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 The process of bleaching and regeneration of rhodopsin
is indispensable to rod-mediated vision. This process, referred
to as the visual cycle, is dependent on the exchange of retin-
oid, namely all-trans retinol and 11-cis retinal, between the
rod photoreceptors and retinal pigment epithelium (RPE).
Under bleaching conditions, all-trans retinol is generated
within the rod photoreceptor and then is translocated from the
outer segments to the interphotoreceptor space and taken up
by the RPE. It is within the RPE that all-trans retinol is esteri-
fied for storage and isomerized to its 11-cis configuration,
which is then oxidized to form 11-cis retinal. Transport of 11-
cis retinal back to the rod outer segments, where it recom-

bines with opsin to form rhodopsin, completes the visual cycle.
The movement of all-trans retinol and 11-cis retinal

through the aqueous interphotoreceptor space is likely to in-
volve a transport protein, for example, interphotoreceptor re-
tinoid-binding protein (IRBP) [1,2], serum albumin [3], or
other lipid binding proteins that may be present within the
interphotorecepter space; although, transfer via the aqueous
phase has also been proposed [4]. It has been demonstrated
that IRBP plays a role in the uptake of retinol by the RPE [5]
and specifically promotes the release of 11-cis retinal from
the RPE apical surface [6-10], and recent studies suggest that
in vivo, IRBP plays a direct role in the release of all-trans
retinol from the rods during the visual cycle [11-13]. Never-
theless, questions have been raised concerning the physiologi-
cal importance of IRBP in the visual cycle because of the find-
ing in an IRBP null mouse that opsin is capable of regenera-
tion to rhodopsin with fairly normal kinetics after bleaching
[14,15]. It is, therefore, important to establish whether or not

©2006 Molecular Vision

Confocal immunolocalization of bovine serum albumin, serum
retinol-binding protein, and interphotoreceptor retinoid-binding
protein in bovine retina

Todd Duncan,1 Robert N. Fariss,2 Barbara Wiggert1

1Laboratory of Retinal Cell and Molecular Biology, and the 2Biological Imaging Core, National Eye Institute, National Institutes of
Health, Bethesda, MD

Purpose: Recently it has been shown that the transport as well as clearance of retinol from isolated rod photoreceptors
requires an extracellular factor. Interphotoreceptor retinoid-binding protein (IRBP) is a component of the interphotoreceptor
matrix (IPM) and is known to bind visual cycle retinoids. Serum albumin and serum retinol-binding protein (sRBP),
proteins capable of binding retinoids, have also been reported to be components of the IPM. It is of interest to know the
components present in the IPM that are capable of binding visual cycle retinoids and that also facilitate rhodopsin regen-
eration. The purpose of this study was to determine the localization of serum albumin, sRBP, and IRBP in bovine retina
using immunofluorescence analysis.
Methods: Fresh bovine eyes, obtained from a local abattoir, were fixed immediately after enucleation. Tissue sections
(100 µm) were incubated with primary antibodies to bovine serum albumin (BSA), sRBP, and IRBP. Sections were
washed then incubated 4 h with 4'-6-Diamidino-2-phenylindole (DAPI), Alexa Fluor® 488 goat antimouse, and Alexa
Fluor® 568 goat antirabbit secondary antibodies. Sections were analyzed using a laser scanning confocal microscope
equipped with Nomarski optics. Western immunoblot analysis of bovine retinal tissues and protein standards was per-
formed using the primary antibodies to BSA, sRBP, and IRBP to show specificity to their respective antigens.
Results: Immunoblot analysis showed that monoclonal anti-BSA was highly specific for BSA detecting only a single
band at about 67 kDa. Antihuman sRBP and antibovine IRBP were also highly specific, recognizing a single band at about
25 and about 133 kDa, respectively. No immunopositive bands were observed in bovine neural retinal when probed with
the anti-sRBP antibody; however, a single immunoreactive band at about 67 and about 133 kDa was detected in bovine
neural retina by the anti-BSA and IRBP antibodies, respectively. Immunofluorescence analysis showed labeling for IRBP
throughout the IPM. IRBP labeling was especially associated with the outer segments of photoreceptors and also with the
apical surface of the retinal pigment epithelium. Immunofluorescence labeling for serum albumin was associated only
with the lumen of retinal and choroidal blood vessels. Staining for both serum albumin and sRBP in the IPM was negative.
Conclusions: Immunofluorescence analysis of fresh bovine eyes using antibodies to BSA and sRBP clearly shows that
serum albumin and sRBP are not components of bovine IPM. IRBP, on the other hand, is localized to the IPM where it is
available for the binding and transport of visual cycle retinoids. From these data we conclude that serum albumin and
sRBP are not factors that could participate in the binding as well as transport of visual cycle retinoids in the IPM of bovine
retina.
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certain other retinoid-binding proteins such as serum albumin
and serum retinol-binding protein (sRBP) are normal constitu-
ents of the interphotoreceptor matrix (IPM). Serum albumin
has been demonstrated to bind the retinoids of the visual cycle
[16,17] as does sRBP [17-19].

Different experimental approaches have been utilized to
examine the protein constituents of the IPM. When monkey
eyes were obtained within 3 min after death and an in situ
cannulation technique was then used to extract the compo-
nents of the IPM while maintaining the topological integrity
of the chorioretinal complex, IRBP was found to be the major
protein present in monkey IPM and the only protein binding
radiolabeled retinol in the IPM [20]. Immunohistochemical
studies of mouse [21], rat [22], and human [23,24] eyes did
not detect albumin in the interphotoreceptor space. In con-
trast, serum albumin was found in IPM samples from human
donor eyes obtained by an IPM rinse technique and in the
interphotoreceptor space by immunohistochemistry of a hu-
man retina obtained at 1 h postmortem [3,25]. An examina-
tion of IPM rinse samples from several different vertebrate
species also showed the presence of variable amounts of albu-
min and IRBP [3].

In order to understand a dynamic process like the visual
cycle, it is critical to evaluate the components present in the
IPM that are capable of binding visual cycle retinoids and that
also facilitate rhodopsin regeneration. The purpose of this study
was to determine the localization of serum albumin, sRBP,
and IRBP in the bovine retina using immunofluorescence
analysis.

METHODS
Western blot analysis:  Western immunoblot analysis of bo-
vine retinal tissues and protein standards was performed us-
ing the primary antibodies to BSA, sRBP, and IRBP to show
specificity to their respective antigens. Briefly, neural retinas
(n=2) were carefully dissected from bovine eyes then homog-
enized in PBS containing Complete protease inhibitor cock-
tail (Roche Applied Science, Indianapolis, IN). The retinal
homogenate was centrifuged at 100,000xg for 1 h at 4 °C, and
protein concentration was determined on the supernatant by
the Bradford method. Aliquots containing 1 µg total protein
of the bovine neural retina supernatant and protein standards
(positive controls) were subjected to SDS-PAGE using
NuPage® 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA).
Proteins were transferred to an Immobilon-FL polyvinylidene
fluoride membrane (Millipore, Bedford, MA). After a brief
wash in Tris-buffered saline containing 0.1% Tween-20 mem-
branes were incubated overnight at 4 °C in Sea Block block-
ing buffer (Pierce Biotechnology, Rockford, IL). The ratio-
nale for using Sea Block blocking buffer, a fish serum-based
blocking buffer, was that its nonmammalian nature would pre-
vent cross-reactivity with antimammalian protein antibodies
and therefore would also yield a low background. Membranes
were then probed for BSA, sRBP, and IRBP by incubating 1 h
at room temperature using the following primary antibodies
diluted in blocking buffer: monoclonal antibovine serum al-
bumin (Clone BSA-33, 1:4000; Sigma-Aldrich, Saint Louis,
MO), monoclonal antihuman serum retinol-binding protein
(Clone 42, 1:1000; BD Biosciences Pharmingen, San Jose,
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Figure 1. Specificity of the primary antibodies to their respective antigens.  Positive controls (1 ng total protein) loaded into lane 1 were
purified bovine serum albumin (BSA; A), fetal bovine serum (B), and purified bovine interphotoreceptor retinoid-binding protein (IRBP; C).
Bovine neural retina supernatant (1 µg total protein) was loaded into Lane 2 (all panels). The supernatant was prepared by homogenizing
bovine neural retinas (n=2) in PBS containing Complete protease inhibitor cocktail (Roche Applied Science) followed by centrifugation at
100,000xg for 1 h at 4 °C. Protein concentration was determined on the supernatant by the Bradford method. Western immunoblot analysis
was performed using (A) monoclonal anti-BSA (Clone BSA-33, 1:4000; Sigma-Aldrich), (B) monoclonal antihuman serum retinol-binding
protein (Clone 42, 1:1000; BD Biosciences Pharmingen), and (C) rabbit antibovine IRBP (1:5000). The secondary antibodies used were
Qdot® 655 conjugated goat F(ab’)2 antimouse (1:1000; A, B), and Qdot® 655 conjugated goat F(ab’)2 antirabbit (1:1000; C; Quantum Dot
Corporation). SeeBlue® (Invitrogen) molecular weight markers are shown in Lane M (all panels). The differences seen in migration of the
SeeBlue® molecular weight markers for panels A and B compared to C is due to using either MES- (A, B) or MOPS- (C) SDS running buffer.

1633



CA), or rabbit antibovine interphotoreceptor retinoid-binding
protein (1:5000). Purified bovine IRPB protein [1,26] was used
for immunization of New Zealand rabbits (Biocon, Rockville,
MD) and the antiserum was used as the primary antibody. After
washing, membranes were incubated for 1 h at room tempera-
ture with either Qdot® 655 conjugated goat F(ab’)2 antimouse
(1:1000), or Qdot® 655 conjugated goat F(ab’)2 antirabbit
(1:1000; Quantum Dot Corporation, Howard, CA) secondary
antibodies. Detection of labeled proteins was achieved by di-
rect fluorescence analysis using a Typhoon® 9400 imaging
system (Amersham Biosciences, Piscataway, NJ).

Immunohistochemistry:  Bovine eyes were obtained from
a local abattoir (J.W. Treuth and Sons Inc., Baltimore, MD).
To minimize potential postmortem changes in the distribution
of serum proteins, all eyes used for immunolocalization stud-

ies were fixed by immersion in 4% paraformaldehyde in phos-
phate-buffered saline (PBS; pH 7.3) within 15 min of the
animal’s death. To facilitate rapid fixation, a 3 cm incision
was made through the sclera, posterior to the limbus. Eyes
were immersed in an excess (250 ml) of fixative and held on
ice for 3 h, then transferred to PBS.

Pieces of retina with attached RPE-choroid were dissected,
washed in PBS, and embedded in 7% low gelling temperature
agarose. Tissue sections (100 µm thick) were cut with a vi-
brating microtome (Leica Microsystems, Bannockburn, IL).
For confocal immunolocalization studies, sections were incu-
bated for 24 h with the following primary antibodies: rabbit
antibovine IRPB (polyclonal, 1:200), mouse antibovine se-
rum albumin (Clone BSA-33, 1:100; Sigma-Aldrich, Saint
Louis, MO) or mouse antihuman sRBP (Clone 42, 1:100; BD
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Figure 2. Confocal immunofluorescence analysis of interphotoreceptor retinoid-binding protein and bovine serum albumin in bovine retina.
Immunoreactivity for interphotoreceptor retinoid-binding protein (IRBP; red fluorescence) is visible throughout the interphotoreceptor matrix
(IPM). Labeling for bovie serum albumin (BSA; green fluorescence) is associated only with the lumen of retinal (arrows) and choroidal blood
vessels. There is no significant labeling for BSA in the IPM, as defined by IRBP labeling (red). The dark ovals within the IPM and just above
the outer nuclear layer are cone photoreceptor inner segments. Cell nuclei appear blue after DAPI staining. The following abbreviations are
used: choroid (CH), retinal pigment epithelium (RPE), outer segment (OS), inner segment (IS), outer nuclear layer (ONL). Top row: Scale bar
represents 75 µm; middle and bottom rows: Scale bar represents 30 µm.
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Biosciences Pharmingen, San Jose, CA). Normal serum and
serum proteins such as BSA were omitted from the
immunolabeling process to prevent potential contamination
of bovine sections with exogenous serum proteins. Sections
were washed in modified immunolabeling buffer (PBS con-
taining 0.1% Tween 20 and 0.05% sodium azide) then incu-
bated for 4 h in the following fluorochrome conjugated sec-
ondary antibodies (goat antimouse Alexa Fluor® 488, goat
antirabbit Alexa Fluor® 568 and DAPI; Molecular Probes).
Primary antibodies were omitted from sections used as nega-
tive controls. Sections of labeled bovine retina were washed,
mounted in Gel-Mount (Biomeda, Foster City, CA), and cover
slipped. A Leica SP2 confocal microscope was used to image
samples. Gain and off-set (black level) values were kept con-
stant for each set of experimental and negative control samples.

To identify regions of colocalization, cytofluorogram

scatterplots were generated using images collected in sequen-
tial scan mode. In a scatterplot correlating red and green chan-
nels, the pure red and green pixels cluster near the axes of the
plot. Fluorophore colocalization, if present, is represented by
pixels falling near the center (i.e., x=y) and upper right-hand
corner of the scatterplot. Pixels from areas of signal
colocalization were identified in scatterplots and mapped back
to the original image.

RESULTS
Western immunoblot analysis:  The specificity of the primary
antibodies to BSA, sRBP, and IRBP was validated by western
immunoblot analysis (Figure 1A-C, respectively). Monoclonal
antibovine serum albumin (Clone BSA-33) was highly spe-
cific for bovine serum albumin (Figure 1A, Lane 1) and also a
single immunoreactive band at about 67 kDa in bovine neural
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Figure 3. Confocal immunofluorescence analysis of interphotoreceptor retinoid-binding protein and serum retinol-binding protein in bovine
retina.  Immunoreactivity for interphotoreceptor retinoid-binding protein (IRBP; red fluorescence) is throughout the interphotoreceptor matrix
(IPM). Labeling for serum retinol-binding protein (sRBP; green fluorescence) is associated with the lumen of a choroidal blood vessel (ar-
rows). There is no significant labeling for sRBP in the IPM, as defined by IRBP labeling (red). The dark ovals within the IPM and just above
the outer nuclear layer are cone photoreceptor inner segments. Cell nuclei appear blue after DAPI staining. The following abbreviations are
used: choroid (CH), retinal pigment epithelium (RPE), outer segment (OS), inner segment (IS), outer nuclear layer (ONL). Top row: Scale bar
represents 75 µm; middle and bottom row: Scale bars represents 36 µm.
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retina (Figure 1A, Lane 2). Monoclonal antihuman serum re-
tinol-binding protein (Clone 42) and polyclonal rabbit
antibovine interphotoreceptor retinoid-binding protein were
also highly specific for their respective antigens recognizing
a single immunoreactive band at about 25 (Figure 1B, Lane 1)
and about 133 kDa (Figure 1C, Lane 1), respectively. No im-
munoreactive bands were detected in bovine neural retina by
the anti-sRBP antibody (Figure 1B, Lane 2); however, a single
immunoreactive band at about 133 kDa was detected in bo-
vine neural retina by the anti-IRBP antibody (Figure 1C, Lane
2).

Confocal immunofluorescence analysis:  The localization
of BSA, sRBP, and IRBP in bovine retina was examined by
confocal immunofluorescence analysis (Figure 2, Figure 3).
The immunolocalization of IRBP (red fluorescence, Figure 2,
Figure 3) was restricted to the area between the external lim-
iting membrane and the apical surface of the RPE with more
intense labeling around the outer segments of photoreceptors.
This region defines the limits of the interphotoreceptor ma-
trix. Labeling for BSA (green fluorescence, Figure 2) was as-
sociated only with the choroid and the lumen of retinal blood
vessels. Labeling for sRBP, (green fluorescence, Figure 3) was
associated with material in the lumen of a choroidal blood
vessel. No immunolabeling for either BSA or sRBP was ob-
served in the IPM of bovine retina. Cytofluorogram analysis
provided additional evidence that neither BSA nor sRBP is

present in the IRBP-rich IPM (Figure 4A,B, respectively). Note
that the area denoted by the white box within the scatterplots
(inset) of Figure 4A,B is essentially devoid of any signal aris-
ing from colocalized fluorophores.

DISCUSSION
 For this study we evaluated the presence of serum albumin,
serum retinol-binding protein, and interphotoreceptor retin-
oid-binding protein, in the IPM of bovine eyes using confocal
immunofluorescence analysis. Our primary interest in doing
this type of study was to establish whether or not these pro-
teins are normal constituents of the IPM. One of our initial
concerns for this study was postmortem changes in retinal tis-
sues. It has been reported [27] that degenerative changes in
postmortem retinal tissues occur within 15 min of death when
tissues were maintained at room temperature before being
fixed. Our goal was to maintain the integrity of retinal tissues
and to minimize the potential for postmortem changes that
could result in diffusion of serum as well as intracellular pro-
teins into the IPM. Therefore, we obtained fresh bovine eyes
from a local abattoir where eyes were enucleated, placed on
ice, and fixed by immersion in ice cold 4% paraformaldehyde
within 15 min of the animal’s death.

The IPM is an extracellular matrix that fills the
interphotoreceptor space separating the neural sensory retina
from the RPE. The IPM of the mammalian retina surrounds
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Figure 4. Colocalization analysis of bovine serum albumin, serum retinol-binding protein, and interphotoreceptor retinoid-binding protein in
bovine retina.  To determine colocalization of fluorophores, we performed scatterplot analysis using composite images which were generated
from two independent channel single-wavelength acquisitions. The composite image showing bovine serum albumin (BSA; green channel)
and interphotoreceptor retinoid-binding protein (IRBP; red channel) is displayed in A and serum retinol-binding protein (sRBP; green chan-
nel) and IRBP (red channel) in B. Scatterplots (panel insets) that correlate the red and green channels, show the pure red and green pixels
clustering near the axes of the plot, while colocalized pixels, if present, fall near the center (i.e., x=y) and upper right-hand corner of the
scatterplot. To perform the colocalization analysis, we employed an area of interest (AOI), denoted by the white box within the scatterplot, to
identify pixels from regions of colocalization. These pixels (shown in white) were mapped to the image. The AOI’s for both scatterplots are
essentially devoid of any signal arising from colocalized fluorophores with only scant colocalization, consistent with background labeling,
visible in A and no areas of colocalization visible in B. Arrows point to the lumen of a retinal blood showing labeled BSA (A) and a choroidal
blood vessel showing labeled sRBP (B). The following abbreviations are used: choroid (CH), retinal pigment epithelium (RPE), outer segment
(OS), inner segment (IS). (A, B) Scale bar represents 75 µm.
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apices of Müller, photoreceptor cells, and RPE and is bounded
by two distinct diffusional barriers. One is formed by junc-
tional complexes composed of tight junctions, or zonula
occludens, between the cells of the RPE and constitutes the
outer blood retinal barrier [28]. The other diffusional barrier
is formed by the zonulae adherentes of the external limiting
membrane. The cells surrounding the IPM in conjunction with
the diffusional barriers allow for a unique environment by ei-
ther restricting movement of material (e.g. protein) into or out
of the IPM. In cases where the blood retinal barrier was com-
promised by disease or injury, serum proteins were found to
accumulate within the IPM [23,24,29].

It is widely accepted that IRBP is the most abundant gly-
coprotein of the IPM [20,30-32], accounting for >70% of the
soluble protein. IRBP mRNA expression was demonstrated
by in situ hybridization [33,34] and localized to the inner seg-
ments of both rod and cone photoreceptors. This mRNA is
translated and IRBP is secreted into the IPM [35-37]. Due to
its large size, (R

s
=55 Å; M

r
 equal to 140 kDa), IRBP is limited

to the confines of the IPM [38]. IRBP is known to bind endog-
enous retinol [30,39,40] and is hypothesized to be the trans-
port vehicle for visual cycle retinoids between the neural retina
and RPE. Recent reports provide evidence suggesting that, in
vivo, IRBP plays a direct role in the release of all-trans retinol
from rod photoreceptors following rhodopsin bleaching
[11,12]. In our study, we clearly show the immunolocalization
of IRBP is indeed within the limits of the IPM using confocal
immunofluorescence analysis. However, we did not see any
immunolabeling of cone inner segments. This pattern of
immunolabeling is consistent with earlier studies using im-
munocytochemical techniques [31,41,42] which demonstrate
the immunolabeling for IRBP to be extracellular and restricted
to the IPM. Furthermore, labeling of inner segments of either
rod or cones was not apparent in these studies [31,41,42].

The presence of other proteins capable of binding visual
cycle retinoids, namely serum albumin and sRBP, have been
demonstrated in IPM samples obtained by gently washing
excised retinas and the apical surface of intact RPE of several
vertebrate species including human [3,25,43]. Furthermore,
Adler et al. [3] were able to show the presence of albumin in
the IPM of a human retina fixed 1 h post mortem by using
immunohistochemical analysis. Other studies [23,24], how-
ever, found albumin present in human IPM that resulted from
pathological abnormalities, particularly in cases when the outer
blood retinal barrier was compromised. In these studies it was
shown that an intact blood retinal barrier was effective in ex-
cluding albumin from the inner and outer retina. That is, posi-
tive staining for albumin was observed only in the choroid
and within retinal blood vessels. In our study we could not
detect albumin within the bovine IPM. There was no evidence
of albumin diffusing across the outer blood retinal barrier or
the intercellular junctions (i.e., zonulae adherents) of the ex-
ternal limiting membrane. We could only observe immunof-
luorescence for albumin in the choroid and within the lumen
of a retinal blood vessel.

Previous work by others has demonstrated the presence
of sRBP in the neurosensory retina by using immunocy-

tochemical techniques [44,45]; however, neither study was able
to detect sRBP within IPM [44,45]. It is interesting to note
that within ocular tissues, the mRNA for sRBP uniquely lo-
calizes to the RPE [45]. Furthermore, Ong et al. [46] were
able to show that synthesis of sRBP in cultured RPE cells does
indeed occur and that this sRBP was secreted into both the
apical and basal culture media, although recovery of the se-
creted sRBP by these cultured RPE cells was much higher in
the apical medium [46]. If the apical secretion of sRBP by the
RPE does occur in vivo, the RPE could serve as a likely source
of sRBP to the neurosensory retina. In our study, immunof-
luorescence for sRBP was limited to material within the lu-
men of a choroidal blood vessel. We found no labeling within
the IPM or other cells of the neurosensory retina for sRBP. It
is possible that the level of sRBP, if present in the bovine IPM,
was below the limit of detection for the methods used in our
study.

In conclusion, we have shown that serum albumin and
sRBP do not immunolocalize to the bovine IPM. Therefore,
we believe that serum albumin and sRBP are not physiologi-
cally normal constituents of the bovine IPM, and it is unlikely
that either of these two proteins are involved in the bovine
visual cycle. On the other hand, our data clearly shows that
IRBP, a protein known to bind visual cycle retinoids, local-
izes exclusively to the IPM of the bovine retina. These data,
in conjunction with several recent studies [6-12], provide ad-
ditional evidence supporting the role of IRBP in the binding
and transport of visual cycle retinoids.

ACKNOWLEDGEMENTS
 We thank R. Krishnan Kutty and William Samuel for helpful
discussions and careful review of the manuscript. We thank
Amanda Bundek, Maria Campos, and Jen-Yue Tsai for their
technical assistance and preparation of samples for confocal
immunolocalization studies. Support for this work was pro-
vided by the Intramural Research Program of the National
Institutes of Health, National Eye Institute. This work was
presented, in part, at the annual meeting of the Association for
Research in Vision and Ophthalmology in Fort Lauderdale,
Florida 2005.

REFERENCES
 1. Redmond TM, Wiggert B, Robey FA, Nguyen NY, Lewis MS,

Lee L, Chader GJ. Isolation and characterization of monkey
interphotoreceptor retinoid-binding protein, a unique extracel-
lular matrix component of the retina. Biochemistry 1985; 24:787-
93.

2. Adler AJ, Evans CD, Stafford WF 3rd. Molecular properties of
bovine interphotoreceptor retinol-binding protein. J Biol Chem
1985; 260:4850-5.

3. Adler AJ, Edwards RB. Human interphotoreceptor matrix con-
tains serum albumin and retinol-binding protein. Exp Eye Res
2000; 70:227-34.

4. Ho MT, Massey JB, Pownall HJ, Anderson RE, Hollyfield JG.
Mechanism of vitamin A movement between rod outer segments,
interphotoreceptor retinoid-binding protein, and liposomes. J
Biol Chem 1989; 264:928-35.

5. Okajima TI, Pepperberg DR, Ripps H, Wiggert B, Chader GJ.
Interphotoreceptor retinoid-binding protein: role in delivery of

©2006 Molecular VisionMolecular Vision 2006; 12:1632-9 <http://www.molvis.org/molvis/v12/a187/>

1637



retinol to the pigment epithelium. Exp Eye Res 1989; 49:629-
44.

6. Okajima TI, Pepperberg DR, Ripps H, Wiggert B, Chader GJ.
Interphotoreceptor retinoid-binding protein promotes rhodop-
sin regeneration in toad photoreceptors. Proc Natl Acad Sci U S
A 1990; 87:6907-11.

7. Okajima TI, Wiggert B, Chader GJ, Pepperberg DR. Retinoid pro-
cessing in retinal pigment epithelium of toad (Bufo marinus). J
Biol Chem 1994; 269:21983-9.

8. Carlson A, Bok D. Promotion of the release of 11-cis-retinal from
cultured retinal pigment epithelium by interphotoreceptor ret-
inoid-binding protein. Biochemistry 1992; 31:9056-62.

9. Carlson A, Bok D. Polarity of 11-cis retinal release from cultured
retinal pigment epithelium. Invest Ophthalmol Vis Sci 1999;
40:533-7.

10. Edwards RB, Adler AJ. IRBP enhances removal of 11- cis -
retinaldehyde from isolated RPE membranes. Exp Eye Res 2000;
70:235-45.

11. Tsina E, Chen C, Koutalos Y, Ala-Laurila P, Tsacopoulos M,
Wiggert B, Crouch RK, Cornwall MC. Physiological and
microfluorometric studies of reduction and clearance of retinal
in bleached rod photoreceptors. J Gen Physiol 2004; 124:429-
43.

12. Qtaishat NM, Wiggert B, Pepperberg DR. Interphotoreceptor re-
tinoid-binding protein (IRBP) promotes the release of all-trans
retinol from the isolated retina following rhodopsin bleaching
illumination. Exp Eye Res 2005; 81:455-63.

13. Ala-Laurila P, Kolesnikov AV, Crouch RK, Tsina E, Shukolyukov
SA, Govardovskii VI, Koutalos Y, Wiggert B, Estevez ME,
Cornwall MC. Visual cycle: Dependence of retinol production
and removal on photoproduct decay and cell morphology. J Gen
Physiol 2006; 128:153-69.

14. Ripps H, Peachey NS, Xu X, Nozell SE, Smith SB, Liou GI. The
rhodopsin cycle is preserved in IRBP “knockout” mice despite
abnormalities in retinal structure and function. Vis Neurosci 2000
Jan-Feb; 17:97-105.

15. Palczewski K, Van Hooser JP, Garwin GG, Chen J, Liou GI, Saari
JC. Kinetics of visual pigment regeneration in excised mouse
eyes and in mice with a targeted disruption of the gene encod-
ing interphotoreceptor retinoid-binding protein or arrestin. Bio-
chemistry 1999; 38:12012-9.

16. Futterman S, Heller J. The enhancement of fluorescence and the
decreased susceptibility to enzymatic oxidation of retinol
complexed with bovine serum albumin, -lactoglobulin, and the
retinol-binding protein of human plasma. J Biol Chem 1972;
247:5168-72.

17. Horwitz J, Heller J. Interactions of all-trans, 9-, 11-, and 13-cis-
retinal, all-trans-retinyl acetate, and retinoic acid with human
retinol-binding protein and prealbumin. J Biol Chem 1973;
248:6317-24.

18. Goodman DS, Raz A. Extraction and recombination studies of
the interaction of retinol with human plasma retinol-binding
protein. J Lipid Res 1972; 13:338-47.

19. Cogan U, Kopelman M, Mokady S, Shinitzky M. Binding affini-
ties of retinol and related compounds to retinol binding pro-
teins. Eur J Biochem 1976; 65:71-8.

20. Pfeffer B, Wiggert B, Lee L, Zonnenberg B, Newsome D, Chader
G. The presence of a soluble interphotoreceptor retinol-binding
protein (IRBP) in the retinal interphotoreceptor space. J Cell
Physiol 1983; 117:333-41.

21. Liao R, Gonzalez-Fernandez F. Albumin is not present in the
murine interphotoreceptor matrix, or in that of transgenic mice
lacking IRBP. Mol Vis 2004; 10:1038-46.

22. Pino RM, Thouron CL. Vascular permeability in the rat eye to
endogenous albumin and immunoglobulin G (IgG) examined
by immunohistochemical methods. J Histochem Cytochem
1983; 31:411-6.

23. Vinores SA, Campochiaro PA, Lee A, McGehee R, Gadegbeku
C, Green WR. Localization of blood-retinal barrier breakdown
in human pathologic specimens by immunohistochemical stain-
ing for albumin. Lab Invest 1990; 62:742-50.

24. Vinores SA, Gadegbeku C, Campochiaro PA, Green WR. Immu-
nohistochemical localization of blood-retinal barrier breakdown
in human diabetics. Am J Pathol 1989; 134:231-5.

25. Adler AJ, Spencer SA, Heth CA, Schmidt SY. Comparison of
proteins in the interphotoreceptor matrix of vertebrates. Oph-
thalmic Res 1988; 20:275-85.

26. Adler AJ, Klucznik KM. Proteins and glycoproteins of the bo-
vine interphotoreceptor matrix: composition and fractionation.
Exp Eye Res 1982; 34:423-34.

27. Johnson NF, Grierson I. Post-mortem changes in the rabbit retina.
A study by light microscopy. Acta Ophthalmol (Copenh) 1976;
54:529-41.

28. Cohen AI. A possible cytological basis for the ‘R’ membrane in
the vertebrate eye. Nature 1965;205(4977):1222-23.

29. Vinores SA. Assessment of blood-retinal barrier integrity. Histol
Histopathol 1995; 10:141-54.

30. Adler AJ, Martin KJ. Retinol-binding proteins in bovine
interphotoreceptor matrix. Biochem Biophys Res Commun
1982; 108:1601-8.

31. Bunt-Milam AH, Saari JC. Immunocytochemical localization of
two retinoid-binding proteins in vertebrate retina. J Cell Biol
1983; 97:703-12.

32. Fong SL, Liou GI, Landers RA, Alvarez RA, Gonzalez-Fernandez
F, Glazebrook PA, Lam DM, Bridges CD. Characterization, lo-
calization, and biosynthesis of an interstitial retinol-binding gly-
coprotein in the human eye. J Neurochem 1984; 42:1667-76.

33. Porrello K, Bhat SP, Bok D. Detection of interphotoreceptor ret-
inoid binding protein (IRBP) mRNA in human and cone-domi-
nant squirrel retinas by in situ hybridization. J Histochem
Cytochem 1991; 39:171-6.

34. van Veen T, Katial A, Shinohara T, Barrett DJ, Wiggert B, Chader
GJ, Nickerson JM. Retinal photoreceptor neurons and
pinealocytes accumulate mRNA for interphotoreceptor retinoid-
binding protein (IRBP). FEBS Lett 1986; 208:133-7.

35. Wiggert B, Lee L, O’Brien PJ, Chader GJ. Synthesis of
interphotoreceptor retinoid-binding protein (IRBP) by monkey
retina in organ culture: effect of monensin. Biochem Biophys
Res Commun 1984; 118:789-96.

36. Hollyfield JG, Fliesler SJ, Rayborn ME, Fong SL, Landers RA,
Bridges CD. Synthesis and secretion of interstitial retinol-bind-
ing protein by the human retina. Invest Ophthalmol Vis Sci 1985;
26:58-67.

37. Fong SL, Liou GI, Landers RA, Alvarez RA, Bridges CD. Puri-
fication and characterization of a retinol-binding glycoprotein
synthesized and secreted by bovine neural retina. J Biol Chem
1984; 259:6534-42.

38. Bunt-Milam AH, Saari JC, Klock IB, Garwin GG. Zonulae
adherentes pore size in the external limiting membrane of the
rabbit retina. Invest Ophthalmol Vis Sci 1985; 26:1377-80.

39. Lai YL, Wiggert B, Liu YP, Chader GJ. Interphotoreceptor ret-
inol-binding proteins: possible transport vehicles between com-
partments of the retina. Nature 1982; 298:848-9.

40. Liou GI, Bridges CD, Fong SL, Alvarez RA, Gonzalez-Fernandez
F. Vitamin A transport between retina and pigment epithelium—
an interstitial protein carrying endogenous retinol (interstitial

©2006 Molecular VisionMolecular Vision 2006; 12:1632-9 <http://www.molvis.org/molvis/v12/a187/>

1638



retinol-binding protein). Vision Res 1982; 22:1457-67.
41. Anderson DH, Neitz J, Saari JC, Kaska DD, Fenwick J, Jacobs

GH, Fisher SK. Retinoid-binding proteins in cone-dominant
retinas. Invest Ophthalmol Vis Sci 1986; 27:1015-26.

42. Schneider BG, Papermaster DS, Liou GI, Fong SL, Bridges CD.
Electron microscopic immunocytochemistry of interstitial ret-
inol-binding protein in vertebrate retinas. Invest Ophthalmol Vis
Sci 1986; 27:679-88.

43. Dodson CS, Rengarajan K, Gewant HD, Stodulkova E, Nguyen
HT, Boatright JH, Nickerson JM. Extra-hepatic expression of
serum albumin mRNA in mouse retina. Curr Eye Res 2001;
22:182-9.

44. Martone RL, Schon EA, Goodman DS, Soprano DR, Herbert J.
Retinol-binding protein is synthesized in the mammalian eye.
Biochem Biophys Res Commun 1988; 157:1078-84.

45. Herbert J, Cavallaro T, Martone R. The distribution of retinol-
binding protein and its mRNA in the rat eye. Invest Ophthalmol
Vis Sci 1991; 32:302-9. Erratum in: Invest Ophthalmol Vis Sci
1991 Jul;32(8):2440.

46. Ong DE, Davis JT, O’Day WT, Bok D. Synthesis and secretion
of retinol-binding protein and transthyretin by cultured retinal
pigment epithelium. Biochemistry 1994; 33:1835-42.

©2006 Molecular VisionMolecular Vision 2006; 12:1632-9 <http://www.molvis.org/molvis/v12/a187/>

1639

The print version of this article was created on 22 Dec 2006. This reflects all typographical corrections and errata to the article through that
date. Details of any changes may be found in the online version of the article. α


