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Lipids accumulate in Bruch’s membrane (BrM), a spe-
cialized vascular intima of the eye, and in extracellu-
lar lesions associated with aging and age-related
maculopathy (ARM). We tested the hypothesis that
ARM and atherosclerotic cardiovascular disease share
molecules and mechanisms pertaining to extracellu-
lar lipid accumulation by localizing cholesterol and
apolipoprotein B (apo B) in BrM, basal deposits, and
drusen. Human donor eyes were preserved <4 hours
postmortem and cryosectioned. Sections were stained
with traditional lipid stains and filipin for esterified
and unesterified cholesterol or probed with antibod-
ies to apo B, apo E, and apo C-III. Normal adult retinal
pigment epithelium (RPE) was subjected to RT-PCR
and Western blot analysis for apolipoprotein mRNA
and protein. Esterified and unesterified cholesterol
was present in all drusen and basal deposits of ARM
and normal eyes. Both apo B and apo E but not apo
C-III were found in BrM, drusen, and basal deposits.
Fewer macular drusen were stained by traditional
lipid stains and apolipoprotein antibodies than pe-
ripheral drusen. RPE contained apo B and apo E
mRNA and protein. Finding cholesterol and apo B in
sub-RPE deposits links ARM with important mole-
cules and mechanisms in atherosclerosis initiation
and progression. The combination of apo B mRNA
and protein in RPE raises the possibility that intraoc-
ular assembly of apo B-containing lipoproteins is a
pathway involved in forming cholesterol-enriched le-
sions in ARM. (Am J Pathol 2003, 162:413–425)

Age-related maculopathy (ARM) is the leading cause of
new, untreatable vision loss in the elderly in Western
societies.1–3 As shown in Figure 1A, ARM involves the
retinal pigment epithelium (RPE, cells dedicated to sus-
taining photoreceptor health), the choriocapillaris (the
blood supply to photoreceptors and the RPE), and
Bruch’s membrane (BrM, a thin vascular intima between

the RPE and choriocapillaris).4,5 Early ARM is character-
ized by moderate vision loss associated with character-
istic extracellular lesions. Lesions between the RPE basal
lamina and BrM can be focal (drusen) or diffuse (basal
linear deposits). A diffuse lesion between the RPE and its
basal lamina is basal laminar deposit. The term “sub-RPE
deposits” is used for the combination of drusen and basal
deposits and “basal deposits” for the combination of
basal laminar deposit and basal linear deposit. Late ARM
is characterized by severe vision loss associated with
extensive RPE atrophy with or without the sequelae of
choroidal neovascularization, ie, in-growth of choriocap-
illaries through BrM and under the RPE in the plane of
drusen and basal linear deposits. Because the causes
of ARM are obscure, recent studies have sought molecules
present in the affected tissues and characteristic lesions to
identify biochemical pathways perturbed by disease.6 An
important but incompletely characterized component of
BrM and sub-RPE deposits is lipids. Normal BrM accumu-
lates lipids with age, and the accumulation of esterified and
unesterified cholesterol (EC and UC)-containing particles is
especially prominent in the macula.7–10 Drusen and basal
deposits in aged eyes without ARM contain lipids, including
cholesterol,9–13 and current evidence suggests that individ-
ual sub-RPE deposits are preferentially enriched in either
neutral lipids or polar lipids.13 The source of lipids and
mechanisms of deposition are unknown. Analyses of BrM/
choroid lipid composition have implicated both local cells
and plasma.8,9

Atherosclerotic cardiovascular disease (CVD), the lead-
ing cause of death in Western societies, is also charac-
terized by extracellular lipid deposition in a vessel wall.
As shown in Figure 1B, an atherosclerotic lesion in the
intima (inner wall) of large arteries contains a lipid-rich
core encapsulated by connective tissue containing smooth
muscle cells and foam cells (cholesterol-enriched macro-
phages).14,15 According to the response-to-retention
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hypothesis,16,17 retention of plasma lipoproteins in the
intima is the key event initiating atherosclerosis. Lipo-
proteins contain neutral lipids (EC and triglyceride)
surrounded by a surface of apolipoproteins, UC, and
phospholipid. The most atherogenic plasma lipopro-
teins contain apolipoprotein B (apo B).18 Retained apo
B-containing lipoproteins directly or indirectly evoke
subsequent deleterious events in the intima, including
modifications resulting in extracellular cholesterol ac-
cumulation,19 –21 monocyte entry, macrophage foam
cell formation, cytokine production, inflammation, and
immune response.22–24 Excess cholesterol within the
core extracellular matrix contributes to a structurally un-
stable lesion, resulting in deadly complications of neo-
vascularization, rupture, thrombosis, and hemorrhage.25

Reduced apo B binding to intimal proteoglycans mark-
edly attenuates atherosclerosis in mice.26

Apo B is a large and intensively studied protein with
globular and �-helical amphipathic domains and
�-sheets.27 Apo B-100 (4536 residues) is produced in the
liver, where it is assembled into very low density lipopro-
teins before secretion into plasma. Apo B-48 (2152 resi-
dues) is produced in the small intestine as an essential
protein of dietary chylomicrons. Apo B-100 and apo B-48
are products of the same gene, with apo B48 arising from
post-transcriptional editing of apo B-100 mRNA. Suc-
cessful transfer of lipids to nascent apo B regulates
whether apo B is secreted in a mature lipoprotein particle
or degraded via the ubiquitin-proteasome system.28–30

Patients with CVD history or symptoms have increased
risk for ARM31,32(G. McGwin, C. Owsley, C.A. Curcio,
R.J. Crain, submitted), and CVD and ARM have common
risk factors (age, smoking, and hypertension).33,34 Here
we test the hypothesis that CVD and ARM share common
molecules and mechanisms pertaining to extracellular
lipid accumulation in the vessel wall, beginning with cho-
lesterol and apo B. We stained macular and peripheral
sections of ARM and age-matched control eyes with
routine lipid stains and filipin for EC and UC.9 We exam-
ined apo B as well as apo E and apo C-III, two other

components of atherogenic lipoproteins.18 Apo E is also
an established constituent of sub-RPE deposits.35,36 Fi-
nally, we assessed the potential for RPE lipoprotein syn-
thesis using reverse transcriptase polymerase chain re-
action (RT-PCR) and Western blot analysis. We found
cholesterol and apo B in sub-RPE lesions and evidence
for intraocular synthesis of apo B.

Materials and Methods

Human Tissue

Eyes were obtained from non-diabetic donors. For histo-
chemistry and immunohistochemistry, eyes were pre-
served within 4 hours of death by immersion in 4% para-
formaldehyde/0.1 mol/L phosphate buffer (pH 7.4) for 6
to 16 hours after removal of the cornea and lens. Eyes
were stored at 4°C in 1% paraformaldehyde until used.
Eyes were examined internally with a stereo-dissecting
microscope (SMZ-U, Nikon, Melville, NY) and using epi-
and trans-illumination to detect drusen and pigmentary
disturbances.37 Normal eyes lacked grossly visible
drusen and RPE changes in the macula. For Western blot
analysis and RT-PCR, normal eyes were obtained within 6
hours of death.

Cryosections and Routine Stains

The retina/RPE/choroid was removed from the sclera,
and samples were cut with a razor blade. Macular and
peripheral samples were 7-mm wide (nasal to temporal).
Macular samples included the fovea and the temporal
half of the optic nerve head. Peripheral samples included
the temporal equator and ora serrata. Samples were
infiltrated with successive solutions of 10%, 20%, and
30% sucrose in phosphate buffer, 4:1 30% sucrose:His-
toprep (Fisher Scientific, Fair Lawn, NJ) and 2:1 30%
sucrose:Histoprep solution for 30 minutes each,38 and
then frozen in liquid nitrogen. Samples were sectioned at
10 �m. Sections were collected on gelatin-subbed slides,
dried at 50 to 55°C for at least 2 hours, and stored at
�20°C until used. For histopathological evaluation, one
slide containing the foveal center (identified by yellow
pigment and thin inner retinal layers) was stained with
hematoxylin (Gill’s formulation no. 3, Fisher Scientific).
Representative cryosections from each macula and pe-
riphery were stained with periodic acid Schiff and hema-
toxylin.

Histopathological and Clinical Evaluation

ARM cases were defined using semi-quantitative evalu-
ation of foveal sections.37 Non-exudative ARM eyes had
either one druse �63 �m or RPE clumping, anterior mi-
gration, or atrophy with at least one druse or a continuous
layer of basal deposits. Late exudative ARM eyes had
choroidal neovascularization and/or fibrovascular scars
with basal deposits or drusen. Clinical records, when
available, were reviewed to eliminate eyes with other
macular chorioretinal diseases. Clinical and histopatho-

Figure 1. Schematic cross-sections of Bruch’s membrane (BrM) from an eye
with ARM (A) and atherosclerotic arterial intima (B). Endothelium and
vascular lumina (choriocapillary, A; arterial, B) are at the bottom. Drawings
are not at scale. For reference, the thickness of normal BrM and intima is 4 to
6 �m and 100 to 300 �m, respectively. Small circles in BrM (A) and PG layer
(B) indicate esterified cholesterol-containing particles. A: P, photoreceptors;
RPE, retinal pigment epithelium; R-BL, RPE basal lamina; Blam, basal laminar
deposit; Blin, basal linear deposit; D, druse; ICL, inner collagenous layer; EL,
elastic layer; OCL, outer collagenous layer; C-BL, choriocapillaris basal lam-
ina. In normal eyes, BrM (thick bracket at right edge of panel A) consists
of R-BL, ICL, EL, OCL, and C-Cl. Blam and Blin together comprise basal
deposits, and basal deposits and drusen together comprise sub-RPE deposits.
B: ME, musculoelastic layer; IEL, internal elastic layer; C, lipid-rich core; PG,
proteoglycan layer; FC, foam cells; E, endothelium.
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logical characteristics of ARM eyes are summarized in
Table 1. The macula and periphery of these eyes con-
tained basal deposits and drusen (small, medium, and
large). Seven eyes had RPE atrophy, and three eyes had
choroidal neovascularization. Normal eyes lacked signif-
icant macular pathology, and the periphery contained
patchy or continuous thin diffuse deposits, small drusen,
and some medium drusen.

Lipid Histochemistry

Cryosections were stained with bromine sudan black B
(BSBB) and oil red O (ORO). BSBB and ORO bind EC,
fatty acids, and triglycerides. BSBB also binds UC and
other compounds.39 Lipids were extracted from control
slides with 1% HCl in 2:1 chloroform:methanol for 30
minutes. Filipin was used to bind UC and EC as de-
scribed.9 In brief, for EC detection, native UC was ex-
tracted from cryosections with 70% ethanol, native EC
was hydrolyzed with cholesterol esterase (Roche) at a
concentration of 1.65 units/ml in 0.1 mol/L potassium
phosphate buffer (pH 7.4) for 3 hours at 37°C, and newly
generated UC was stained with filipin (5 mg filipin, Sigma,
dissolved in 1 ml dimethylformamide and diluted in 100
ml phosphate-buffered saline (PBS, 0.15 mol/L NaCl;
0.01 mol/L Na2HPO4, pH 7.4) for 30 minutes. Control
sections were incubated in potassium phosphate buffer
for 3 hours. All sections were stained with Mayer’s hema-
toxylin for 20 minutes at room temperature. For UC de-
tection, cryosections were hydrated in potassium PB for
30 minutes before filipin labeling and counterstaining.

Indirect Immunofluorescence

Indirect immunofluorescence was used to demonstrate
apolipoproteins. Cryosections were treated with acetone

(5 minutes), dried at 50 to 55°C (10 minutes), rehydrated
(5 minutes) with PBS, blocked with 20% donkey serum
(Jackson Immunoresearch) in PBS for 2 hours, and then
incubated with a primary antibody (see below) for 1.5
hours and a secondary antibody for 1 hour, both at 1:100
dilutions. Between incubations, sections were washed
three times with 2% donkey serum in PBS for 5 minutes
each. Slides probed with non-immune serum or irrelevant
primary antibodies served as negative controls.

Evaluation of Labeling

Sections were examined using a Nikon Optiphot2 fluores-
cence microscope, a 20X plan apochromat and 40X plan
fluor (oil) objectives, and three filter sets (excitation-barrier):
365 to 420 nm, 546 to 590 nm, and 480 to 520 nm, for filipin,
rhodamine, and tissue autofluorescence, respectively. Sec-
tions stained with rhodamine-conjugated secondary anti-
bodies were examined with the 546- to 590-nm filter set to
identify labeling accounted for by autofluorescence. Basal
deposits and drusen were recorded as present or absent.
Basal deposits were graded as none, patchy, continuous
layer (1/2 typical RPE height), or continuous layer (�1/2
typical RPE height). Drusen were defined as focal deposits
of debris that raised the RPE by half its typical height.
Labeling in BrM and in basal deposits was recorded as
present if any label was detected. For drusen, labeling
patterns, sizes (as indicated in Table 1), and numbers were
documented. The contents of some large drusen were ab-
sent. Drusen with partial contents were evaluated and in-
cluded in the total. The percentage of labeled drusen was
determined for the macula and periphery of ARM eyes. The
Fisher’s exact test was used to evaluate the significance of
differences between the two regions.

Table 1. Eyes Used for Immunohistochemistry and Histochemistry

ARM eyes

Donor Age Gender

Clinical information Histopathology

Experimental seriesVA RE History Basal deposits Drusen RPE CNV

1 73 M 3 Normal ARM M A I, II, III, IV
2 74 M 2 Normal ARM 2 M Cl I, III
3 78 F 4 Normal ARM/GA 3 S A I, II, III, IV
4 81 F — — — L I, II, III, IV
5 81 M 3 Normal ARM 2 L A I, III
6 81 M — — — 3 L Cl I, III
7 82 F 4 Normal ARM 2 M Cl Y II, III
8 85 F 3 Normal ARM 3 A I, II, III, IV
9 85 M — — — M I, II, III, IV
10 86 F — — — 2 L A Y I, III
11 88 F 5 Normal ARM/CNV 2 S A Y II, III
12 95 F 3 Hyperopic ARM 2 L A I, III

Normal eyes
Eyes used for histochemistry: lipid (n � 12; 61 to 92 yrs), Filipin (n � 5; 63 to 87 yrs).
Eyes used for apolipoprotein immunohistochemistry: apo B (n � 12; 61 to 92 yrs), apo E and C-III (n � 7; 63 to 87 yrs).
Clinical information: dash, indicates no records available; histopathology, blank indicates normal or minimal; Y, yes.
VA, visual acuity (corrected); 1, 20/20 or better; 2, 20/25 to 20/40; 3, 20/50 to 20/200; 4, 20/300 to 20/1600; 5, hand motion, light perception.
RE, refractive error; normal, �2 to �2D; hyperopic, ��2D to �4D.
Basal deposits: 2, �1/2 RPE height; 3, �1/2 RPE height; largest drusen; S�63 �m, 63�M�125 �m, L�125 �m.
GA, geographic atrophy; RPE, retinal pigment epithelium; Cl, clumping; A, atrophy; CNV, choroidal neovascularization.
Experimental series: I, lipid histochemistry; II, filipin histochemistry; III, apo B localization; IV, apo E and C-III localization.
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Photography

Images were captured with a SensiCam imaging system
(Cooke, Auburn Hills, MI) and IPLab imaging software
(Scanalytics, Fairfax, VA). All images of experimental and
control sections were exposed at matched times (0.05
seconds for filipin, 0.20 seconds for rhodamine). Digi-
tized images were composited using Adobe Photoshop
6.0 (Aldus).

RT-PCR

Total RNA from human RPE was isolated using RNeasy
Mini Kit (Qiagen). The RNase-Free DNase Set (Qiagen)
was used during RNA preparation. Using a silica-based
filter-binding isolation kit and increased speed and time
of centrifugation during preparation, 6 to 11 �g of mela-
nin-free total RNA were isolated from each donor eye.
Total RNA with an optical density ratio (260 nm/280 nm)
of 1.6 to 1.9 was used. RT-PCR was performed with the
SuperScript One-Step RT-PCR with Platinum Taq (Invitro-
gen). PolyA� RNA from HepG2 cells was purchased
(Stratagene). The sequences of the oligonucleotide prim-
ers used for RT-PCR are the following: apo B sense
5�-TAG ACA CCA ACT TCT TCC ACG-3�; apo B anti-
sense 5�-GGC GAC CTC AGT AAT TTT CTT G-3�; ApoC-
III sense 5�-TGC TCC AGG AAC AGA GGT GC-3�; apo
C-III antisense 5�-GTA GGA GAG CAC TGA GAA TAC
T-3�; apo E sense 5�-ACT GGC ACT GGG TCG CTT T-3�;
and apo E antisense 5�-GTT GTT CCT CCA GTT CCG
ATT-3�. To distinguish between amplification of mRNA
and genomic DNA, all primers were designed to span
intron boundaries, based on human mRNA sequences
published at NCBI GenBank (accession numbers:
NM 000384 for apo B, K0039 for apo E, and
NM 000040 for apo C-III). Reverse transcription was
carried out at 50°C for 30 minutes, and the cDNA was
denatured for 2 minutes at 94°C. The reaction was am-
plified through 30 to 40 cycles, each consisting of 30
seconds at 94°C (denaturing), 30 seconds at 55 to 68°C
(annealing), and 1 minute at 72°C (extension). The reac-
tion was incubated for 10 minutes at 72°C. The expected
sizes of the RT-PCR product for apo B, apo C-III, and apo
E are 614 bp, 439 bp, and 163 bp, respectively. RT-PCR
products were separated on a 1.5% agarose gel with
ethidium bromide. DNA bands were visualized by ultra-
violet trans-illumination. The RT-PCR products of apo B
were excised for restriction endonuclease analysis using
SacI and StuI enzymes.

Sequencing

The primers 5�-GAG AAA CTG ACT GCT CTC AC-
3�(sense) and 5�-ATG ATA GTG CTC ATC AAG ACT
T-3�(antisense) were used to amplify a 234-bp apo B
cDNA fragment that contains the editing site of ApoB-48.
Sequence analysis was performed at the Genomics Core
Facility of the Heflin Center for Human Genetics at UAB,
using the BigDye Terminator v3.0 Cycle Sequencing

Ready Reaction kit and an Applied Biosystems 3100
Genetic Analyzer.

Electrophoresis and Western Blot Analysis

RPE extracts were prepared as described.40 In brief, the
neural retina was removed, 0.5 ml of an extraction cocktail
(200 mmol/L Tris-base, pH 6.8, 40% glycerol, 4% sodium
dodecyl sulfate (SDS), 5% 2- mercaptoethanol, 0.05% bro-
mophenol blue) was added to the eyecup, and the RPE was
gently scraped off BrM with a rubber policeman. The human
hepatoma HepG2 cells (a gift from Dr. Nassrin Dashti, Uni-
versity of Alabama at Birmingham) were seeded and main-
tained as described.41 When cells were approximately 80%
confluent, maintenance medium was removed, cells were
rinsed with PBS, and 10% SDS containing protease inhibitor
cocktail (Sigma no. P8340) was added.42 After incubation at
37°C for 15 minutes, cells were sheared six times using a
1-ml syringe fitted on a 18- or 21-gauge needle, following
which 50 to 100 �g of dithiothreitol was added. Extract
protein content was determined by the Lowry method (Bio-
rad). Samples were electrophoresed at 150 V by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 4%
stacking gel and a 5% to 15% gradient separating gel
under reducing conditions. Proteins were electrotransferred
onto a nitrocellulose membrane for 2 hours at 100 V. The
membrane was blocked with 4% nonfat dry milk/TBST (MT;
20 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 7.5, 0.05%
Tween-20) and immunoblotted with the primary antibody
diluted in MT, both at room temperature for 1 hour. The
membrane was washed with TBST three times for 5 minutes
each, followed by incubation with a secondary antibody
conjugated to horseradish peroxidase for 1 hour at room
temperature and an additional wash with MT. Dilutions of
primary and secondary antibodies were 1:1000 and 1:2000
respectively. Immunoblotted proteins were detected by
chemiluminescence (ECL, Amersham Pharmacia Biotech).
Exposure times varied between 5 seconds and 10 minutes,
depending on the protein examined. Blots were scanned on
a flatbed scanner (Umax Powerlook), and the optical den-
sities of protein bands (in negative image) were measured
using IPLab.

Antibodies

Primary antibodies against human apolipoproteins in-
cluded affinity purified polyclonal goat anti-apo B (Biode-
sign, K45253G), anti-apo E (Calbiochem, 178479), anti-
apo C-III (Academy Bio-medical, Inc., 33A-G2–3a) and
monoclonal mouse anti-apo B (1D1; gift from Dr. Ross
Milne, University of Ottawa). Polyclonal antibodies were
characterized by Western blot analysis of normal human
plasma (see above). Major immunoreactive bands were
observed at the appropriate positions (apo B-100, 512
kd; apo E, 35 kd; and apo C-III, 9 kd). Fainter bands at
lower molecular weights for apo B and higher molecular
weights for apo E likely represented proteolytic degrada-
tion products or aggregates, respectively. Secondary an-
tibodies were rhodamine or horseradish peroxidase con-
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jugated and included donkey anti-goat IgG and goat
anti-mouse IgG (Jackson Immunoresearch).

Results

Staining results were obtained for at least 5 eyes in four
experimental series (Table 1). Lipids were localized in 12
normal and 12 ARM eyes. Co-localization of EC, UC, and
apo B was examined in 5 normal eyes with sub-RPE
deposits and 5 ARM eyes. Apo B localization was exam-
ined in 12 normal and 12 ARM eyes. Apo E and C-III
localization was examined in 6 normal and 7 ARM eyes.

Lipid Histochemistry

To examine the distribution of lipids in sub-RPE deposits,
cryosections were stained with BSBB and ORO. In all
normal and ARM eyes, macular BrM stained with both
BSBB and ORO, while peripheral BrM of fewer eyes
stained with ORO than BSBB (Figure 2,A and E; Table 2).

Normal Eyes

Basal deposits in the periphery of most eyes stained
with both BSBB and ORO (Table 2). In thick, continuous
basal deposits lipids were present in the outer half of
basal deposits adjacent to BrM and absent from the inner
half of basal deposits adjacent to the RPE. Almost all
drusen (92%) contained lipids (Table 2), with different
labeling patterns.

ARM Eyes

Deposits in most eyes stained with BSBB and ORO
(Figure 2, B and F). Most drusen contained lipids (Table
2), with non-uniform labeling patterns (Figure 2, C and G).
The percent drusen labeled with ORO and BSBB was
significantly lower in the macula (BSBB, 60%; ORO, 74%)
than the periphery (BSBB, 93%; ORO, 100%) (BSBB, P �
0.0106; ORO, P � 0.0003). Control sections were nega-
tive (Figure 2, D and H).

Figure 2. Lipid histochemistry of macula in eyes with ARM. Cryosections were stained with bromine sudan black B (A–D) and oil red O (E–H). Bruch’s membrane
(A and E). Basal deposits (B and F). Drusen (C and G), Control sections (D and H) were lipid-extracted before staining. 79-year-old man (A, C, E, and F).
77-year-old man (B). 86-year-old woman (D). 95-year-old woman (G). 85-year-old woman (H). Bar, 0.05 mm.
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To examine the distribution of EC and UC in sub-RPE
deposits, cryosections were stained with filipin with and
without prior extraction and hydrolysis. Under ultraviolet
excitation, RPE autofluorescence appears dimly orange
or brown, and filipin appears bright blue. Cellular mem-
branes throughout the retina and choroid were labeled
for UC (Figure 3,D–F). Figure 3 depicts thin basal depos-
its (Figure 3, A and D) and drusen with EC and UC from
the macula. Drusen of all sizes in the macula (Figure 3, B,
C, E, and F) and periphery (not shown) contained EC and
UC. The morphology of fluorescent material ranged from
homogeneous to clumped and could differ for EC and UC

within the same druse (Figure 3, C and F). EC and UC
were present in basal deposits of all normal and ARM
eyes, and 100% of drusen contained EC and UC in
normal and ARM eyes (Table 2).

Apolipoprotein Immunofluorescence

Apo B immunofluorescence was detected using a rho-
damine-conjugated secondary antibody, and the specificity
of labeling was confirmed by examining each section with
filter sets for rhodamine and tissue autofluorescence (Fig-

Table 2. Lipid and Filipin Histochemistry in the Macula and Periphery of Normal and ARM Eyes

Bruch’s membrane Basal deposits Drusen

Normal eyes (n)
BSBB Macula (12) 12 — —

Periphery (12) 11 12 96/96 (100%)
ORO Macula (12) 10 — —

Periphery (12) 5 10 108/118 (92%)
EC Macula (5) 5 — —

Periphery (5) 5 5 30/30 (100%)
UC Macula (5) 5 —

Periphery (5) 5 5 35/35 (100%)
ARM eyes (n)

BSBB Macula (10) 10 8 29/39 (74%)*
Periphery (10) 10 9 21/21 (100%)*

ORO Macula (10) 10 9 27/45 (60%)†

Periphery (10) 6 8 39/42 (93)†

EC Macula (5) 5 5 6/6 (100%)
Periphery (5) 5 5 19/19 (100%)

UC Macula (5) 5 5 8/8 (100%)
Periphery (5) 5 5 26/26 (100%)

BSBB, bromine sudan black B; ORO, oil red O; EC, esterified cholesterol; UC, unesterified cholesterol; dash indicates lesions were absent. For
Bruch’s membrane and basal deposits: numbers indicate eyes with stain. For drusen, numbers indicate the ratio of stained to total drusen pooled
across eyes.

*Difference between macula and periphery significant (p � 0.0106).
†Difference between macula and periphery significant (p � 0.0003).

Figure 3. Esterified and unesterified cholesterol in macular basal deposits and drusen of ARM eyes. Cryosections from ARM eyes were stained with filipin.
Esterified cholesterol (A–C), unesterified cholesterol (D–F). A and D: Thin basal deposit, 73-year-old man. B and E: Small druse, 73-year-old man. C and F:
Medium druse, 85-year-old man. Bar, 0.05 mm.
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ure 4, A–C). Figure 4A shows specific apo B immunore-
activity in BrM (compare to control section in Figure 4C).
Apo B immunoreactivity was more prominent in inner BrM
(Figure 4A, arrow), unlike autofluorescence, which was
diffusely distributed throughout BrM (Figure 4B). Specific
labeling in drusen was detected in the same manner
(Figure 4, D–F).

Apo B in Normal Eyes

By these methods, apo B was detectable in macular (4 of
12) and peripheral (9 of 12) BrM of normal eyes (Table 3).
Apo B immunoreactivity was clearly visible in the plasma of
the choriocapillaris (Figure 5A, small arrow). Drusen immu-
nofluorescence intensity and labeling pattern varied, and

drusen often contained discrete areas devoid of label. Most
drusen contained apo B immunoreactivity (Table 3).

Apo B in ARM Eyes

Apo B immunoreactivity was detected in macular and
peripheral BrM in association with apo B-positive sub-
RPE deposits (Figure 5B, Table 3). Apo B was localized
throughout thin basal deposits (Figure 5B) and in the
outer or inner portion of thick basal deposits (not shown).
Fifty-five percent of macular drusen and 100% of periph-
eral drusen contained apo B immunoreactivity (Table 3,
Figure 5C), a statistically significant difference (P �
0.0074). Figure 5C illustrates a medium druse with whorls
of apo B-positive material within apo B-negative amor-

Figure 4. Apo B immunofluorescence and autofluorescence in cryosections of normal and ARM eyes. Sections were probed with polyclonal anti-apo B (A, B, D,
and E) or non-immune serum (C and F). Images were obtained with a 40X plan fluor oil objective and either a rhodamine filter set (A, C, D and F) or an
autofluorescence filter set (B and E). Exposure times were 0.1 second in panels A–C and 0.07 seconds in panels D–F. A–C: Normal, macula, 87-year-old man.
D–F, ARM, periphery, 73-year-old-man. Bar in F, 0.15 mm. A: Apo B immunoreactivity is present in Bruch’s membrane (BrM), especially on the inner aspect
(arrowhead). RPE is autofluorescent (*). B: In the same section as A, autofluorescence in BrM is distributed differently from the specific fluorescence in A. C:
No fluorescence is detected in BrM of a control sections at the same exposure time as A. D: Apo B immunoreactivity is present in a druse. E: In the same section
as D, autofluorescence is present in RPE and BrM and within the druse, in a different pattern from D. F: No fluorescence is detected in a druse in a control section
at the same exposure time as D.

Table 3. Apolipoprotein Immunoreactivity in the Macula and Periphery of Normal and ARM Eyes

Bruch’s membrane Basal deposits Drusen

Normal eyes (n)
Apo B Macula (12) 4 — —

Periphery (12) 9 12 90/101 (89%)
Apo E Macula (7) 7 — —

Periphery (6) 6 6 26/26 (100%)
Apo C-III Macula (7) 0 — —

Periphery (6) 0 1 0/22 (0%)
ARM eyes (n)

Apo B Macula (5) 4 2 16/29 (55%)*
Periphery (5) 4 2 11/11 (100%)*

Apo E Macula (7) 7 6 16/27 (60%)†

Periphery (5) 5 5 15/17 (88%)†

Apo C-III Macula (7) 0 0 0/13 (0%)
Periphery (5) 0 1 0/10 (0%)

Dash indicates lesions were absent. For Bruch’s membrane and basal deposits, numbers indicate eyes with the detectable protein. For drusen,
numbers indicate ratio of drusen with protein to total drusen counted across eyes.

*Difference between macula and periphery significant (p � 0.0074).
†Difference between macula and periphery significant (p � 0.0496).
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phous material. To determine whether other components
of atherogenic lipoproteins are also present in sub-RPE
deposits, sections were probed with antibodies to apo E
and C-III.

Apo E in Normal Eyes

Apo E immunoreactivity was present in macular and
peripheral BrM, in basal deposits, and in drusen (Table
3). The pattern of apo E immunoreactivity in drusen var-
ied from homogeneous in small drusen to heterogeneous
in large drusen.

Apo E in ARM Eyes

Apo E immunoreactivity was present in one or two
layers of BrM (Figure 5D, arrowhead) and in basal de-
posits. Apo E was localized throughout thin basal depos-
its (Figure 5D) and in the outer or inner portion of thick
basal deposits. Drusen in the macula and periphery con-
tained apo E (Table 3 and Figure 5F). Sixty percent of
macular drusen and 88% of peripheral drusen were apo
E-positive, a statistically significant difference (P �
0.0496). Apo E immunoreactivity was also seen in the
intercapillary pillars (Figure 5D, arrow), plasma (Figure
5D, small arrow), and intima of some retinal vessels (not
shown).

Apo C-III in Normal and ARM Eyes

Apo C-III immunoreactivity was absent from BrM, basal
deposits, and drusen of normal and ARM eyes (Figure 5,
G–I; Table 3) but was occasionally seen in plasma (Fig-
ure 5G, arrow).

Co-Localization of Cholesterol and Apo B

To determine whether apo B is present in cholesterol-
containing sub-RPE deposits of normal and ARM eyes,
the same lesions were examined in adjacent cryosec-
tions processed for filipin histochemistry and apo B im-
munohistochemistry. UC was detected in peripheral
basal deposits and drusen of normal eyes (Figure 6,A
and D). Filipin staining of an adjacent section pretreated
with cholesterol esterase revealed EC in the same lesions
(Figure 6, B and E). The same lesion in an adjacent
section is also apo B-immunoreactive (Figure 6, C and F).
The extent of apo B, EC, and UC labeling in most lesions
overlapped completely and in some overlapped partially.
Partial overlap is illustrated in Figure 6, in which a homo-
geneously apo B-positive druse (Figure 6F) also contains
EC (Figure 6E) superficially and UC throughout (Figure
6D). Of 56 lesions examined, only two lesions in the
macula of ARM eyes contained cholesterol and were
devoid of apo B immunoreactivity (Table 4).

Figure 5. Indirect immunofluorescent localization of apo B, apo E, and apo C-III in cryosections of normal (A and G) and ARM (B–F, H, and I) eyes. Bruch’s
membrane (BrM; A, D, and G), basal deposits (BD, B, E, and H), drusen (C, F, and I). Apo B, apo E, and apo C-III immunoreactivity is seen in the left, middle,
and right columns respectively. A: Apo B is present in the vessels of the choroid (small arrow), and RPE is autofluorescent (large arrow); periphery of
73-year-old man. B: Apo B in BD; periphery, 78-year-old woman. C: Apo B in druse, white arrow points to apo B material within druse; macula, 81-year-old
woman. D: Apo E was found in BrM (arrowhead) and intercapillary pillars (arrow); macula, 88-year-old woman. E: Apo E seen in thin BD; periphery,
85-year-old man. F: Apo E is heterogeneously present in druse; macula, 88-year-old woman. G: Apo C-III is absent from BrM, but present in vessels of the choroid
(arrow); periphery, 73-year-old man. H: Apo C-III is absent from BD; periphery, 85-year-old man. I: Apo C-III is absent from druse; macula, 88-year-old woman.
RPE, retinal pigment epithelium. Bar in H, 0.05 mm, applies to panels A–B, D–E, G–H; bar in I, 0.08 mm, applies to panels C, F, and I.
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RT-PCR

To determine whether mRNA for apo B, apo E, or apo
C-III is expressed in human RPE, we performed RT-PCR
analysis of total RNA obtained from RPE of donor eyes
(Figure 7A). HepG2 mRNA served as a positive control.
As shown in Figure 7A, the RT-PCR products of apo B
and apo E were consistent with the predicted sizes, ie,
614 bp for apo B (lanes 2 and 3) and 163 bp for apo E
(lanes 4 and 5) in both RPE (lanes 2 and 4) and HepG2
(lanes 3 and 5). We amplified 439 bp of apo C-III from the
mRNA of HepG2 cells but not from human RPE (not
shown). All RT-PCR results were confirmed from at least
three donors (age 65 to 85 years). From the 614-bp apo
B RT-PCR product, the digestion products resulting from
restriction endonuclease analyses were 249 bp and 365
bp (SacI) and 318 bp and 296 bp (StuI), consistent with
expected sizes (data not shown). These data indicate
that mRNA transcripts of apo B and apo E but not apo
C-III are present in human RPE.

Partial Sequence of Human RPE ApoB cDNA

To determine whether apo B mRNA from human RPE is
from apo B-100 or apo B-48, the 234-bp RT-PCR prod-
ucts of apo B were sequenced from both 5�- and 3�-ends.
This fragment contains a CAA codon, which encodes
Gln-2153 in ApoB-100, not a TAA stop codon, the RNA-
editing site of apo B-48 (Figure 7B). Therefore, RPE cells
express mRNA for apo B-100, not ApoB-48.

Western Blot Analysis of Human RPE Extracts

To determine whether human RPE contains apolipopro-
teins, detergent-extracted RPE isolated from three normal
eyes (donor age, 55 to 92) were subjected to Western blot
analysis and probed with the same antibodies used for
immunohistochemistry. A monoclonal antibody to the N-
terminus of apo B (1D1) was also used and gave the best
results (Figure 7C). In this analysis, both apo B and apo E
were detected in RPE, indicated by prominent bands at 512
kd and 35 kd in lanes 1 and 3, respectively. Apo B and E
were also detected in HepG2 cells (lane 2 and 4). When
normalized for total protein, the density of the apo B band in
the HepG2 cells was 40-fold higher than the apo B band
detected in RPE. Apo E density in RPE, however, was
2.5-fold higher than apo E in HepG2. There was no detect-
able signal with the antibody against apo C-III (not shown).
These results indicate that apo B and E protein, but not apo
C-III, are detectable in native human RPE.

Figure 6. Co-localization of apo B, EC, and UC in sub-RPE deposits of normal and ARM eyes. Panels A–C represent the same basal deposit and D–F represent
the same druse, on the basis of consistent location across adjacent cryosections. Basal deposits with apo B immunoreactivity (A) also contain EC (B) and UC (C).
Drusen with apo B immunoreactivity (D) also contain EC (E) and UC (F). The UC-rich druse in F contains EC on the superficial rim only (E). RPE autofluorescence
(A and D) is not visible at wavelengths used to visualize filipin (B, C, E, and F). A–C, Periphery, normal, 87-year-old woman. D–F, Periphery; ARM, 81-year-old
woman. EC, esterified cholesterol; UC, unesterified cholesterol; RPE, retinal pigment epithelium. Bar, 0.05 mm.

Table 4. Co-Localization of Apo B, Esterified, and
Unesterified Cholesterol

Degree of co-localization

Complete Partial None

Normal Macula (n � 0) — — —
Periphery (n � 23) 23 0 0

ARM Macula (n � 12) 6 4 2
Periphery (n � 11) 11 0 0

n � the total number of sub-RPE lesions examined on a per lesion
basis.
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Discussion

Understanding the composition, source, and formation of
ARM-associated sub-RPE deposits has been challeng-
ing, because of limited access to high quality human eye
tissue, heterogeneity of lesions, overlap between age-
related and disease-related deposits, interdependence

of the ocular layers, and lack of a short-lived animal
model for early ARM. Our study is apparently the first
systematic examination of lesion lipid and apolipoprotein
components that included both macula and periphery
and the first census of drusen labeling. Demonstration of
cholesterol and apo B in sub-RPE deposits link ARM with
well-studied molecules and mechanisms of importance in
CVD initiation and progression. Demonstration of apo B
mRNA and protein in RPE implicates lipoprotein assem-
bly as a pathway for formation of cholesterol-enriched
lesions.

We demonstrated that EC and UC are ubiquitous com-
ponents of macular and peripheral drusen in ARM eyes,
as they are in BrM and age-related deposits in normal
eyes.9,10 Previous results indicated that some macular
drusen did not bind ORO and that basal deposits pref-
erentially bound either ORO or BSBB.13 Our results with
filipin, a specific marker for EC and UC, indicate that this
variability was probably due to the lesser sensitivity of
traditional lipid stains, without excluding between-lesion
differences in non-cholesterol lipid components. It will be
interesting to determine whether sub-RPE deposits ex-
hibit a progression in the physical forms of cholesterol
like the atherosclerotic intima. Maturation of the lipid-rich
core is associated with pooling of EC, aggregation of
UC-rich liposomes, and formation of UC crystals19,43,44

that together contribute to plaque instability.25 Neither we
nor others have observed cholesterol crystals in sub-RPE
deposits. However, we observed different morphologies
of filipin fluorescence, consistent with multiple physical
forms of cholesterol (see Figure 3, A and C; Figure 5, E
and F). Although it is possible that this variability is intro-
duced by hydrolyzing EC during histochemical staining,
pooling of neutral lipid is also seen in drusen stained with
oil red O.10 In addition, distinctive EC labeling along the
superficial rim of round drusen (Figure 5E) is a consistent
finding in our material (Figure 7E of ref. 9). A cholesterol-
accumulating sublayer of BrM is an apparent precursor
to basal linear deposit, thought to provide a cleavage
plane for dissecting choroidal vessels.9,45 Therefore,
cholesterol may play a role in promoting mechanical
instability in ARM as well as atherosclerosis.

We detected apo B in a high proportion of drusen and
basal deposits, in contrast to a previous report of incon-
sistent apo B immunoreactivity in drusen obtained with
other antibodies.46 Co-localization of apo B and choles-
terol in sub-RPE deposits implicates apo B-containing
lipoproteins as potential contributors to lesion choles-
terol. This process is not specific to ARM, because a
cholesterol-rich basal laminar deposit in dominant late-
onset retinal degeneration also contains intense apo B
immunoreactivity.47 We compared apo B localization to
that of apo E, because apo E is a component of sub-RPE
deposits,35,36,46 apo E mRNA transcripts are found in
RPE and retina, and the apo E4 polymorphism is the only
confirmed genetic association for ARM.35,48,49 Apo E is
also a component of very low density lipoprotein,18 and it
is localized in atherosclerotic intima.50–52 Relative to apo
E, apo B immunoreactivity was found in as many drusen
but in fewer basal deposits. Further, unlike the bilaminar
labeling pattern of apo E in BrM,36 apo B immunoreac-

Figure 7. Apolipoprotein mRNA and protein in native human RPE and
HepG2 cells. A: RT-PCR analysis of apo B and apo E mRNA transcript in
human RPE. The total RNA was isolated from human RPE. The mRNA of
HepG2 cells was used as positive control. RT-PCR was carried out with
primers specific for human apo B and apo E, and resolved by electrophoresis
on 1.5% agarose gel. The expected sizes of the RT-PCR product for apo B and
apo E are 614 bp and 163 bp. RT-PCR amplification products representing:
lane 1, 100 bp DNA molecular weight ladder; lanes 2 and 3, apo B mRNA
(614 bp); lanes 4 and 5, apo E mRNA (163 bp); lanes 2 and 4, human RPE;
and lanes 3 and 5, HepG2. B: Partial nucleic acid sequence and deduced
amino acid sequence of human RPE apo B. The result shows that the apo B
RT-PCR fragment contains a CAA condon, encoding Gln-2153 in apo B-100,
not TAA, the stop codon in apo B-48. An asterisk shows the putative editing
site of apo B-48. C: Western blot of human RPE extract and HepG2 cells.
Detergent-extracted proteins from freshly isolated human RPE (65-year-old
male, lane 1, 60 �g and lane 3, 9 �g) and HepG2 cells (lane 2, 6 �g and lane
4, 6 �g) were separated by SDS-PAGE and then transferred to nitrocellulose.
Lanes were probed with the following primary antibodies, each at 1:1000
dilutions: monoclonal anti-human apo B (1D1) (lanes 1 and 2) and apo E
(lanes 2 and 3). Primary antibodies were detected with HRP-conjugated
secondary antibodies at 1:2000 dilution (see Methods). Position and vendor
estimated standard molecular weights are indicated at the left. RPE, retinal
pigment epithelium; HRP, horseradish peroxidase-conjugated.
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tivity, where present, was more prominent in inner BrM.
Differences in the labeling intensity and pattern of apo B
and apo E may reflect differences in antibody sensitivity
or in the number of epitopes available for binding on the
two apolipoproteins. Apo C-III, the most abundant apo C
in plasma and another component of atherogenic li-
poproteins, was detected in plasma retained in our sec-
tions but not in BrM or sub-RPE deposits.

Significantly more peripheral drusen bound traditional
histochemical stains and exhibited apolipoprotein immu-
noreactivity than macular drusen, suggesting that lipids
other than EC and UC and apolipoproteins are diluted to
undetectable levels by other components in macular
drusen. Alternatively, since under identical cryo-prepara-
tion protocols some large macular drusen had only partial
contents and all peripheral drusen were intact, these
differences may reflect fragility of macular drusen.
Drusen vary greatly in their uptake of angiographic dyes
and in the risk conferred for neovascularization, with
large, soft (sloping sides), or confluent drusen thought to
be the most dangerous.53–56 The expectation that com-
positional differences in drusen underlie these properties
has not been supported by recent surveys concluding
that all drusen contain similar proteins.6,46 Our enumer-
ation of individual, labeled drusen raises the possibility
that quantitative differences in the proportions of charac-
teristic protein and lipid constituents separate low-risk
from high-risk drusen. Testing this hypothesis will require
direct quantification of key proteins and lipids in macular
and peripheral drusen of eyes with ARM.

A new finding is the demonstration of apo B-100 mRNA
and protein in human RPE. Previous attempts to identify
apo B mRNA in human RPE by RT-PCR gave inconsistent
results,46 and apo B has not appeared among RPE-
expressed genes identified by other methods.57–59 This
may be due to low abundance of apo B mRNA and to
difficulties in obtaining high quality RNA from native hu-
man RPE. These include variable postmortem delay to
processing, potential contamination with blood, and the
presence of melanin, an RT-PCR inhibitor.60,61 Notably,
we also found apo B protein in RPE, at low levels consis-
tent with its rapid degradation in non-secreting cells.
Finding both apo B-100 mRNA and protein in RPE is more
convincing than finding either alone. While contamination
or uptake cannot be excluded, the simplest explanation
is that the RPE synthesizes apo B. Because apo B is
essential for assembling large (�75 nm) triglyceride- and
EC-containing lipoproteins in liver, intestine, and heart,62

our data raise the intriguing possibility that the RPE as-
sembles and secretes apo B-containing lipoproteins. If
so, then perhaps the numerous 80 to 100 nm diameter
EC-containing particles that accumulate with age in BrM9

are native lipoproteins. It will be important to test this
novel hypothesis by demonstrating synthesis and assem-
bly of an apo B-containing lipoprotein by RPE in vitro.

Placing apo B in the principal lesions of ARM is signifi-
cant because this molecule has a well-documented role in
disease initiation and progression for CVD. According to the
response-to-retention hypothesis, atherogenic apo-B con-
taining lipoproteins from plasma enter arterial intima and
bind directly to proteoglycans (biglycan and versican, inter

alia) or indirectly via bridging molecules. Trapped lipopro-
tein particles are modified, leading to accumulated extra-
cellular cholesterol and provoking massive responses from
surrounding cells (macrophages, smooth muscle cells, and
endothelial cells). Superficially, the RPE/BrM complex ap-
pears to provide an appropriate environment for a similar
progression. BrM can be conceptualized as a specialized
vascular intima that exhibits physiological thickening in the
macula during adulthood.9 BrM and sub-RPE deposits con-
tain glycosoaminoglycans63–66 and advanced glycation
end-products that could retain and modify lipoproteins, re-
spectively.67,68 Proteins associated with inflammation and
complement activation are present in drusen.69,70 ARM-
associated choroidal neovascular membranes include
macrophages and smooth muscle actin-positive cells.71,72

However, existing data indicate that an ocular response-to-
retention scenario, if present, will differ importantly from that
in the intima. For example, apo B should appear in normal
BrM before the onset of ARM, but in our study apo B was not
found in BrM of every normal eye. Further, the proteogly-
cans that bind apo-B-containing lipoproteins in intima have
not been reported yet in BrM and drusen. Finally, an intima-
like response-to-retention scenario predicts that the risk for
ARM should be enhanced by hypercholesterolemia. In fact,
epidemiological studies to date indicate little or no associ-
ation between ARM and hypercholesterolemia73,74 (G.
McGwin, C. Owsley, C.A. Curcio, R.J. Crain, submitted),
possibly due to methodological limitations. Our data sug-
gest that apo B may derive from an intraocular source
without ruling out the possibility of a plasma source. If an
intraocular lipoprotein (see above) were the major source of
cholesterol in BrM and sub-RPE deposits rather than
plasma lipoproteins, then dissociation of risk factors pertain-
ing to the pre-retention stage in ARM and CVD may be
expected.

The concept that ARM may involve a retained lipopro-
tein, mechanisms of retention, and cellular responses
specific to the environment of the eye is novel. It is useful
as a framework for generating testable new ideas about
mechanisms involved in different stages of a complex,
multifactorial disease. Determining if an apo-B containing
lipoprotein is produced within the eye will be the first step
in testing this hypothesis.
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