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 Despite nearly three decades of investigation, lipid me-
tabolism and transport in the retina are not fully understood.
Although the retina is capable of synthesizing cholesterol and
other lipids de novo, this cannot fully account for the steady-
state lipid composition of the retina, suggesting that extraretinal
sources of lipid contribute, in part, to the retinal lipid compo-
sition [1-5]. The relative contribution of de novo (intraretinal)
synthesis versus extraretinal uptake to the overall content of
lipids in the retina remains unknown. However, several inde-
pendent lines of evidence indicate that plasma low-density li-
poproteins (LDL) are internalized by LDL receptors (LDLRs)
and/or scavenger receptors and serve as a significant source
of lipids for the retina. Such receptors have been localized to
the retinal pigment epithelium (RPE), the cellular interface
between the neural retina and the choroidal vasculature, using
biochemical and immunohistochemical methods [6,7]. The

retina is highly enriched in polyunsaturated fatty acids, espe-
cially docosahexaenoic acid (DHA, C22:6ω3), which is sup-
plied via blood-borne LDL [8,9]. More recently, a study using
monkeys [10] demonstrated that LDL could deliver ω-3 fatty
acids to the RPE, causing induction of acid lipase with con-
comitant reduction of lipofuscin accumulation. Also, it has
been shown that LDL is an efficient vehicle for delivering
benzoporphyrin (a lipophilic photodynamic therapy agent)
throughout the retina [11,12]. Recently, intravenously injected,
rhodamine-labeled LDL in rats was demonstrated to form de-
posits in Bruch’s membrane and to label the RPE [13]. Thus,
circulating LDL seems to be a potentially significant source
of lipids for the retina, as well as a suitable vehicle for deliv-
ering lipid-soluble agents to the retina.

LDL-mediated lipid uptake by the retina raises a number
of questions regarding lipid transport and homeostasis. The
retina has two blood supplies: the choriocapillaris, which es-
sentially feeds the RPE via fenestrated junctions and is the
major, if not sole, source of nutrient supply to the photorecep-
tors; and the inner retinal vessels, which have tight junctions
and are surrounded by Müller cells, the glial cells of the retina
[14,15]. Thus, LDL only needs to cross Bruch’s membrane
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(the extracellular matrix interface between the choriocapillaris
and the basal surface of the RPE) to reach the RPE, while in
the neural retina it has to cross the capillary endothelial cells
to reach the Müller cells. LDL is a lipoprotein particle synthe-
sized by the liver and contains approximately 20% protein
(apoB-100) and 80% lipid, by weight [16]. The lipids are com-
prised of a mixture of free cholesterol, cholesterol esters (CE),
phospholipids (PL) and triglycerides (TG). The uptake of LDL
by cells is dependent on cognate receptors, LDLRs [17,18],
which recognize apolipoprotein B (apoB) and form a com-
plex with LDL that subsequently enters the cell via endocyto-
sis of clathrin-coated pits. The complexes are then delivered
to the endosomes, whereupon LDL is released from the re-
ceptor and is subsequently delivered to and degraded by the
lysosomes. The brain, which synthesizes most, if not all, of its
own cholesterol [19], uses endogenous apolipoprotein E (apoE)
to transport cholesterol within the central nervous system [20].
The retina, by contrast, although technically a part of the cen-
tral nervous system, has the capacity both to synthesize cho-
lesterol de novo and to take up blood-borne lipids [3]. This
suggests that the retina also must have an internal lipid trans-
port mechanism to distribute lipids to cells that are not imme-
diately adjacent to the vascular network.

In this study, using two divergent vertebrate species (rats
and monkeys), we provide biochemical and correlative im-
munohistochemical evidence that strongly implicates LDL as
the dominant vehicle for delivery of blood-borne cholesterol
(and likely other lipids) to the retina and suggests that LDL-
borne lipids significantly contribute to the retina’s steady-state
lipid composition. Immunohistochemical localization of LDLR
and apoB in monkey retina is consistent with the biochemical
evidence and provides, by inference, the appropriate relevance
to lipid uptake by and transport within the human retina.

METHODS
Materials:  Cholestatrienol (CTL, cholesta-∆5,7,9(11)-trien-3β-
ol) was synthesized from 7-dehydrocholesterol as previously
described [21]. Following multiple recrystallizations, its pu-
rity was assessed to be >99% by HPLC and by LC-MS. Deu-
terated cholesterol (25,26,26,26,27,27,27-[2H]cholesterol;
>99% pure, D7Ch) was used as purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA). Sheep anti-human
apoB100 (used on rat retina specimens) was purchased from
Abcam (Cambridge, MA). Mouse monoclonal anti-human
apoB antibody (used on monkey retina specimens) was pur-
chased from BD Biosciences (San Jose, CA). Rabbit anti-hu-
man LDLR polyclonal antibody was purchased from Santa
Cruz Biotechnology, Inc. (Santa Clara, CA). Donkey anti-
sheep 633 Alexa Fluor®-conjugated secondary antibody was
purchased from Molecular Probes, Inc. (Eugene, OR). Cy5-
conjugated donkey anti-mouse and Cy5-conjugated goat anti-
rabbit secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc., (West Grove, PA). HPLC
quality solvents were purchased from Fisher Scientific, Inc.
(Fair Lawn, NJ). Cholesterol was used as purchased from
Steraloids (Newport, RI). Human HDL was purchased from
Sigma-Aldrich (St. Louis, MO).

High pressure liquid chromatography and mass spectros-
copy:  Analyses of cholesterol and deuterated cholesterol were
performed using a Waters Corporation (Milford, MA) Model
2695 Separations module high-pressure liquid chromatogra-
phy instrument equipped with a Model 2996 photodiode ar-
ray UV detector (PDA) and a Waters/Micromass Q-TOF mi-
cro mass spectrometer equipped with an ionSabre® atmo-
spheric pressure chemical ionization probe (APCi). Data col-
lection was performed using MassLynx® version 4.0 in a PC
running Windows XP. The HPLC was performed as previ-
ously described [22]. The LC flow of 1 ml/min was passed
through the PDA detector and then into the Q-TOF. The APCi
probe was used in positive mode with the temperature set to
470 °C and the source temperature to 120 °C. The cone gas
and the desolvation gas flow were set to 50 and 600 l/h, re-
spectively. The corona was set to 10 µA, the sample cone to
25 V and the extraction cone to 3 V. In the quadrupole the ion
energy was set to 2 V and the collision energy to 7 V to pre-
vent further fragmentation of the ions. Cholesterol was de-
tected as a positive ion with an m/z of 369 which reflects its
mass (386) minus 17 or a hydroxyl ion (M-OH+). D7Ch was
detected as an m/z of 376 reflecting 7 additional masses due
to the deuterium substitutions in its side chain.

Cell culture:  ARPE19 cells were purchased from Ameri-
can Type Culture Collection (Manassas, VA). The cells were
cultured in DMEM/F12 (1:1, by vol.) medium containing 10%
fetal bovine serum (Atlanta Biological Inc., Atlanta, GA), 2
mM glutamine, 100 IU/ml penicillin, and 100 µg/ml strepto-
mycin (all from Invitrogen Corp., Carlsbard, CA).

Purification of human low density lipoprotein:  Human
LDL was purified by as previously described [23]. Serum was
collected from normal lipidimic donors and mixed with a so-
lution of NaCl:KBr (1.346 g/ml) to a density of 1.063 g/ml.
The adjusted serum was centrifuged at 105,000 xg in a
Beckman Ultracentrifuge for 20 h. The LDL was collected as
a yellowish band and dialyzed in PBS containing 1 mM EDTA.

Labeling of low density lipoprotein and high density li-
poprotein:  Cholestatrienol (1 mg) was dissolved in 200 µl of
ethanol and added to 10 ml of 1 mg/ml LDL or HDL (total) in
PBS containing 5 mM EDTA. The two samples were mixed
quickly and allowed to stand at room temperature for 30 min.
The sample was then concentrated to 10 mg/ml using an
Amicon Ultra centrifugal filter device (50,000 MWCO,
Millipore, Billerica, MA) and washed with three volumes of
PBS containing 1 mM EDTA. The D7CH-LDL was prepared
in the same manner except replacing CTL with D7Ch.

Rat injections with cholestatrienol-low density lipopro-
tein and tissue preparation:  Sprague-Dawley albino male rats
(300-350 g) were purchased from Charles River (Charles River,
MA). The rats were anesthetized with 40-80 mg of ketamine
and 8 mg xylazine per kg of body weight before intravenous
injection with LDL. The rats were injected with 0.2 ml of CTL-
LDL suspension (10 mg/ml in PBS) via the penile vein, using
a 30 gauge needle and a 1-cc tuberculin syringe. The rats were
euthanized at 2, 4, 6, 8, 16, 18, and 24 h post injection in an
uncharged CO

2
 chamber. The eyes were fixed in 4% paraform-

aldehyde in PBS for 4 h then embedded in 5% agarose type
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XI (Sigma-Aldrich). The rats were treated in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Immunoflourescence staining and confocal microscopy
rat retinal tissue:  Vibrotome sections (100 µm) were pre-
pared using a vibrating-blade microtome (Leica Vt 1000s,
Microsystems Nussolch GmbH, Nussloch, Germany) equipped
with a sapphire knife (Electron Microscopy Sciences, Hatfield,
PA). The rat retina sections were blocked in PBS containing
normal goat serum (diluted 1:10, by vol.), 0.5% BSA, 0.2%
Tween-20 and 0.05% sodium azide for 4 h at 4 °C. The capil-
lary endothelial cells were labeled with Griffonia simplicifolia
lectin (Isolectin GS-IB

4
, AlexaFluor 488 conjugate; Molecu-

lar Probes, Eugene, OR). The nuclei were stained with
propidium iodide (1 µg/ml). The slides were mounted with
Gel/Mount; (Biomeda Corp) and imaged using a Leica SP2
scanning confocal microscope (Leica Microsystems, Exton,
PA) equipped with a Leica 40x HCX 1.25 N.A. oil immersion
lens. The images were taken at 1024x1024 pixels resolution.
To minimize cross-channel bleed through images were col-
lected in sequential scan mode. Cholestatrienol (blue) was vi-
sualized by exciting with 351 and 364 nm lasers and collect-
ing emissions between 410-470 nm. Alexa Fluor® 488 (green)
was visualized by exciting with the 488 nm laser and collect-
ing emissions between 500-552 nm. Propidium iodide was
excited with the 568 nm laser, collecting emissions between
580-650 nm. The sheep anti-human apoB100 was detected
using a donkey anti-sheep Alexa Fluor® 633 conjugated sec-
ondary antibodies (Molecular Probes, Eugene, OR) which was
excited with the 633 nm laser and emissions were collected
between 653-750 nm. Magnifications varied, and scale bars
are therefore digitally included the pictures.

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 tempera-
ture for 50 min at 200 V. The protein electrophoresis reagents
and apparatuses were purchased from Invitrogen/NOVEX
(Carlsbad, CA). The gels were transferred onto a PROTRAN®-
nitrocellulose 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% western
blocking reagent (Roche Diagnostics Corp., Indianapolis, IN)
for 2 h. Incubations with primary antibodies were performed
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 di-
lution 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 molecular
weights on the gels and blots (Invitrogen Corp., Carlsbad, CA).

Monkey retinal tissue:  Fresh eye tissue was obtained from
rhesus monkeys (Macacca mulatta, 2-3 years old) though the
courtesy of the Center for Biologics Research and Testing,
U.S. Food and Drug Administration (Bethesda, MD).
Vibrotome sections were prepared as describe above for rat
retina.

Immunohistochemistry of monkey retina:  Vibrotome sec-
tions (100 µm thickness) were blocked (see description, above)
and then incubated with either anti-human apoB mouse mono-
clonal antibody or rabbit anti-human LDLR primary antibod-
ies at 1:100 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 dilutions for 4 h at room temperature. Alexa
Fluor 488-conjugated Isolectin GS-IB

4
 (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 PBS). The slides were mounted (GelMount;
Biomeda Corp., Foster City, CA) and kept in the dark until
viewing. The Cy5 conjugated secondary antibodies were vi-
sualized by exciting with the 633 nm laser beam and collect-
ing emissions between 650-750 nm.

RESULTS
Cholestatrienol-low density lipoprotein uptake by the rat
retina:  To specifically examine the delivery and uptake of
cholesterol by the retina via blood-borne LDL, we modified
human LDL to contain cholestatrienol (CTL), a blue-fluoresc-
ing cholesterol analog, and injected the fluorescently tagged
lipoproteins intravenously into albino rats. CTL is structur-
ally very similar to cholesterol and has been shown to faith-
fully mimic its membrane properties [21,24,25]. Also, the ul-
traviolet excitation and blue emission spectra of this compound
do not interfere with any of the commonly used green or red
fluorophores, making it particularly well suited for double and
triple labeling experiments.

Albino Sprague-Dawley rats (around 350 g) were injected
with 2 mg of total (protein plus lipid weight) human CTL-
LDL and sacrificed at different time intervals. Subsequently,
the eyes were fixed, embedded, and vibrotome sections pre-
pared there from were examined by confocal fluorescence
microscopy. The results are shown in Figure 1. By 2 h post-
injection, CTL-specific fluorescence (blue) was visible in the
RPE, choroid, and photoreceptor inner segments (Figure
1A,B). By 4 h, CTL labeling was visible throughout the retina
(Figure 1C,D), including the photoreceptor outer segments.
Maximum fluorescence in the retina was detected at 6 h post-
injection (Figure 1E,F). By 24 h, most of the CTL-LDL had
cleared the choriocapillaris and the inner retina, but the pho-
toreceptors and RPE remained labeled. Also, a substantial
number of blue-fluorescing punctuate deposits remained vis-
ible in the choriocapillaris (Figure 1G,H).

Cholestatrienol-low density lipoprotein uptake by the rat
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Figure 1. Cholestatrienol low
density lipoprotein uptake by
the rat retina.  Vibrotome sec-
tions of rat retina imaged by
confocal microscopy after in-
travenous injection with the
fluorescent cholesterol analog
cholestatrienol (CTL; blue)
complexed with human low
density lipoprotein (LDL). Rats
were injected with 2 mg of
cholestatrienol-low density li-
poprotein (CTL-LDL) and sac-
rificed at different time inter-
vals. The nuclei were stained
with propidium iodide (red) and
the capillaries were stained with
Alexa 488®-conjugated
isolectin IB4 (green). A and B:
2 h post-injection; C and D: 4
h post-injection; E and F: 6 h
post-injection; G and H: 24 h
post-injection. Arrow points to
LDL deposit remaining in the
choroid after 24 h.
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retina:  The levels of HDL in rat serum are approximately
twice those of LDL (ca. 40 mg/dl HDL versus ca 20 mg/dl
LDL) [26]. Hence, in addition to its established role in re-
verse cholesterol transport i.e., from the peripheral tissues back
to the liver; reviewed in [27] it seems at least possible that
HDL could also be a source of lipids to the retina. Therefore,

CTL-HDL was prepared and injected intravenously into the
rats (see Materials and Methods); CTL-LDL was also injected
for direct comparison. The amount of CTL-LDL was the same
as shown in Figure 1 (2 mg). The amount of CTL-HDL was
approximately 1.5 mg, because the injected amounts were cal-
culated based on the levels of CTL. HDL, perhaps due to its

©2006 Molecular VisionMolecular Vision 2006; 12:1306-18 <http://www.molvis.org/molvis/v12/a148/>

Figure 2. Comparison of cholestatrienol uptake by the rat retina via high density lipoprotein versus low density lipoprotein.  Rats were injected
intravenously with cholestatrienol-low density lipoprotein (CTL-LDL; 2 mg, blue) and cholestatrienol-high density lipoprotein (CTL-HDL;
1.5 mg, blue), then sacrificed 4 h post-injection (see Materials and Methods). Vibrotome sections were prepared and nuclei counter-stained
with propidium iodide (red) before imaging by confocal microscopy. The retinas were imaged under identical conditions and at two different
magnifications. A and B are control retinas from rats that received no injections. C and D are retinas from CTL-HDL injected rats. E and F are
retinas from CTL-LDL injected rats.
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smaller particle size and greater surface area compared to LDL,
seems to take-up approximately 50% more CTL than does
LDL. The rats were injected, then euthanized after 4 h and the
CTL was imaged as described above. The CTL-HDL was ob-
served mostly in the RPE, but at significantly lower levels
than when CTL-LDL was employed (Figure 2). Thus, under
the conditions used, LDL was more readily taken up by the

RPE and retina than was HDL, suggesting that LDL is the
dominant vehicle for delivery of blood-borne cholesterol to
the RPE and neural retina.

Localization of human apoB in the rat retina 4 h after
human low density lipoprotein injection:  In order to deter-
mine if apoB from the intravenously supplied human LDL
had been taken up by the retina, immunohistochemistry and
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Figure 3. Immunohistochemical localization of human apoB in the rat retina 4 h after human low density lipoprotein injection.  Vibrotome
sections of rat retina 4 h post-injection with human CTL-LDL were imaged by confocal microscopy after incubation with anti-human apoB
(1:200). The anti-human apoB immunoreactivity was detected using a Alexa Fluor® 633-conjugated donkey anti-sheep secondary antibody
(red; see Materials and Methods). The nuclei were stained with DAPI (blue) and capillaries were stained with Alexa 488®-conjugated isolectin
IB4 (green). A: Low magnification of the rat retina demonstrating human apoB immunoreactivity in the choriocapillaris (CH) and RPE. B:
Higher magnification of the CH and RPE regions. C: Control retina (no LDL injection). D: Immunoblot of CTL-LDL injected and untreated
rat retina (RR) demonstrating the 70 kDa (lower arrow) processed form of human apoB. Human serum was used a positive control for apoB
(upper arrow).
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Figure 4. HPLC-MS analysis of saponified rat retina extracts 4 h after injection with deuterated cholesterol-low density lipoprotein.  The
chromatogram demonstrates the total ion current (TIC) for (A) the m/z 369 (cholesterol) and (B) the m/z 376 deuterated cholesterol (D7Ch).
Insets show the spectrum of each ion. Quantification was performed by TIC peak area integration. In this particular example, analysis shows
a 39:1 M ratio of cholesterol (Ch) to D7Ch. The average values obtained from three separate analyses at different concentrations are shown in
Table 1.

TABLE 1. TOTAL ION CURRENT MEASUREMENTS OF CHOLESTEROL (CH) AND DEUTERATED CHOLESTEROL (D7CH) IN RAT RETINA AND BRAIN TISSUE

These measurements are based on experiments like the one shown in Figure 3. In order to adequately quantify both ions, samples were run at
three different concentrations. The cholesterol values were determined from the diluted injections to avoid detector “dead time”. In case of the
brain samples only the most concentrated (D7Ch) and most dilute (Ch) were useful for quantifications. In the pooled retina sample, the D7Ch
value is an average of three measurements normalized for dilution. The Ch value is based on the average of the two measurements from the
intermediate and highest dilutions.
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immunoblot analyses were performed at 4 h post-injection
using an antibody specific to human apoB, the major protein
constituent of LDL. Rat retina vibrotome sections were pre-
pared and immunostained (see Materials and Methods). Anti-
human apoB IgG was detected using a red-fluorescing Alexa
Fluor® 633-conjugated secondary antibody. Human apoB was
detected mainly in the choriocapillaris and RPE (red fluores-
cence, Figure 3A,B). The anti-human apoB antibody employed
exhibits no cross-reactivity with any other rat retina proteins,
as shown by immunofluorescene of a control rat retina (from
a rat not injected with LDL; Figure 3C) and in the companion
immunoblot controls (Figure 3D). In retinas of LDL-injected
rats, Western blot analysis showed a M

r
. Around 70 kDa apoB-

immunopositive band, suggesting that apoB was partially de-
graded [28]. By contrast, human serum (positive control) ex-
hibited an immunoreactive band at M

r
 around 540 kDa pre-

sumably corresponding to native (full size) apoB (Figure 3D).
This further demonstrates that the intravenously administered
human LDL was able to enter the retina via the RPE-
choriocapillaris route, whereupon it was partially metabolized.
This is consistent with the results shown in Figure 1 and Fig-
ure 2.

Quantification of cholesterol uptake by the rat retina:  For
quantification of LDL-cholesterol mediated uptake by the
retina, we replaced CTL with deuterated cholesterol (D7Ch).
The use of D7Ch provides the advantage over CTL of greater
stability during saponification and identical ionization condi-
tion to cholesterol during mass spectroscopy (I.R. Rodriguez,
unpublished results).

Six rats were injected with human D7Ch-LDL. The reti-

nas (pooled, N=12, around 1 mg wet wt. per retina) and a
small portion of brain cortex were harvested 4 h post-injec-
tion, washed three times with PBS to remove any extraneous
blood, then saponified and non-saponifiable lipids were ex-
tracted and analyzed by HPLC-MS (see Materials and Meth-
ods). Since the brain is known not to take up circulating cho-
lesterol [19], the brain samples served as a “negative uptake
control” for the retina. The results of this experiment are shown
in Table 1. Cholesterol was identified by its retention time
(9.60 min) and its mass-to-charge ratio (m/z 369 daltons).
Cholesterol, when ionized under the conditions employed,
generates a mass ion that results from the loss of the C-3β
hydroxyl ion (M-OH)+. The deuterated cholesterol (with 7
deuterium atoms per molecule) generates a m/z 376 ion. Quan-
tification is performed by integrating the total ion current (TIC)
for the respective ions, m/z 369 for cholesterol and m/z 376
for D7Ch. A representative chromatogram and corresponding
spectra are shown in Figure 4. After 4 h the ratio of total cho-
lesterol to newly internalized (exogenous) cholesterol is ap-
proximately 39:1. This means that approximately 2.5% of the
total cholesterol in the rat retina can be replaced in 4 h by
cholesterol from extra-retinal (blood-borne) sources.

Expression of low density lipoprotein receptor and apoB
in monkey retina:  We extended these studies to the monkey
retina for several reasons. First, from a practical standpoint,
most of the commercially available antibodies to the known
lipid transport proteins have been raised against human pro-
teins, and those antibodies readily cross-react with monkey
tissues, but not with rat tissues. In addition, we have access to
fresh monkey tissue, which provides excellent morphology
when vibrotome sectioning is employed. By contrast, this is
difficult, if not impossible, to achieve with human postmor-
tem tissue; previously published localizations of apoB in hu-
man retina clearly demonstrate this point [29]. Moreover, the
primate eye replicates the essential anatomical features of the
human eye, notably being the only other mammalian species
that has a defined macula and fovea, with cone densities simi-
lar to those found in the human eye. Hence, findings obtained
using monkey retinas are likely to provide insights directly
relevant to lipid uptake processes in the human retina.

Immunoblots to detect LDLR and apoB were performed
on monkey retina and on two human RPE-derived cell lines,
ARPE19 and D407 (Figure 5). LDLR is generally detected as
two bands (ca. 120 and 160 kDa), both of which were ob-
served clearly in the neural retina sample. However, most of
the immunoreactivity in all of the samples examined was ob-
served in smaller-size bands, suggesting that LDLR is being
rapidly processed in these tissues. This pattern of degradation
was also observed in the two human RPE-derived cell lines,
ARPE19 and D407. ApoB100 is readily detected in serum as
a around 540 kDa protein; however, in our retinal samples,
apoB was detected mainly as the proteolytically processed 70
kDa isoform [28]. The monkey neural retina and RPE-chor-
oid fraction seem to contain only a very small amount of the
full-size apoB (Figure 5, arrow), but this was not observed in
immunoblots obtained using cultured RPE cells. This suggests
that most of the apoB in the retina is in a state of being pro-
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Figure 5. Immunoblots demonstrating LDLR and apoB expression.
Expression of LDLR and apoB were determined by SDS-PAGE and
the immunoblots for both antibodies were developed under identical
conditions. SDS-PAGE and blots for both samples were run under
identical conditions (see Materials and Methods). The right-pointing
arrows mark expected molecular size for low density lipoprotein re-
ceptor (ca. 120 and 160 kDa) and apoB (ca. 540 kDa). The left-point-
ing arrow mark the apoB 70 kDa degradation product.
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cessed and is like originates in the blood. The processed na-
ture of both LDLR and apoB is consistent with the results
obtained in the rat (Figure 3), which indicate a constant (con-
stitutive, unregulated) uptake of circulating LDL by the retina
(see Discussion).
Immunohistochemical localization of low density lipoprotein
receptor in monkey retina:  The retina is a complex organ sys-
tem composed of at least 10 different types of cells [30,31],
including six neuronal cell types. The organization of these
cells is critical to the function of the retina. Thus, localization

of proteins in the retina is particularly important to understand-
ing their function.

Immunohistochemistry was performed on monkey retina
vibrotome sections using antibodies to human LDLR (Figure
6). Immunoreactivity to LDLR was found in the ganglion cell
layer (GCL), which includes Müller cell processes, and the
outer plexiform layer (OPL) close to the area where photore-
ceptors and horizontal cells form their synapses (Figure 6A).
The RPE and choriocapillaris (CH) also demonstrated a con-
siderable amount of immunoreactivity (Figure 6C). In the RPE,
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Figure 6. Immunohistochemical localization of low density lipoprotein receptor.  Vibrotome sections of monkey retina were immunostained
and imaged by confocal microscopy. The nuclei were stained with DAPI (blue), the primary antibodies was detected using Cy5-conjugated
(red) secondary antibodies. A: low density lipoprotein receptor (LDLR) immunoreactivity detected with anti-human LDLR rabbit polyclonal
antibody (Santa Cruz Biotechnology) at 1:100 dilution. The arrow points to a retinal capillary. B: Negative control (no primary antibody) at
same magnification as (A). C: LDLR immunoreactivity at higher magnification focusing on the RPE/CH region. The green channel was added
to allow visualization of the rod outer segments and the lipofuscin granules in the RPE by autofluorescence. D: Higher magnification of the
photoreceptor inner segments and outer plexiform region (OPL).
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LDLR immunoreactivity was decidedly polarized, being lo-
calized to the basal surface of the cells, which is the area ex-
posed to the fenestrated choriocapillaris. The photoreceptor
inner segments (cell bodies) were also faintly labeled (Figure
6D, see arrow). A negative control (no primary antibody) is
shown in Figure 6B.

Immunohistochemical localization of apoB in monkey
retina:  ApoB immunostaining was not clearly detected in the
inner retina except at the location of the retinal capillaries (Fig-

ure 7A, arrows). Most of the apoB immunoreactivity was de-
tected in the choriocapillaris and the RPE (Figure 6C,D). In
the choriocapillaris apoB was observed in deposits on the lu-
minal aspect of the endothelial cells (see arrow). This is con-
sistent with the LDL deposits observed in the rat
choriocapillaris after CTL-LDL injection (Figure 1). In the
RPE, apoB clusters were found superimposed with lipofuscin
granules (Figure 7C). Labeling was also observed throughout
Bruch’s membrane. Faint immunostaining was observed in

©2006 Molecular VisionMolecular Vision 2006; 12:1306-18 <http://www.molvis.org/molvis/v12/a148/>

Figure 7. Immunohistochemical localization of apoB.  The immunohistochemistry was performed as described in the Figure 6 legend (see also
Materials and Methods). A: ApoB immunoreactivity detected with an anti-human apoB100 mouse monoclonal antibody (BD Biosciences) at
1:50 dilution. The top arrows point to immunoreactivity in retina capillaries. The lower arrow in the CH points to LDL deposits in the choroid.
B: Negative control (no primary antibody) at same magnification as (A). C: ApoB immunoreactivity at higher magnification focusing on the
RPE/CH region. The green channel was added to C and D to allow visualization by autofluorescence of the outer segments and lipofuscin
deposits in the RPE. Yellow color in RPE demonstrates co-localization of the lipofuscin deposits (green) and the apoB immunoreactivity (red).
The arrow points to punctate apoB immunoreactivity localized to Bruch’s membrane (BM). D: Higher magnification of photoreceptor outer
segment region with enhanced green channel autofuorecsence to demonstrate slight immunoreactivity in the IPM.
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the photoreceptor outer segment layer (Figure 7D), possibly
in the interphotoreceptor matrix (IPM). The possible presence
of apoB in the IPM and LDLR in the photoreceptor inner seg-
ments and outer plexiform layer (OPL) suggests the presence
of an endogenous LDL-like lipoprotein transport process.
However, the overall localizations of apoB and LDLR and the
results from the immunoblot analyses suggest uptake of ex-
ogenously supplied LDL particles is the dominant source of
these particles in the retina. This is consistent with the results
obtained using rats (Figure 1).

DISCUSSION
 There is now considerable evidence demonstrating LDL

uptake by the retina [8-13]. However, none of these previous
reports used a cholesterol analog to demonstrate lipid uptake.
Herein, we present the first such demonstration of exogenous
sterol delivery to the retina using LDL modified with a cho-
lesterol analog. We demonstrate that the fluorescent choles-
terol analog, CTL, can be carried to the retina by exogenously
administered human LDL in rats within 2 h of intravenous
injection and can be observed in the photoreceptor outer seg-
ments by 4 h post-injection (Figure 1). CTL remained in the
photoreceptor outer segments for at least 24 h (Figure 1). Since
the RPE and neural retina normally contain no compounds
having the fluorescence properties of CTL (see Figure 1A),
and since CTL serves as an exceptionally reliable analog of
cholesterol [21,24,25], these findings convincingly demon-
strate that LDL-borne cholesterol can cross the blood-retina
barrier and be taken up by and redistributed within the neural
retina, including photoreceptor outer segments. Similar ex-
periments done with CTL-HDL in direct comparison to CTL-
LDL indicate that HDL may also serve as a source of lipids to
the retina (Figure 2), albeit far less efficiently than LDL. These
data strongly suggest that the cholesterol content of the retina
is derived, in part, from an exogenous (extra-retinal) source,
i.e., blood-borne lipoproteins. We also were able to detect
immunoreactivity to human apoB in the choriocapillaris and
RPE in rats injected with human LDL (Figure 3), thereby dem-
onstrating uptake of circulating LDL particles by the RPE.
Müller cells also may be involved in lipoprotein uptake, since
we observed some faint diffuse apoB immunoreactivity around
the retinal capillaries (Figure 3A and other sections not shown),
consistent with Müller cell bodies.

Quantification of the LDL uptake by mass spectroscopy
using deuterated cholesterol provides additional insight into
cholesterol homeostasis in the retina (Table 1 and Figure 4).
Under the given experimental conditions, we estimate that the
rat retina can replace approximately 2.5% of its total choles-
terol in 4 h using LDL as the cholesterol source. Thus, assum-
ing a linear process, complete turnover of retinal cholesterol
and replacement in total with exogenous cholesterol would
take approximately 6-7 days under the conditions used. How-
ever, preliminary studies (S.J. Fliesler, unpublished results)
employing [3H]acetate-based metabolic labeling suggest that
the in vivo half-time for turnover of de novo synthesized cho-
lesterol in the rat retina is approximately 17.5 days, and that
traces of de novo synthesized cholesterol persist in the retina

for at least two months. In addition, the steady-state concen-
tration of cholesterol in the rat retina can be altered by feeding
rats a high-cholesterol diet (S.J. Fliesler, unpublished results).
Hence, the exact dynamics of cholesterol turnover, including
the relative contributions from endogenous (de novo) and ex-
ogenous (extra-retinal) sources, remain to be evaluated fur-
ther. The fact that LDL also carries a significant amount of
phospholipids, triglycerides and cholesteryl esters suggests that
LDL also may represent a significant exogenous source of these
other lipids in the retina, and affect their turnover. Moreover,
considering that the rat is generally a nocturnal animal with
low dietary lipid intake and low levels of blood cholesterol
(male Sprague-Dawley rats 10-12 weeks, 75 mg/dl total cho-
lesterol, taconic), this lipid turnover process may be consider-
ably more robust in humans, which have greater metabolic
demands on their visual system and have much greater levels
of circulating cholesterol (200 mg/dl) [32]. Our results ob-
tained with monkey retina with regard to LDLR and apoB
expression and localization (Figure 5, Figure 6, and Figure 7)
are consistent with rapid LDL internalization and processing.

Immunohistochemical staining in monkey retinas local-
ized LDL receptor to the endothelial cells of the
choriocapillaris, the basal RPE cell membrane, the photore-
ceptor inner segments, and the ganglion and Müller cells (Fig-
ure 6A,C). This suggests that LDLR-mediated LDL transport
may be occurring from both exogenous (blood-borne) and
endogenous (intra-retinal) sources. Endothelial cells of the
choriocapillaris internalize LDL, as indicated directly from
our study utilizing CTL-containing LDL (Figure 1). Whether
the choroid is internalizing the circulating LDL for its own
use or to somehow aid the RPE with its lipid transport is a
question that needs to be further investigated. Two indepen-
dent reports, based upon studies employing cultured RPE cells,
suggest that LDLR expression is not well-regulated in the RPE
[13,33], i.e., LDL uptake by RPE cells is a constitutive pro-
cess. Cultured ARPE19 cells seem to be able to internalize
large amounts of LDL and oxLDL [13,34]. In the liver, LDLR
is known to be recycled [18], but a recycling mechanism in
the RPE has not been demonstrated. The immunoblot in Fig-
ure 5 suggests that extensive processing and/or degradation
of LDLR occurs in the monkey neural retina and RPE-chor-
oid. Similar results were observed with the cultured RPE cell
preparations (Figure 5). Hence, it is possible that, in the RPE-
choroid and neural retina, LDLR recycling is limited by, and
in competition with, the rate of receptor degradation. If true,
this would imply that the dynamics of LDL/LDLR-mediated
lipid transport in the RPE/retina are, in some respects, distinct
from those operating in liver.

ApoB100 is a large (ca. 540 kDa) lipoprotein generally
synthesized by the liver and serves as the protein backbone of
the LDL particle [16,35]. In human retina apoB100 has been
demonstrated to be expressed by the ganglion and RPE cells
[29,36], suggesting that neural retina and RPE cells have the
endogenous capacity to assemble LDL (or LDL-like) particles.
In monkey retina, we observed apoB to be localized mainly to
the RPE, Bruch’s membrane, and the choroid (Figure 7A,C).
In the neural retina apoB was found mainly associated with
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the retinal capillaries and the Müller cells (Figure 7C) with
very faint labeling in the photoreceptor outer segments (Fig-
ure 7D). In the RPE, apoB seems to be mostly complexed
with the lipofuscin deposits (Figure 6D). This labeling pattern
is consistent with the “clumps” of labeling observed in the
RPE by Li et al. [29]. However, not all of the apoB immu-
noreactivity observed in the RPE co-localized with the lipo-
fuscin granules (Figure 7C). The localization of apoB in the
monkey retina also is consistent with the cellular localization
of LDLR (Figure 6A,C). Under the conditions employed,
immunoblots of monkey retina detected mostly the well-known
70 kDa apoB degradation product, which can be formed both
by proteosomal and endoplasmic reticulum-mediated degra-
dation processes [28]. A small amount of undegraded apoB
was also detected (Figure 6). Hence, the retina may possess
both endogenous and exogenously acquired apoB. Our data
demonstrating uptake of exogenously administered LDL (Fig-
ure 1) and the immunohistochemical localization of LDLR
(Figure 6A,C) clearly implicate an extra-retinal (blood-borne)
source for the apoB found in the RPE/retina. The high level of
the 70 kDa degradation product (Figure 5) and the co-local-
ization of apoB with lipofuscin also support the notion that
apoB arises in the retina from an exogenous source. However,
the previously published data by other investigators [29,36]
and our detection of a small amount of full-size (native) apoB
in the neural retina (Figure 5) suggests that there may also be
an endogenous source of apoB. The localization of LDLR in
the rod inner segments and synapses (Figure 6D) and the lo-
calization of apoB in the Müller cells and photoreceptor outer
segments (Figure 7D) strongly suggest that an LDL-like lipo-
protein internal transport mechanism may be active in the
retina.

The demonstration that LDL can quickly carry blood-
borne cholesterol to the retina via an LDLR-mediate process
raises a series of questions. How does cholesterol (and ac-
companying lipids) move from the suspected points of entry,
the RPE and Müller cells, to the inner retina? Does the retina
have the molecular mechanism for internal lipid transport?
What is the nature of this transport mechanism? These ques-
tions are the focus of our companion paper (Tserentsoodol et
al.) [37].
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