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 In our companion paper (Tserentsoodol et al.) [1] we used
cholestatrienol (CTL), a fluorescent cholesterol analog [2], to
image the uptake of circulating low density lipoprotein (LDL)
by the rat retina. Circulating LDL is taken up by the RPE and,
to a lesser extent, by Müller glial cells and is quickly deliv-
ered to different compartments within the retina, especially
photoreceptor cells and their outer segments. Quantification
of deuterated cholesterol uptake and turnover by mass spec-
troscopy following intravenous injection indicates that the rat
retina may be capable of completely replacing its cholesterol
every 6-7 days, assuming a linear process [1]. Considering
the fact that normal serum cholesterol levels in humans are
approximately 2 mg/ml (with approximately 1.4 mg/ml at-
tributable to LDL) [3] and that animal cells require less than
300 µg/ml of LDL to survive, coupled with the apparent lack
of LDL-receptor (LDLR) regulation in RPE cells [4,5], this
replacement may be even more rapid in humans.

The mechanism of delivery of cholesterol and other lip-
ids from the Müller cells and RPE to other areas of the retina
is unknown. However, much is known about the proteins that
perform this function in systemic lipid transport [6-8]. Using
this knowledge we decided to examine the main proteins re-

sponsible for the systemic cholesterol efflux and transport in
the retina.

The ABCA1 transporter [9-11] is responsible for the trans-
port of apolipoprotein A1 (apoA1) [10-13], the major protein
component of high-density lipoproteins (HDL), and
apolipoprotein E (apoE) [14,15]. The expression and local-
ization of apoE in the retina has been previously reported [16-
20], being localized primarily to Müller cells and astrocytes,
as well as RPE cells, but the expression and localization of
apoA1 has not been reported. The other partners in the re-
verse cholesterol transport and efflux process are the class B
scavenger receptors SR-BI, SR-BII, and CD36, and the en-
zymes lecithin-cholesterol acyltransferase (LCAT) and
cholesteryl ester transfer protein (CETP) [21-23]. SR-BI and
SR-BII are alternatively spliced isoforms of scavenger recep-
tors responsible for HDL uptake by the liver [24,25]. The re-
lationships between ABCA1, apoA1, SR-BI, and SR-BII in
the reverse cholesterol pathway have been well studied [24-
27]. The SR-BI receptor is an HDL receptor that mediates se-
lective uptake of lipids from the HDL particle without the deg-
radation of the HDL lipoproteins [24]. In the liver, these HDL-
delivered lipids are eventually excreted by emulsification with
bile acids [24,28]. CD36 has been well characterized in mac-
rophages, where it is known to recognize oxidized phospho-
lipid ligands in oxidized LDL [29] and is also known to facili-
tate the internalization of HDL [30]. Finally, LCAT [31] and
CETP [32] are known to participate in the maturation of HDL
particles and are critically important in systemic cholesterol
efflux [33].
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In this study we demonstrate that the retina expresses many
of the key proteins known to be involved in systemic lipid
transport. The specific compartmentalization of these proteins
within the retina suggests a novel mechanism of intraretinal
lipid transport, which we describe herein.

METHODS
 Rabbit anti-human apoA1, anti-human ABCA1, anti-human
LCAT, anti-SR-BI, and anti-SR-BII antibodies were purchased
from Abcam Inc. (Cambridge, MA). Rabbit anti-CD36 pep-
tide polyclonal antibody was purchased from Cayman Chemi-
cal Inc. (Ann Arbor, MI). Rabbit anti-human CETP was pur-
chased from BioVision Research products (Mountain View,
CA). AlexaFluor® 488-conjugated isolectin GS-IB4 (Griffonia
simplicifolia lectin) was purchased from Invitrogen Corp.
(Carlsbad, CA). Unless otherwise indicated or specified, other
reagents were used as purchased from Sigma/Aldrich (St.
Louis, MO).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting (western blot) analyses:  Protein samples were
mixed with NuPAGE® LDS sample buffer and NuPAGE®
reducing agent (Invitrogen Corp., Carlsbad, CA) and incu-
bated at 65 °C for 10 min. The samples (20 µg each) were
separated in 4-12% NuPAGE® Novex Bis-Tris Gels running
in 1x NuPAGE® MOPS SDS Running Buffer at room tem-
perature for 50 min at 200V. The protein electrophoresis re-
agents and apparatuses were purchased from Invitrogen/
NOVEX. The gels were transferred onto a PROTRAN®-ni-
trocellulose membrane (Schleicher and Schuell BioScience
Inc., Keene, NH) using a Trans-Blot electrophoresis appara-
tus (Bio-Rad, Hercules, CA). The transfer was performed in
NuPAGE® Transfer Buffer and 10% methanol at 30 V, 4 °C
overnight. The membrane was equilibrated in 1x Tris-Buff-
ered Saline pH 7.4 (TBS) Tween-20 for 15 min, and blocked
in 1x TBS, pH 7.4, 5% Carnation nonfat milk and 1% West-
ern Blocking Reagent (Roche Diagnostics Corp., Indianapo-
lis, IN) for 2 h. Incubations with primary antibodies were per-
formed overnight at 4 °C, followed by 1 h of incubation with
anti-rabbit, anti-sheep (Pierce Biotechnology, Inc., Rockford,
IL) and anti-mouse (Santa Cruz Biotechnologies, Inc., Santa
Cruz, CA) IgG peroxidase conjugated secondary antibodies
at a dilution of 1:50,000. Blots were developed on X-ray film
using SuperSignal® West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL) after a 10-120 s exposure. The SeeBlue
Plus2® Pre-Stained Standard (10 µl) and/or HiMark® pre-
stained Standard (10 µl) were used for the estimation of mo-
lecular weights on the gels and blots (Invitrogen Corp.).

RT-PCR:  Human retina total RNA was purchased from
BD Biosciences (Mountain View, CA). cDNA was synthe-
sized from 2 µg of total RNA in a 20 µl reaction, using
SuperScript III® Reverse Transcriptase (Invitrogen). PCR was
performed using 1µl of the RT reaction as template. The am-
plification were performed using Platinum blue PCR supermix
(Invitrogen Corp, Carlsbad, CA) under standard conditions
for 35 cycles. GAPDH was amplified for only 25 cycles. All
of the PCR products were sequenced to verify authenticity.

Multiple products were individually cloned and sequenced.
The oligonucleotides used are listed in Table 1.

Immunohistochemistry of monkey retina:  Vibrotome sec-
tions (100 µm) were prepared using a vibrating-blade micro-
tome (Leica VT1000S, Microsystems Nussolch GmbH,
Nussloch, Germany) equipped with a sapphire knife (Elec-
tron Microscopy Sciences, Hatfield, PA). The retina sections
were blocked with 1X PBS containing normal goat serum (di-
luted 1:10, by vol.), 0.5% BSA, 0.2% Tween-20, and 0.05%
sodium azide for 4 h at 4 °C. The monkey retina sections were
incubated with primary antibodies overnight (see figure leg-
ends for dilutions). Cy5-conjugated donkey anti-mouse and
Cy5-conjugated goat anti-rabbit secondary antibodies (Jack-
son ImmunoResearch Laboratories, Inc., West Grove, PA) were
used at 1:1000 dilution for 4 h at room temperature. Alexa
Fluor® 488-conjugated Isolectin GS-IB4 (1:500 dilution) was
used to stain capillary endothelial cells (see above), while
nuclei were counterstained with 4',6'-diamino-2-phenylindole
(DAPI; 1 µg/mL in 1x PBS). The slides were mounted
(GelMount®; Biomeda Corp., Foster City, CA) and kept in
the dark until viewing.

RESULTS
Expression of well-known lipoproteins, transporters, and re-
ceptors in the retina:  In order to determine if the components
of a lipid transport pathway are present in the retina, monkey
retinas as well as two different human RPE-derived cell lines
(APRE19 and D407) were analyzed for the expression of sev-
eral well-studied molecules involved in systemic lipid and
reverse cholesterol transport [21,23,33]. The expression of
protein was determined by immunoblot (Western) analysis
using monkey retina extracts (Figure 1A). The corresponding
mRNA expression was assessed by RT-PCR using human
retina RNA (Figure 1B). Both methods detected expression of
ABCA1, apoA1, apoE, the scavenger receptors SR-BI, SR-
BII, and CD36, as well as LCAT, and CETP in the retina. Our
detection of apoE, is in good agreement with prior reports [16-
20], and is included here for the sake of completeness, to cor-
relate with the detection and localization of related compo-
nents involved in the lipid transport process. We also include
the RT-PCR results for apoB and LDLR here, while the corre-
sponding protein expression and localization results are re-
ported in our companion paper [1]. RT-PCR for LCAT dem-
onstrated 3 distinct product bands, each of which was indi-
vidually cloned and sequenced. The smaller product (297 bp)
is the correct form of LCAT. The middle-size product (377
bp) is an alternatively splice variant of LCAT, represented by
GenBank ESTs with accession numbers AW603466,
AW842184. The largest product (471 bp) seems to be a ge-
nomic fragment, since it contains introns 2 and 3 and was not
represented by GenBank ESTs.

Since the retina is a complex tissue composed of at least
ten different cell types, we employed correlative immunocy-
tochemical analysis to determine the cellular localization of
the above mentioned proteins, in order to gain insights into
their function within the retina.
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Localization of ABCA1 and apoA1:  The lipids present in
LDL and molecules such as CTL [1] are highly insoluble in
aqueous media. Hence, there must be a transport mechanism
by which these lipids can move from the initial areas of up-
take (e.g., RPE, Müller cells) to other cells within the retina,
especially the photoreceptors. The ATP-binding cassette (ABC)
superfamily of proteins are potential candidates to mediate
this process. Most members of this family are involved in lipid
transport [9-11]. The ABCA1 transporter has been well-stud-

ied and is known to form a complex with apoA1 and transport
the lipoprotein complex out of the cells as HDL particles
[10,11,13]. Immunohistochemical localization of ABCA1 was
performed on monkey retina vibrotome sections (see Mate-
rial and Methods). The nuclei were counter-stained with DAPI
(blue) and immunoreactivity to primary antibodies was de-
tected using a Cy5-conjugated secondary antibody (red).

ABCA1 immunoreactivity was imaged in both the macula
and peripheral areas of the monkey retina (Figure 2). ABCA1
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Figure 1. Expression of lipid trans-
port proteins in human and monkey
retina.  A: Immunoblots of protein
extracts from monkey retina and hu-
man RPE-derived cells lines. The
lanes are as follows: 1. Monkey neu-
ral retina; 2. Monkey RPE-CH, 3;
ARPE19 cells; 4. D407 cells. B: re-
verse transcriptase polymerase
chain reaction of lipid transport pro-
teins from human neural retina. The
primers used and size of the prod-
ucts are shown in Table 1. The prim-
ers used to amplify SR-BII also
amplify SR-BI.
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localized mainly to the ganglion cell layer (GCL) and outer
plexiform layer (OPL) in both the macular (Figure 2A) and
peripheral retina regions (Figure 2D). The greater intensity of
the ABCA1 immunoreactivity in the macular GCL and OPL
may be due to the larger number of ganglion cells (approxi-
mately five times more) in the macula versus the peripheral
retina. The macular RPE was more intensely labeled (Figure
2C) than the peripheral RPE (Figure 2D); however, the rea-
sons for this difference are currently unknown and will re-
quire further investigation.

ApoA1, an HDL marker protein and the lipoprotein best
known to be transported by ABCA1 [13], was detected in
multiple locations throughout the retina (Figure 3). Immunore-
activity was observed in the GCL, outer plexiform layer (OPL),
choriocapillaris (CH), the photoreceptor outer segments (POS)
and the inner segment of the rods, but not the cones (Figure
3C). The immunoreactivity in the CH likely originates from
the serum, where apoA1 is abundantly present. A higher mag-
nification view of apoA1 immunoreactivity in the GCL is
shown in Figure 3D (a negative control image, using no pri-
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Figure 2. Immunohistochemical localization of ABCA1 in monkey retina.  The vibrotome sections from monkey retina were processed for
immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue)
and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: ABCA1 immunoreactivity in the macular (fovea)
region of the retina was detected using anti-human ABCA1 rabbit polyclonal antibody (Abcam Inc.) at 1:500 dilution. B: No primary antibody
control image of the macula. C: ABCA1 immunoreactivity at higher magnification focusing on the photoreceptors and macular retinal pig-
ment epithelium. D: Low magnification image of the immunoreactivity in the peripheral retina. Images C and D are shown with the green
channel to take advantage of the retinal autofluorescence and provide better structural definition. Capillaries in D were stained with isolectin
IB4 (green). Scale bars were included with each image.
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mary antibody, is shown in Figure 3B). Since apoA1 is a se-
creted, soluble lipoprotein, the POS-associated immunoreac-
tivity is most likely due to localization of apoA1 within the
interphotoreceptor matrix (IPM; Figure 3C). Bruch’s mem-
brane (usually not clearly visible under the conditions em-
ployed) was robustly labeled, definitively demonstrating the
presence apoA1 in this extracellular interface between the RPE
and the CH (Figure 3C). Notably, the RPE was labeled in the
apical, but not the basal, aspect (Figure 3C), suggesting pos-
sible secretion of apoA1 by the RPE into the IPM.

Localization of class B scavenger receptors SR-BI, and
SR-BII, and CD36 in monkey retina:  The SR-BI receptor and
it’s alternatively splice variant, SR-BII, have been previously
reported to localize to the RPE [34,35]. However, a complete
description of the localization of these receptors in other com-
partments of the retina has not been reported heretofore. Us-
ing antibodies specific to each isoform, SR-BI and SR-BII
were localized in the monkey retina.

In the neural retina, SR-BI immunoreactivity was local-
ized to the ganglion cell layer (GCL) and possibly Müller cells,

©2006 Molecular VisionMolecular Vision 2006; 12:1319-33 <http://www.molvis.org/molvis/v12/a149/>

Figure 3. Immunohistochemical localization of apoA1 in monkey retina.  The vibrotome sections from monkey retina were processed for
immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue)
and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: ApoA1 immunoreactivity detected with anti-
human apoA1 rabbit polyclonal antibody (Abcam Inc.) at 1:50 dilution. B: Control with no primary antibody. C: ApoA1 immunoreactivity at
higher magnification focusing on the photoreceptors and retinal pigment epithelium/choriocapillaris regions, arrow points to the inner seg-
ments of the rod photoreceptors. D: Higher magnification of the ganglion cell layer. Images C and D are shown with the green channel to take
advantage of the retinal autofluorescence and provide better structural definition. Capillaries in D were stained with isolectin IB4 (green).
Scale bars were included with each image.
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as well as to the photoreceptor outer segments and the
choriocapillaris (Figure 4). SR-BI exhibited strong immunore-
activity particularly in the cone outer segments (Figure 4C)
and the GCL (Figure 4D) although little or no immunoreac-
tivity was observed in the RPE (Figure 4C).

SR-BII localized to similar regions as SR-BI (Figure 5),
except the RPE was more heavily labeled, especially in the
apical aspect (Figure 5C). Both receptors, particularly SR-BII,

had a decidedly asymmetric, polarized distribution within the
photoreceptor outer segments, preferentially labeling the side
proximal to the connecting cilium and extending longitudi-
nally along most of the outer segment length (Figure 5D). This
asymmetrical pattern is even more apparent in cross sections
of the retinal outer segments at or near the level of the con-
necting cilium (Figure 5D), both in rods (the smaller diameter
profiles) and cones (the larger diameter profiles). This spatial
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Figure 4. Immunohistochemical localization of SR-BI in monkey retina.  The vibrotome sections from monkey retina were processed for
immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue)
and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: SR-BI immunoreactivity detected using anti SR-BI
peptide SPAAKGTVLQEAKL (cross-reacts with many species) rabbit polyclonal antibody (Abcam Inc.) at 1:100 dilution. B: No primary
antibody control. C: SR-BI immunoreactivity at higher magnification focusing on the photoreceptors and retinal pigment epithelium/
choriocapillaris regions. D: SR-BI immunoreactivity at higher magnification focusing on the GCL regions. Images C and D are shown with
the green channel to take advantage of the retinal autofluorescence and provide better structural definition. Images C and D are shown with the
green channel to take advantage of the retinal autofluorescence and provide better structural definition. Capillaries were in D were stained with
isolectin IB4 (green). Scale bars were included with each image.
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distribution is consistent with an association with microtubules,
which reside in this cellular compartment; however, this re-
mains to be confirmed. A negative control image (leaving out
the primary antibody) is shown in Figure 5B.

CD36, another Class B scavenger receptor known to me-
diate HDL uptake [36], was also localized in the monkey retina
(Figure 6). CD36 immunoreactivity was localized to the GCL,
OPL, PIS, RPE, and CH (Figure 6A). Particularly interesting
was the labeling of the rod, but not cone, inner segments (Fig-
ure 6C). Ganglion cells and Müller cells were robustly labeled

as were the photoreceptor synaptic terminals in the OPL (Fig-
ure 6D). In addition, the rod outer segment tips were brightly
labeled, which is consistent with the known phagocytic func-
tion of CD36 in the RPE (Figure 6C) [37-40].

Expression of LCAT (lethicin-cholesterol acyltransferase)
and CETP (cholesterol-ester transfer protein):  LCAT and
CEPT are well-studied proteins that are secreted by the liver
into the blood and work in conjunction with ABCA1, apoA
and the SR-B scavenger receptors to facilitate reverse choles-
terol transport [21]. The expression of LCAT and CETP (Fig-
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Figure 5. Immunohistochemical localization of SR-BII in monkey retina.  The vibrotome sections from monkey retina were processed for
immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue)
and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: SR-BII immunoreactivity detected with anti SR-
BII peptide CLLEDSLSGQPTSAMA (cross-reacts with many species) rabbit polyclonal antibody (Abcam Inc.) at 1:50 dilution. B: No
primary antibody control. C: SR-BII immunoreactivity at higher magnification focusing on the photoreceptors and retinal pigment epithe-
lium/choriocapillaris regions. D: Cross section of photoreceptor region near connecting cilium region. Images C and D are shown with the
green channel to take advantage of the retinal autofluorescence and provide better structural definition. Capillaries in C were stained with
isolectin IB4 (green). Scale bars were included with each image.
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ure 1) in the retina suggests that the retina has the capacity to
engage in HDL particle maturation. Thus, we pursued cor-
relative immunolocalization of LCAT and CETP in the retina
in order to obtain additional information as to where this matu-
ration process is most likely taking place in vivo.

LCAT synthesizes cholesterol esters in the blood to fa-
cilitate transport in lipoprotein particles [31]. In the monkey
retina, LCAT immunoreactivity localized to the GCL, OPL,
POS, RPE, and CH (Figure 7A). As was the case for apoA1
(see above), the soluble nature of LCAT suggests that its im-

munocytochemical localization within the POS layer likely
indicates its presence in the IPM (Figure 7C).
Immunolocalization of LCAT to the RPE further suggests that
the RPE is a source of the IPM-associated LCAT. In addition,
the presence of LCAT immunoreactivity in the GCL may be
due, in part, to Müller cells; labeling in the OPL appears to be
at or near the cone synaptic pedicles (Figure 7D, arrow). LCAT
immunolabeling of the CH is expected for a protein abundant
in serum.
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Figure 6. Immunohistochemical localization of CD36 in monkey retina.  The vibrotome sections from monkey retina were processed for
immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were stained with DAPI (blue)
and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: Immunoreactivity detected using an anti CD36
peptide AKENVTQDAEDNTVSF rabbit polyclonal antibody (Cayman Chemical, Ann Arbor, MI) at 1:50 dilution. B: No primary antibody
control. C: CD36 immunoreactivity at higher magnification focusing on the photoreceptors and retinal pigment epithelium/choriocapillaris
regions. D: CD36 immunoreactivity at higher magnification focusing on the OPL region. Images C and D are shown with the green channel
to take advantage of the retinal autofluorescence and provide better structural definition. Capillaries in D were stained with isolectin IB4
(green). Scale bars were included with each image.
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CETP transfers cholesterol esters from HDL to LDL par-
ticles [32]. In the monkey retina, CETP localized mainly to
the POS and OPL (Figure 8). Like LCAT and apoA1, CETP is
a secreted, soluble protein; thus, its presence in the POS layer
likely reflects localization within the IPM (Figure 8C). CETP
also localized to the OPL (Figure 8D), but in a more wide-
spread pattern than that observed for LCAT; in addition, areas
surrounding cone synaptic pedicles were also immunolabeled.

Some labeling of the CH was also observed (Figure 8A,D), as
expected for a serum-associated protein.

DISCUSSION
 Although much is known about systemic lipid transport, rela-
tively little is known about how lipids are taken up by the
retina and how they are transported within the retina, both
between and within retinal cells. In our companion paper [1],
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Figure 7. Immunohistochemical localization of lecithin:cholesterol acyltransferase in monkey retina.  The vibrotome sections from monkey
retina were processed for immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were
stained with DAPI (blue) and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: Lecithin:cholesterol
acyltransferase (LCAT) was localized using a rabbit polyclonal to a recombinant C-terminus peptide (Abcam Inc. Cambridge, MA) at 1:1000.
B: No primary antibody control. C: LCAT immunoreactivity at higher magnification focusing on the photoreceptors and retinal pigment
epithelium/choriocapillaris regions. D: LCAT immunoreactivity at higher magnification focusing on the OPL and GCL regions. Primer pairs
used for the RT-PCR analyses of the different genes shown in Fig. 1. The GenBank accession numbers for the cDNAs from which the primers
were selected are shown in the right side column. The products generated were sequenced to confirm their authenticity. Images C and D are
shown with the green channel to take advantage of the retinal autofluorescence and provide better structural definition. Capillaries in D were
stained with isolectin IB4 (green). Scale bars were included with each image.
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we demonstrated that the rat retina is able to take up circulat-
ing LDL and, to a lesser extent, HDL particles. Using a com-
bination of a fluorescent cholesterol analog (cholestatrienol,
CTL) and deuterated cholesterol incorporated into LDL and
HDL particles, we were able to image and quantify the uptake
of circulating LDL by the retina. This uptake process is appar-
ently mediated by LDL receptors present mainly in RPE cells.
However, these findings raised a series of questions concern-
ing the subsequent transcytosis and intraretinal transport of

these lipoprotein-derived lipids within the retina. In this sub-
sequent study we have begun to address these questions by
first identifying and localizing some of the main proteins
known to mediate the systemic cholesterol efflux and trans-
port pathways. Herein, we demonstrated, using monkey retina
protein extracts (Figure 1A) and human RNA (Figure 1B),
that the primate retina expresses most of the principle pro-
teins involved in systemic lipid transport, including ABCA1,
apoA1, apoE, SR-BI, SR-BII, CD36, LCAT, and CETP.
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Figure 8. Immunohistochemical localization of cholesteryl ester transfer protein in monkey retina.  The vibrotome sections from monkey
retina were processed for immunhistochemistry and imaged by fluorescent confocal microscopy (see Materials and Methods). Nuclei were
stained with DAPI (blue) and immunoreactivity was detected using a Cy5 conjugated secondary antibodies (red). A: cholesteryl ester transfer
protein (CETP) was localized using anti-human CETP (synthetic C-terminus peptide) rabbit polyclonal antibody (BioVision Research Prod-
ucts, Mountain View, CA) at 1:50 dilution. B: No primary antibody control. C: CETP immunoreactivity at higher magnification focusing on
the photoreceptors and retinal pigment epithelium/choriocapillaris regions. D: CETP immunoreactivity at higher magnification focusing on
the outer plexiform layer region. Images C and D are shown with the green channel to take advantage of the retinal autofluorescence and
provide better structural definition. Capillaries in D were stained with isolectin IB4 (green). Scale bars were included with each image.
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ABCA1 is a well-characterized lipoprotein transporter
known to be involved in the cholesterol efflux pathway in the
liver [9-11,13]. In the monkey retina, ABCA1 localized to the
GCL and OPL with some possible Müller cell involvement
(Figure 2). The labeling of the OPL suggests possible lipopro-
tein trafficking in and/or around the synaptic terminals. The
macula seems to be more strongly labeled than the peripheral
retina. For the GCL and OPL this may be explained by the
greater number of ganglion cells present in the macular re-
gion. However, the more intense labeling of the macular, com-
pared to peripheral, RPE seems to reflect geographic differ-
ences in lipid transport activity that are determined by inher-
ent differences in the resident RPE cells in these retinal re-
gions (Figure 2C). Both the apical and basal aspects of the
RPE exhibit ABCA1 immunolabeling (Figure 2C). This sug-
gests that the RPE may be capable of transporting HDL both
into and out of the retina. One conceivable role for such a
process would be the elimination of cytotoxic oxidized lipids
from the retina in the form of HDL-like lipid particles.
Immunoblots detected the 220 kDa form of ABCA1 in the
monkey RPE/choroid (Figure 1A, ABCA1 No. 2) and in two
human-derived RPE cell lines (ABCA1 No. 3&4, ARPE19
and D407, respectively). However, in the neural retina (Fig-
ure 1A, ABCA1 No. 1), only a 65 kDa band was observed.
This likely represents a proteolytically processed product and
may be indicative of a higher turnover of ABCA1 in the neu-
ral retina. In addition, ABCA1 mRNA was readily detected in
human neural retina (Figure 1B).

ApoA1, the dominant protein constituent of HDL particles,
is the main lipoprotein transported by ABCA1 [13]. In the
monkey retina, apoA1 was observed in the neural retina as
well as in the RPE and choroid (Figure 3A). In the RPE, apoA1

localized mainly to the apical region, facing the IPM. We also
observed apoA1 within Bruch’s membrane (Figure 3C). How-
ever, since Bruch’s membrane is bordered on one side by the
fenestrated capillaries of the choriocapillaris and on the other
side by the RPE, the origin of apoA1 (RPE versus blood) in
Bruch’s membrane cannot be determined by this technique.
In the photoreceptor layer, apoA1 (like ABCA1) was observed
in the rod inner segments (Figure 3C, arrow), but not in the
cones. The reason(s) for this differential distribution among
photoreceptor types is not clear at this time. There also was
some immunoreactivity associated with the photoreceptor outer
segments; considering the secreted nature of apoA1, this im-
munoreactivity most likely represents HDL or HDL-like par-
ticles resident in (secreted into and perhaps traveling through)
the interphotoreceptor matrix. Immunoblot analysis (Figure
1A, apoA1) detected apoA1 as a ca. 62 kDa dimer in the mon-
key neural retina and RPE-choroid (lanes 1 and 2, respectively).
ApoA1 is well-known to self-associate in the lipid-free state
[12]. However, no apoA1 was detected in two different lines
of cultured RPE cells, although it was detectable in the condi-
tioned media from these cells (data not shown). ApoA1 mRNA
was also readily detected in specimens of human neural retina
(Figure 1B). These results are consistent with those reported
by Li et al. [41], which demonstrated the immunolocalization
of apoA1 to Bruch’s membrane in postmortem human eye
specimens as well as the presence of apoA1 transcripts (by
RT-PCR) in RPE and neural retina. In that same report, the
presence of atypical, heterogeneous lipoprotein-like particles
isolated from human RPE-choroid were described; the den-
sity profile, lipid composition, and size were distinct from typi-
cal plasma lipoproteins, but the particles did contain apoA1
and apoB. The authors interpreted the results to mean that the
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Figure 9. Proposed mechanism of lipid trans-
port in the retina.  Circulating high density
lipoprotein (HDL) and low density lipopro-
tein (LDL) enter the retina via the SR-Bs and
low density lipoprotein receptor (LDLR) in
the retinal pigment epithelium (RPE). The
RPE breaks-up the LDL and reassembles
HDL-like particles using apoA1 and apoE,
which are secreted into the
interphotoreceptor matrix (IPM) via the
ABCA1 transporter. The HDL particles take
up additional lipids with the help of
lecithin:cholesterol acyltransferase and
cholesteryl ester transfer protein in the IPM.
Lipids move back and forth between the RPE
and the photoreceptors using HDL-like par-
ticles as intermediates and the SR-Bs and
CD36 as receptors. The SR-Bs and CD36
may help to sort lipid particles with high oxi-
dized lipid content. Müller cells may also
play a role in delivering and accepting lipo-
protein particles from the RPE and photore-
ceptors. The RPE may also secrete LDL and
HDL-like particles back to the circulation to
maintain homeostasis.
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RPE and retina have the capacity to assemble and secrete li-
poprotein-like particles, some of which end up being depos-
ited as drusen components associated with Bruch’s membrane.
In sum, considering the known role of ABCA1 and apoA1 in
HDL-dependent systemic lipid transport and the presence of
ABCA1 and apoA1 in specific compartments of the retina,
these data support the existence of an HDL-based intraretinal
lipid transport mechanism.

The class B scavenger receptors, SR-BI and SR-BII, are
nearly identical, differing only by a small peptide in the ex-
treme C-terminus region that arises by alternative gene splic-
ing [25,26,28]. The presence of the SR-BI and -BII receptors
has been previously reported in RPE cells [34,35]. In the mon-
key retina, we found SR-BI localized to the choriocapillaris,
ganglion cells and Müller cells, as well as the photoreceptors
(Figure 4). In the photoreceptors, SR-BI was observed to lo-
calize to the cone and rod outer segments (Figure 4C). In the
rod cells, the distribution of SR-BI was remarkably asymmet-
ric, suggesting association with microtubules, whereas in the
cones the distribution was more uniform and diffuse. This dif-
ferential distribution in rods and cones suggests that SR-BI
may serve different functions in these two distinct photore-
ceptor cell types. The reason for the apparent low expression
of SR-BI in the RPE is unclear, since other investigators have
demonstrated SR-BI present in primary RPE cells [35].
Immunoblots detected SR-BI in the monkey neural retina tis-
sues and RPE-choroid (Figure 1A, SR-BI, lanes 1 and 2) as
well as in the cultured RPE cells (Figure 1A, SR-BI, lanes 3
and 4). In neural retina, SR-BI was detected as multiple
immunopositive bands, with the largest having an apparent
molecular weight consistent with the fully glycosylated pep-
tide (ca. 82 kDa). Another densely-stained band was found
around ca 57 kDa, which is the predicted size of the
unglycosylated peptide [24]. These receptors are glycopro-
teins, and contain 11 potential sites of N-glycosylation [24];
hence, differential glycosylation may explain, in part, the
multiplicity of immunopositive bands observed. In addition,
SR-BI receptors are also known to be associated with caveolin-
1 in extra-hepatic tissues, where they tend to be relatively rap-
idly degraded [24]. We suspect that rapid turnover and degra-
dation of these receptors in the retina may also underlie the
multiple immunopositive bands observed.

SR-BII localized to RPE, ganglion and Müller cells, as
well as to photoreceptor outer segments (Figure 5). The
immunolabeling pattern was similar to that observed for SR-
BI, but with two notable exceptions. First, SR-BII seems to
localize to the base of the outer segments around the connect-
ing cilium of both the cones and rods (Figure 5A), but its dis-
tribution does not extend as far up the outer segments as does
that of SR-BI. This was confirmed by sectioning the photore-
ceptors horizontally, approximately at the section plane
wherein the inner and outer segments meet (data not shown).
The one-sided localization in the outer segments also suggests
possible association with microtubules. In addition, SR-BII
localized to both the apical and basal aspects of the RPE (Fig-
ure 5C). Immunoblots (Figure 1A, SR-BII) of monkey neural
retina showed a series of SR-BII immunopositive bands, with

the largest having an approximate molecular weight of ca. 51
kDa, which is similar to that of the predicted size of the
unglycosylated peptide (ca. 56 kDa), but considerably smaller
than that of the fully glycosylated isoform (ca. 82-85 kDa). In
the RPE/CH fraction, only a around 20 kDa SR-BII-
immunopositive band was detected by Western analysis (Fig-
ure 1A). The immunoblot suggests that most of the SR-BII is
in the neural retina, with comparatively little in the RPE/CH.
This is consistent with the immunohistochemical results (Fig-
ure 5), which demonstrated only faint immunoreactivity in
the choriocapillaris. In cultured RPE cells SR-BII immunore-
activity was low in comparison with that observed in monkey
retina (Figure 1, SR-BII). Thus, our results significantly ex-
tend the previously published observations concerning the dis-
tribution of these two scavenger receptors [34,35] by demon-
strating the presence and distribution of SR-BI and -BII across
the entire primate retina, especially the unusual, asymmetri-
cal distribution in photoreceptor outer segments, which has
not been reported heretofore.

The CD36 receptor is known to be involved (along with
αvβ5 integrin) in photoreceptor outer segment phagocytosis
[37-40]. CD36 has been previously localized to the RPE
[39,40], but its expression in other areas of the retina had not
been previously reported. Herein, we demonstrated that CD36
is localized throughout the monkey retina (Figure 6). In the
neural retina CD36 was observed in the ganglion and Müller
cells (Figure 6A); the outer plexiform layer was also labeled
(Figure 6D), suggesting localization to the photoreceptor syn-
apses and/or horizontal cells. The rod photoreceptor inner seg-
ments were strongly labeled, but cone inner segments were
not (Figure 6C). The RPE demonstrated a punctuate-like la-
beling distinct from the lipofuscin granules. In addition, the
tips of the outer segments were brightly labeled (Figure 6C)
consistent with the known role of this receptor in the phago-
cytosis of rod outer segments by the RPE [37-40]. The outer
segment tip labeling is also reminiscent of that observed in a
prior study employing cultured RPE cells fed isolated rod outer
segments [42]. Immunoblots also confirm the presence of
CD36 in the monkey retina (Figure 1A) and RT-PCR demon-
strated its presence in human neural retina mRNA.

The CD36 receptor has been well studied in macroph-
ages, where it serves to recognize oxidized LDL particles [30].
Recently, CD36 has been found to specifically recognize
phosphocholine headgroups of oxidized phospholipids present
on the surface of the oxidized lipid particles [29]. The finding
of CD36 in the neural retina raises a number of questions con-
cerning other roles of this receptor in the internalization and
metabolism of oxidized lipid particles beyond those derived
from photoreceptor outer segments. The SR-BI receptor is also
known to bind oxidized LDL particles [42], suggesting a pos-
sible complementary role to CD36. Notably, our findings con-
cerning CD36 expression and distribution in the neural retina
differ from those previously reported [37], which demonstrated
a complete absence of CD36 in the neural retina of rats (al-
though it clearly was present in RPE cells). Although the rea-
sons for this apparent discrepancy are unclear at this time, it
could simply reflect a species-specific difference.
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The expression of LCAT and CETP in the monkey retina
has some very interesting implications (Figure 1), since it sug-
gest the potential of cholesteryl ester (CE) synthesis and trans-
fer to HDL-like particles [33]. LCAT uses lethicin and choles-
terol to form lysolecithin and cholesteryl esters, which are then
incorporated into immature HDL particles [21,23,31]. In hu-
mans, LCAT deficiency results in lower levels of CE in HDL
and faster apoA1 degradation with no increased risk of ath-
erosclerosis [43,44]. The immunoblot detected the expected
size band for LCAT (ca. 62-65 kDa) in the monkey retina and
RPE (Figure 1, LCAT lanes 1 and 2, respectively). RT-PCR
also confirmed the presence of LCAT mRNA in human retina.
LCAT immunoreactivity was localized in the monkey retina
to the ganglion cells, Müller cells and photoreceptor outer seg-
ments (Figure 7A). The soluble and secreted nature of LCAT
and its localization surrounding the outer tips of the photore-
ceptors suggest the activity in the IPM (Figure 7C).
Immunolocalization in the OPL seems to mostly surround the
cone synaptic pedicles (Figure 7D). The ganglion cells seem
to also be capable of secreting LCAT (Figure 7D). The results
suggest that the ganglion cells, photoreceptors and RPE may
be synthesizing and secreting LCAT and thus these locations
are areas of active CE synthesis.

In the systemic circulation, CETP promotes the transfer
of CE from HDL to apoB (LDL and VLDL). In humans, CETP
deficiency is associated with higher HDL and lower LDL lev-
els in plasma and a reduced risk of cardiovascular disease [32].
CETP deficiency is also associated with a slower apoA1 ca-
tabolism and higher CE accumulation in HDL [45]. Herein,
we showed that CETP localized to the outer plexiform layer
and the photoreceptor outer segments (Figure 8A) in monkey
retina. Since CETP, like LCAT, is a soluble, secreted protein,
its association with the photoreceptor outer segments suggests
activity in the inter-photoreceptor matrix (Figure 8C). Like
LCAT, CETP is also localized to the OPL, but unlike LCAT,
CETP was not readily detected in the ganglion cell layer (Fig-
ure 8D). The apparent low levels of apoB in the retina suggest
that CETP may have a different function in the retina than in
serum. CETP may be aiding in the transfer of CE from mem-
branes or other lipoproteins not necessarily involving LDL
particles. Thus, the presence of LCAT and CETP in the sames
areas of the retina suggests that the retina has the ability to
mature HDL particles and to transfer CE between lipoproteins.
The association of both of these proteins with the rod and cone
outer segments indicates this process may be critical to photo-
receptor function (e.g., outer segment lipid turnover and re-
newal).

ApoE is a known lipid transporter in neural tissue [46]
that has been shown to interact with SR-BI while in lipid-free
form, but not when associated with lipids [15]. This apoE-
SR-BI interaction seems to enhance the selective uptake of
the SR-BI receptor for cholesterol esters from HDL [15]. The
intracellular transport and secretion of apoE, like that of apoA1,
is controlled by ABCA1 [14]. ApoE is known to be expressed
in the retina [16-20], being present primarily in Müller cells
and astrocytes, but also is found in the photoreceptor outer
segment layer, ganglion cells, RPE and Bruch’s membrane.

These findings support the proposed role of apoE as a lipid
transporter in the retina [16-18,20]. For the sake of complete-
ness and to correlate apoE with the other lipid transport mol-
ecules, we included apoE in the immunoblot and RT-PCR
analyses (Figure 1A and B). ApoE was detected as the ex-
pected 38 kDa peptide in monkey retinal tissues (Figure 1A
lanes 1 and 2), but not in the RPE-derived cell lines (Figure
1A, lanes 3 and 4).

Based upon the findings obtained from our experiments
employing cholestratrienol-labeled LDL and HDL [1] as well
as the results of the present study demonstrating the presence
and location of several well-characterized lipid transport pro-
teins, we now propose a novel schematic to describe lipid trans-
port in the retina (Figure 9). We hypothesize that this pathway
is used by the retina particularly to facilitate the uptake and
turnover of normal (non-oxidized) lipid species in retinal cells,
but also may facilitate removal of oxidized lipids, especially
those arising in the membranes of the photoreceptor outer seg-
ments. Per this scheme, the RPE and possibly the Müller cells
take up lipoprotein particles and transfer the lipids into their
endogenous apoA1- and apoE-containing HDL-like particles.
These HDL-like particles are then transported by the ABCA1
(Figure 2) out of the RPE to deliver lipids to the SR-BI and -
BII receptors associated with the photoreceptor outer segments
(Figure 4, Figure 5). The presence of ABCA1 and apoA1 in
the rod inner segments (Figure 2, Figure 3) suggests that the
rods may be able to form and transport apoA1-containing
HDL-like particles. The presence of apoB in the apical RPE
and outer segments [1], coupled with the presence of LCAT
and CETP in the outer segments (Figure 7, Figure 8), suggests
that LDL (or LDL-like particles) may be also used as plat-
forms for CE synthesis and transfer. Thus, photoreceptor cells
(including their outer segments) possess the necessary com-
ponents for HDL particle maturation. It should be noted that
the interplay between glia and neurons in shuttling lipopro-
tein-bound lipids within nervous tissue has been conceptually
advanced by Pfrieger and coworkers [47,48], who have pro-
posed a critical role of glia-derived cholesterol in neuronal
synaptogenesis in the central nervous system. Our current
model more broadly considers extraretinal as well as
intraretinal sources and transport mechanisms that underlie
lipid homeostasis in the retina, particularly as it relates to cho-
lesterol homeostasis.

There are multiple likely reasons for the elaboration of
an extensive lipid transport mechanism in the retina, espe-
cially one involving the RPE and photoreceptor cells. Para-
mount is the need to support the assembly of photoreceptor
outer segments, a vigorous, energetically demanding, substrate-
intensive process that occurs continuously on a daily basis
throughout the lifetime of those cells [49]. However, there may
be other reasons for the extensive lipid uptake and transport.
Lipids are a good source of energy and are involved in a vari-
ety of cellular processes. The retina is also the only neural
tissue that has direct and frequent exposure to light. This pre-
sents a significant problem, because many lipids, especially
polyunsaturated fatty acids and cholesterol esters, are highly
susceptible to photo-oxidation [50], and the retina (particu-
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larly the photoreceptor outer segments) is highly enriched in
polyunsaturated fatty acids [51]. Although we are not present-
ing any evidence for lipid oxidation in this study, the presence
of the receptor CD36, with its strict recognition of phosphati-
dylcholine-based oxidized phospholipids [29] in the RPE, the
rod inner segments, photoreceptor synapses and ganglion cells
(Figure 6), suggests a need to transport oxidized lipoprotein
particles. The presence of ABCA1 and apoA1 also in those
locations suggests the capacity for those cells to export of HDL-
like particles. Oxidized lipids, particularly oxysterols, are of-
ten extremely toxic to cells, inducing apoptosis, gene expres-
sion changes, and immune responses in a number of different
cells and tissues [52-56]. A recent study has also demonstrated
that the retina expresses relatively high levels of the enzyme
CYP27A1 (sterol 27-hydroxylase), which is capable of hy-
droxylating and neutralizing 7-ketocholsterol, a highly cyto-
toxic oxysterol [57]. Thus, this lipid transport mechanism may
also serve to supply new, unoxidized lipids to the photorecep-
tor cells, as well a means by which deleterious oxidized lipids
can be removed from the photoreceptors and other cells within
the neural retina, repackaging and excreting them via the RPE
and Müller cells to the circulation.
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