B: Protocol for the experiment. 
Bleached ROS were supplemented with IRBP at a final concentration of 7.0 p ~ ,  or with Ringer's solution only, and then 
incubated for 3 h in an RPE-eyecup or test tube. The RPE-eyecups were obtained from the same animal. C: Spectrophotometric 
results. Filled circles: IRBP, RPE-eyecup. Filled squares: Ringer's, RPE-eyecup. Open circles: IRBP, test tube. Open squares: 
Ringer's, test tube. Triangles: Relative difference spectrum of native rhodopsin in the parent ROS suspension; these data 
have been scaled downward by a factor of 1.6 for comparison with the other illustrated data. The horizontal arrow 
indicates the absorbance, at 500 nm, of the baseline difference spectrum obtained immediately after the preparative bleach. 
The inset shows the absorbance spectrum of IRBP in Ringer's solution. Panel C is reproduced from Okajima et al. (1990). 
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extracted material was similar to that of authen- 
tic 11-c/s retinal; the HPLC results indicated the 
presence in the extract of a single peak with reten- 
tion time identical to that of 11-c/s retinal. Thus, 
although the RPE contains several forms of both 
11-cis and all-trans retinoids, only 11-c/s retinal 
was detected in the incubation medium (Okajima 
et al., 1990). A selective release of 11-c/s retinal is 
also exhibited by human RPE cells maintained 
in culture, following their incubation with all- 
trans retinol (Flannery et al., 1990). 

Does the release of 11-cis retinal to the extra- 
cellular medium depend on the presence of IRBP? 
In other experiments (not illustrated), we exam- 
ined this question by incubating RPE-eyecups 
with either IRBP-supplemented medium or 
Ringer's alone (3-h incubation), and then analyz- 
ing the aqueous media for 11-cis retinal. The 
results indicated a striking dependence of the 
release of 11-c/s retinal on the presence of IRBP; 
little or no 11-c/s retinal was released in prepara- 
tions lacking IRBP (Table I of Okajima et al., 1990). 
The specific implications of this finding are dis- 
cussed further below. 

Protection of Retinoid 
in Aqueous Medium 
Retinol, the form of retinoid that moves from 

bleached rods to the RPE, is sparingly soluble in 
aqueous medium (H~irosi and Szuts, 1991). Pre- 
vious studies have shown that retinol initially 
contained in a lipid phase can move into the sur- 
rounding aqueous medium (Rando and 
Bangerter, 1982; Ho et al., 1989; see also Fex and 

Johannesson, 1987). Retinol is an allylic alcohol 
and as such, is expected to be unstable in an aque- 
ous medium. Indeed, retinol in aqueous medium 
does undergo degradation (Futterman and 
Heller, 1972). One of the products of this degra- 
dation has been demonstrated to be retinal, most 
likely formed by auto-oxidation (Crouch et al., 
1992). As shown in Fig. 7, rapid degradation can 
occur in phosphate buffer at 22~ Bovine serum 
albumin (BSA), known to bind retinol (Futterman 
and Heller, 1972), protects the retinol to a small 
extent. On the other hand, IRBP provides good 
protection from degradation (Fig. 7). IRBP has 
also been shown to protect against the isomer- 
ization of retinol (Pepperberg et al., 1991; Crouch 
et al., 1992), although Timmers et al. (1991) report 
some (< 15%) isomerization of all-trans to 13-cis 
retinol in experiments involving incubation with 
IRBP. The results illustrated in Fig. 7 suggest that 
one role of IRBP in vivo may be to preserve the 
isomeric and oxidative integrity of retinoid in the 
aqueous environment (IPM) between the RPE 
and the photoreceptors. More generally, the find- 
ings indicate that IRBP is a useful agent for the 
protection of retinols in vitro, i.e., in experimen- 
tal situations where there is concern regarding 
the formation of oxidation or degradation prod- 
ucts of retinol. 

Rhodopsin Regeneration 
in Detached Retina 
The issue of whether the movement of retinoid 

across the IPM requires IRBP (or any transport 
protein) is not easily resolved. As mentioned ear- 

Fig. 6. (opposite page) Release of retinoid from the RPE into LRBP-supplemented aqueous medium. A: Absorbance 
spectra of IRBP-supplemented medium following incubation in an RPE-eyecup for "zero time" (spectrum 1) and for 3 h 
(spectrum 2). Both the zero time control sample (delivered to the RPE-eyecup and then immediately removed), and the 
sample incubated for 3 h, consisted of 2.8 nmole of IRBP in 250 ~tL of Ringer's solution. The illustrated spectra were 
obtained following equal dilutions of the incubated solutions in Ringer's. Inset: Following incubation in the RPE-eyecup, 
an aliquot of aqueous sample 2 was supplemented with ethanol and hexane; the solid curve (spectrum a) shows the 
absorbance spectrum of material extracted into the hexane-dominated phase. The dashed curve (spectrum b) shows the 
absorbance spectrum of 11-cis retinal in hexane. B: Retinoid extracted from sample 2 (material contained in the hexane- 
dominated phase) was analyzed by HPLC. Arrows indicate the retention times of all-trans retinyl pahnitate (trans-RP); of 
11-cis and all-trans retinal (cis-RAL and trans-RAL, respectively); and of 11-cis and all-trans retinol (cis-ROL and trans-ROL, 
respectively)..The vertical marker indicates the scale of absorbance (in absorbance units, AU) for bohh profiles. Reproduced 
from Okajima et al. (1990). 
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Fig. 7. Protection of retinol in aqueous medium by IRBP. At time zero, 10 IlL of an ethanolic solution of 9-cis retinol was 

added to solutions (1 mL in volume) that consisted of 3 WVI IRBP, 3 WVI bovine serum albumin (BSA), and 90 laM BSA (open 
diamonds, filled diamonds, and filled squares, respectively) in 100 mM potassium phosphate buffer (pH 7.4), or buffer 
alone (open squares). Each solution was gently vortexed for about 30 s, and then incubated in darkness (22~ The 
concentration of 9-c/s retinol in each sample at time zero was 3 I~VI. The quantity of retinol remaining was analyzed 
spectrophotometrically at the times indicated. Reproduced with permission from Crouch et al. (1992). 

lier, studies by Ho et al. (1989) have shown that a 
rapid, spontaneous transfer of (3H)retinol from 
liposomes to ROS membranes occurs via the 
aqueous phase in the absence of IRBP, and that, 
in its presence, the transfer is about eight times 
slower. Indeed, the partial solubility of retinol, 
and its ability to cross an aqueous "barrier," have 
been well documented in other types of prepara- 
tions (Rando and Bangerter, 1982; Fex and 
Johannesson, 1987; Creek et al., 1989), although 
it is important to note that corresponding infor- 
mation on isomers of retinal has yet to be ob- 
tained. The extent to which these observations 
relate to in vivo conditions is unclear, but as Ho 
et al. (1989) aptly note, the estimated distance (0.3 
l~n) separating the vesicular membranes in their 
experiments compares favorably with the dis- 
tance (0.1 ~n)  separating the outer segment mere- 

branes from the ensheathing apical microvilli of 
the RPE (Hogan et al., 1971). 

If close membrane apposition is a critical fac- 
tor in allowing aqueous transfer of retinoids in 
the regenerative process, it is perhaps unlikely 
that such a transfer can be realized over macro- 
scopic distances, e.g., as occurs often after retinal 
detachment (van Meel et al., 1984; Chuang et al., 
1987). However, the question of whether rhodop- 
sin regeneration takes place in the detached 
retina, and to what extent, can be readily tested 
experimentally. Studies were conducted on the 
skate eyecup using fundus reflectometry to mea- 
sure rhodopsin kinetics in intact retinas and in 
retinas that had been detached and then replaced 
on the surface of the RPE (Sun and Ripps, 1992). 
Although the detachment procedure preserved 
(but probably diluted) the native IRBP, histologi- 
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cal examination of the tissue (Fig. 8A) showed 
that the normally intimate relation between the 
RPE and neural retina was severely disrupted; 
i.e., the apical projections that typically surround 
the rod outer segments were sheared to a fringe 
of short microvillar processes that no longer 
ensheathed the photoreceptors. Nevertheless, a 
comparison of the results obtained in normal and 
detached/replaced retina (Fig. 8B) showed that, 
after almost complete bleaching of the rhodop- 
sin contained in a circumscribed test area, a 
substantial amount of photopigment was regen- 
erated in the detached retina. Data from the intact 
preparation indicate that rhodopsin was fully 
regenerated after about 120 rain in darkness, and 
that over most of its course, regeneration is well 
described by a linear function in which rhodop- 
sin was reformed at a rate of about 0.875%/rain 
(half-time of 55 rain). In the detached/replaced 
retina, on the other hand, the bleached rhodop- 
sin did not regenerate fully, and its resynthesis 
proceeded at a much slower rate (0.45%/rain). 
However, a surprisingly large fraction (60%) of 
the bleached rhodopsin had regenerated after 
140 min in darkness, and it appears unlikely 
that retinoid could have traversed the large 
subretinal space created by the detachment with- 
out the aid of IRBP. 

Further evidence that rhodopsin regeneration 
occurs after detachment comes from electrophysi- 
ological data obtained in experiments that 
involved the acute, in vivo detachment of a local- 
ized portion of the rabbit retina (Mori et al., 1990). 
Electroretinographic recordings were obtained 
from the detached area ["local electroretinogram 
(LERG)"], as well as from the normal (attached) 
surrounding region ["vitreal electroretinogram 
(VERG)"], before and at various times after 
exposure to a bright adapting light that bleached 
> 60% of the native rhodopsin. The course of dark 
adaptation, i.e., the recovery of electroretino- 
graphic sensitivity, in the detached area was 
found to be almost identical to that exhibited by 
normal retina; thresholds for both the LERG and 
the VERG declined gradually to the fully dark- 
adapted level over a period of about 90 rain. Pre- 

vious studies have shown that, when fully iso- 
lated from the back of the eye, the retina remains 
permanently desensitized after a bleaching ex- 
posure, owing to interruption of the delivery of 
11-cis retinoid to the photoreceptors (see, e.g., 
Pepperberg et al., 1978; Pepperberg and Masland, 
1978). The spontaneous, complete recovery of 
LERG sensitivity observed in the locally detached 
retina is thus consistent with the notion that 11- 
ds retinal can move from the RPE to the photore- 
ceptors through a greatly enlarged aqueous 
compartment and that it is assisted in this move- 
ment by IRBP. 

Summary: 
Evolution and Physiological 
Function of IRBP 

Evolutionary Considerations 
Since most, if not all, vertebrate species stud- 

ied to date have the IRBP gene, the protein in 
some form is at least 500 million years old. Lower 
on the evolutionary scale, relatively little is known 
about the presence of IRBP in invertebrates, 
although proteins with some characteristics of 
IRBP have been detected in cephalopods and in 
Drosophila. Fong et al. (1988) have reported that 
bovine and frog IRBP antibodies crossreact with 
a 132-kDa protein in six cephalopod species, 
although the protein does not bind added retinol. 
IRBP antibodies also recognize a 48-kDa squid 
(T. pacificus) retinal-binding protein (RALBP) that 
was originally described by Hara and coworkers 
(see Hara and Hara, 1991). RALBP specifically 
binds retinoid and has been postulated by Hara 
and Hara to be an intracellular shuttle of retinoid 
between visual pigment (rhodopsin) and a reti- 
noid isomerizing system (retinochrome) in the 
squid photoreceptor cell. Based on antibody 
identification and close similarity in shuttle 
function, it is likely that the cephalopod and ver- 
tebrate proteins share a common ancestor that 
emerged before the divergence of vertebrates 
from invertebrates. 
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Fig. 8. Structural and functional changes associated with retinal detachment in the skate eye. A: Light micrographs of 
the RPE-neura] retinal interface in normal (upper) and detached/replaced (lower) retinas. Note the intimate relation in the 
normal retina of the microvillar processes extending from the apical surface of the RPE with the membranes of the rod 
outer segments. After detachment, the apical projections appear shredded, and no longer ensheathe the photoreceptor 
outer segments. Bar = 20 p,m. B: Rhodopsin kinetics in normal (open circles) and detached (filled circles) retinas; data are 
averages of five experimental runs with SEMs indicated by vertical bars. By comparison with normal, about 60% of the 
bleached rhodopsin regenerates in the detached retina, and the process occurs at about half the normal rate. Adapted from 
Sun and Ripps (1992) with permission of Academic Press. 
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In a similar vein, Wiggert and her collabora- 
tors (Kutty et al., 1991) have demonstrated the 
presence of an IRBP-like protein in Drosophila (D. 
melanogaster). This protein is a glycoprotein of 
about 140 kDa that is recognized by bovine IRBP 
antibody on Western blots, has the same reten- 
tion time on HPLC as does bovine IRBP, and spe- 
cifically binds (3H)retinol. This retinol-binding 
activity is present in Drosophila heads, and absent 
both in fly bodies and in flies with the eyes absent 
(eya) mutation. The protein also readily binds 
(3H)palmitic acid, as does vertebrate IRBP. The 
function of "fly IRBP" has yet to be determined; 
however, its presence in this animal, and the close 
analogy of cephalopod RALBP to vertebrate 
IRBP, suggest the evolutionary conservation of 
mechanisms for the transport of retinoids (and 
perhaps of fatty acids and other hydrophobic 
ligands as well), and the mediation of these pro- 
cesses by specific binding proteins. 

Even though IRBP appears to be a relatively 
"new" protein, its repeat structure, exceptionally 
large first exon, and compact gene size indicate 
that the gene has gone through an active and rela- 
tively complex evolutionary process. Borst et al. 
(1989) have postulated the presence of an ancestral 
gene containing four exons that codes for a protein 
of about 300 amino acids. Insertion of a processed 
gene in front of the ancestral first exon, perhaps 
caused by viral reverse transcription, would gener- 
ate a gene with two repeat units. Two unequal 
crossover events could then result in the gene struc- 
ture as we know it. Genomic analyses of IRBP- 
like genes from Drosophila, cephalopods, and other 
invertebrates should give us more precise infor- 
mation as to the evolution of IRBP. Moreover, the 
analysis of IRBP mutants in Drosophila should lead 
to a much better understanding of the roles that 
IRBP plays in normal vision and in disease processes. 

Implications for the Function 
of IRBP In Vivo 

The results obtained from the RPE-eyecup 
preparation, together with those obtained in stud- 
ies of the endogenous ligands of IRBP (Adler and 

Evans, 1985; Saari et al., 1985; Lin et al., 1989; 
Adler and Spencer, 1991a), strongly suggest that 
IRBP functions as a carrier of retinoid between 
the rods and the RPE in vivo, and thereby plays 
a direct role in the regeneration of rhodopsin. The 
data specifically indicate that IRBP facilitates both 
the delivery of all-trans retinol from the rods to 
the RPE, and the delivery of 11-c/s retinal from 
the RPE to the rods (Fig. 9). This conclusion is 
consistent with the resynthesis of 11-ds retinal in 
the RPE (Lion et al., 1975; Zimmerman, 1976; 
Bernstein et al., 1987; Saari and Bredberg, 1988b; 
Das et al., 1990), and with the long-recognized 
dependence of regeneration on the juxtaposition 
of the retina and the RPE (Kfihne, 1877). Com- 
plete dark adaptation of the rod photoreceptors 
after bright illumination, a process known to 
depend on the regeneration of visual pigment (see 
Introduction), is thus linked intimately with the 
function of IRBP. 

This conclusion might appear to conflict 
with the data cited above indicating that IRBP 
retards the aqueous transfer of retinoid, and 
the conclusion that IRBP serves primarily (or 
exclusively) as a protective agent and scaven- 
ger of excess retinoid (Ho et al., 1989). More- 
over, there is general  agreement  that  the 
delivery of retinoids to cells of both the RPE 
and the retina can be achieved using agents 
other than IRBP (Yoshikami and N611, 1978; 
Perlman et al., 1982; Jones et al., 1989; Okajima 
et al., 1989; Timmers et al., 1991). 

The seeming paradox arises, we think, from 
the very different experimental conditions used 
to analyze the activity of IRBP. In the system 
employed by Ho et al. (1989), for example, the 
retention of retinoid by the target membranes is 
presumably facilitated only by a nonspecific, 
hydrophobic interaction of the retinoid with these 
membranes. By comparison, the IRBP-supple- 
mented ROS/RPE-eyecup, in which we have 
examined the movement specifically of ll-cis 
retinal, incorporates a physiological "trap" for 
retinal, i.e., opsin, that binds 11-cis retinal with 
high affinity. In this respect, the ROS/RPE-eye- 
cup preparation appears to mimic an essential 
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Fig. 9. Schematic figure summarizing the role of IRBP in the rhodopsin cycle of bleaching and regeneration. The 
absorption of light by rhodopsin (Rho) leads to the photoactivation (i.e., to the formation of R*) and ultimately, to the 
bleaching, of the visual pigment. The photoactivated form functions in the phototransduction process by catalyzing the 
activation of transducin (T ---> T* reaction) (for a review, see Chabre and Deterre, 1989). All-trans retinol (trans OL) is 
generated enzymatically within the rods from the all-trans retinal (trans AL) product of bleaching. Within the RPE, all-trans 
retinyl ester (trans ester), 11-cis retinol (cis OL), and 11--cis retinal (c/s AL) are formed in sequential enzymatic reactions; 11- 
c/s retinyl ester (c/s ester) is thought to serve as a storage form of 11-c/s retinoid. IRBP in the interphotoreceptor matrix 
(IPM) facilitates the transfer of all-trans retinol from the bleached rods to the RPE, and the transfer of 11-c/s retinal from the 
RPE to the rods. The 11-c/s retinal delivered to the rods combines with opsin to regenerate rhodopsin. 

feature of the rhodopsin regeneration process in 
vivo, namely, a "directed flow" of 11-c/s retinal 
(see Saari, 1990). That is, as a consequence of its 
very high affinity for 11-cis retinal, the free opsin 
produced in vivo by a bleaching irradiation favors 
a net flux of 11-cis retinal into the rods; in the 
ROS/RPE-eyecup, opsin in the bleached ROS 
similarly functions as a trapping agent for 11-c/s 
retinal. In both the ROS/RPE-eyecup and the 
intact eye, the RPE (the source of 11-c/s retinal), 
together with free opsin (a "sink" for 11-c/s reti- 
nal), establish a driving force for the transfer of 

this retinoid. Similar considerations apply to the 
experiments involving the detached retinas, as 
well as those examining delivery of retinol to the 
RPE. In the latter case, ester synthesis from ret- 
inol within the RPE is expected to favor inter- 
nalization of the added retinoid, although, as 
noted above (text accompanying Fig. 4), IRBP at 
relatively high concentration may compete with 
the target tissue for retinoid. 

It thus appears likely that in these various sys- 
tems IRBP facilitates movement through the 
aqueous medium by lowering a thermodynamic 
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barrier to a directed transfer, e.g., by enabling the 
passage of hydrophobic ll-c/s retinal out of the 
RPE, and across an aqueous compartment to 
bleached photoreceptors (Okajima et al., 1990). 
On this view, only at high concentrations does 
the IRBP compete favorably for retinoid and 
thereby retard the transfer of retinoid through the 
aqueous phase. Although the existence of an 
active (i.e., energy-linked) transport of retinoid 
by IRBP is not ruled out, the available data can 
be fully explained by a passive, reversible bind- 
ing of retinoid by the protein. The notion that 
IRBP in vivo supports the two-way movement 
of retinoid between the retina and RPE is in full 
accord with the abundance of IRBP in the IPM, 
and its affinity for hydrophobic ligands. That is, 
any explanation for the movement of these 
tigands through the IPM must take into account 
the binding activity of the IRBP present in high 
concentration in the extracellular space. 

A number of additional questions relevant to 
the IRBPKlependent transfer of retinoids have yet 
to be resolved. For example, the data obtained 
from reconstituted preparations (e.g., the ROS/ 
RPE-eyecup) do not establish how the rate of 
rhodopsin regeneration depends on the concen- 
tration of IRBP in vivo, where the outer segments 
of the rods are highly oriented and in close asso- 
ciation with the RPE. Nor is it yet clear whether 
the uptake and release of retinoid by IRBP may 
involve specialized receptors in the plasma mem- 
brane of the RPE or the rods (see Politi et al., 1989). 
Of particular interest in this regard are the obser- 
vations, in both the toad RPE-eyecup (Okajima 
et al., 1990) and in cultures of human RPE 
(Carlson and Bok, 1991), that the release of 11-c/s 
retinal from the RPE to the extracellular medium 
depends critically on the presence of IRBP. By 
comparison with IRBP, bovine serum albumin 
exhibits notably little activity in this process. The 
available data furthermore indicate that the 
amount of 11-c/s retinal released within a defined 
period of incubation increases with the level of 
IRBP in the apical medium (Okajima et al., 1990). 
However, it remains unclear whether an IRBP- 
mediated transfer of retinoid is rate-limiting for 

regeneration with the high concentrations of 
IRBP thought to exist in the living eye, and to 
what extent, in vivo, an IRBP-mediated release 
of 11-c/s retinal from the RPE continues after the 
visual pigment in the rods is fully regenerated. 
Future studies of mutant animals that are defi- 
cient in IRBP may be helpful in addressing these 
questions (see van Veen et al., 1988). 

A further unresolved issue concerns the nature 
of the visual cycle that supports the regeneration 
of visual pigment in cone photoreceptors. Cones, 
like rods, lack the capacity to form 11-c/s retinal 
from all-trans bleaching product (Jones et al., 
1989), and thus cannot "endogenously" regener- 
ate a substantial quantity of visual pigment. How- 
ever, previous data raise the possibility that the 
retinoid visual cycle of cones differs, in certain 
respects, from that of rods. For example, rhodop- 
sin regeneration in bleached rods of the isolated 
retina ordinarily does not exceed the small extent 
attributable to free 11-c/s retinoid initially present 
in the rods (Bridges, 1976b; Azuma et al., 1977; 
Cocozza and Ostroy, 1987). However, data 
obtained from the isolated retinas of frog (early 
receptor potential and aspartate-isolated photo- 
receptor response) and of turtle (responses of 
luminosity-type horizontal cells) indicate an abil- 
ity of the retina to support a substantial degree 
of visual pigment regeneration in the cones 
(Goldstein, 1967, 1970; Hood and Hock, 1973; 
Normann and Perlman, 1990). 

As yet, there is little information as to the 
immediate source or the mechanism of delivery 
of the 11-c/s retinoid utilized by the cones for pig- 
ment regeneration. Indeed, the available data, 
including those just summarized, leave open the 
possibility that neither IRBP nor the RPE is imme- 
diately involved in this process. As previously 
noted, data reported by van Veen et al. (1986) and 
by Carter-Dawson and Burroughs (1989a,b) indi- 
cate that the extracellular milieu neighboring the 
cones contains less IRBP than does that surround- 
ing the rods. However, the Miiller cells of the 
retina are thought to contain 11-c/s retinoid (Saari 
et al., 1982; Bunt-Milam and Saari, 1983; see also 
Bok et al., 1984; Bridges et aI., 1984; Saari and 
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Bredberg, 1987), and it is known that cones can 
utilize 11-c/s retinol for the regeneration of visual 
pigment (Jones et al., 1989). Furthermore, recent 
results obtained by Das et al. (1991) suggest that, 
for cone-dominated retinas, all-trans retinol is 
isomerized within the neural retina itself. More- 
over, experiments on single, bleached photore- 
ceptors indicate that in cones, but not in rods, 
11-ds retinal introduced to the plasma membrane 
of the cell body can move to the outer segment 
and there induce the regeneration of visual pig- 
ment (Jin et al., 1991); in vivo, the cell bodies of 
the photoreceptors are situated close to the distal 
processes of the M/iller cells. These findings are 
general ly  consistent wi th  the possibility that 
visual pigment regeneration in the cones involves 
the direct, i.e., IRBP independent, transfer of all- 
trans retinol (from both rods and cones) to the 
Miiller cells, and the direct, reciprocal movement, 
to the cone cell bodies, of 11-ds retinol or 11-ds 
retinal formed within the M/iller cells. This excit- 
ing possibility is under active investigation. 
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