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Lipoprotein particles accumulate in Bruch’s membrane
before the development of basal deposits and drusen,
two histopathologic lesions that define age-related mac-
ular degeneration (AMD). We therefore, sought to deter-
mine which molecules could participate in lipoprotein
retention. Wild-type or lipoprotein lipase–deficient
mice were injected with low-dose D-galactose or PBS
subcutaneously for 8 weeks to induce advanced glyca-
tion endproduct (AGE) formation. Some mice were also
injected with the AGE breaker phenacylphiazolium bro-
mide and D-galactose. Rhodamine-labeled low-density
lipoproteins were injected into mice, and the fluores-
cence was measured up to 72 hours later. AGEs, pro-
teoglycans, and other lipid-retaining molecules were
evaluated by IHC. Lipoprotein lipase distribution was
assessed in AMD samples by IHC. D-galactose–treated
mice retained lipoproteins in the retinal pigment epi-
thelial and Bruch’s membrane to a greater extent than
either PBS- or phenacylphiazolium bromide/D-galac-
tose–treated mice at 24 and 72 hours after injection (P <
0.04). Immunolabeling for carboxymethyllysine, bigly-
can, and lipoprotein lipase was found in D-galactose–
treated mice only. Mice deficient for lipoprotein lipase
treated with D-galactose did not retain lipoproteins to
any measureable extent. Human AMD samples had li-
poprotein lipase labeling within drusen, basal deposits,
and the choroid. Mice treated with D-galactose to induce
AGE formation in Bruch’s membrane retain intrave-
nously injected lipoproteins. Our results suggest that
lipoprotein retention in Bruch’s membrane is mediated
by lipoprotein lipase. (Am J Pathol 2011, 179:850–859;

DOI: 10.1016/j.ajpath.2011.04.010)

Age-related macular degeneration (AMD) is the most

common cause of vision loss among the elderly in the

850
United States. Genetic studies have identified polymor-
phisms in complement factors C3, H, and I; HTRA1;
ARMS2; and mitochondrial DNA polymorphism A4917G
as risk factors and complement factor B and apolipopro-
tein E4 as protective factors.1–11 The influence of these
genetic alterations on disease development remains un-
resolved at present. Bruch’s membrane is a pentilaminar
structure that is composed of the retinal pigment epithe-
lial (RPE) basement membrane, inner collagenous layer,
middle elastic layer, outer collagenous layer, and the
choriocapillaris basement membrane. During aging,
Bruch’s membrane steadily accumulates neutral lipids
contained within apolipoprotein B100 (apoB100) lipopro-
tein particles. These particles accumulate as a “wall” in
the inner collagenous layer.12 Lipoprotein particles also
accumulate in basal laminar deposits, basal linear de-
posits, and drusen, the pathognomonic histopathologic
Bruch’s membrane lesions of AMD.12–18 The identical
laminar location of lipoprotein deposition within Bruch’s
membrane before the development of these hallmark le-
sions suggests that lipoproteins, in addition to the genetic
and environmental influences, play a critical role in the
pathophysiology of AMD.

The relative importance of lipoproteins in AMD patho-
genesis is further suggested by studies that have identi-
fied polymorphisms in lipid-processing genes, including
hepatic lipase and high-density lipoprotein c-associated
alleles near lipoprotein lipase (LPL).19,20 Lipoproteins un-
der normal conditions are designed to transport lipids to
tissues around the body. ApoB100 lipoproteins, such as
low-density lipoproteins (LDLs), appear to be particularly
important for the retina. Tserentsoodol et al21 showed that
LDLs are the preferred carrier of lipids into the retina and
that they are internalized principally by the RPE through
LDL receptors.
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In atherosclerosis, lipoproteins in excess and their
subsequent retention within the vessel wall initiates a
chronic, pathologic inflammatory response from the oxi-
dation of retained lipoproteins.22,23 Our laboratory has
shown that oxidized lipoproteins accumulate in Bruch’s
membrane and basal deposits and drusen of patients with
early AMD and that oxidized LDLs induce a pathologic
phenotype of cultured RPE cells.24 This work suggests that
lipoproteins that accumulate within Bruch’s membrane are
retained for a sufficient period to become oxidized and can
induce a phenotypic change to the RPE.

Several changes to the subendothelial matrix promote
lipoprotein retention during the development of athero-
sclerosis. These include an accumulation of certain ma-
trix proteoglycans such as biglycan, decoran, and versi-
can that retain lipoproteins due to their electronegative
charge.22,25 Secreted sphingomyelinases and LPL,
which are distinct from hepatic lipase, endothelial lipase,
and pancreatic lipase (PL), in the subendothelial matrix
promote lipoprotein retention.26–28 The formation of ad-
vanced glycation endproducts (AGEs) also promotes li-
poprotein retention within the subendothelial matrix.29,30

Because of the cross-linking of AGEs, the supramolecu-
lar matrix architecture is modified so that the normal
diffusion of metabolites or molecules such as lipoproteins
might be impaired.

We previously demonstrated that AGEs develop within
Bruch’s membrane, including basal deposits and drusen
during aging and AMD.31 In mice, we have also shown
that low-dose D-galactose (D-gal) treatment promotes
AGE formation in Bruch’s membrane and induces an
accelerated aging phenotype with features of AMD in
Bruch’s membrane.32,33 Given the accumulation of lipo-
proteins in Bruch’s membrane, and their oxidation, we
hypothesized that aging changes to Bruch’s membrane
encourages lipoprotein retention, which then leads to
their oxidation. Oxidized lipoproteins are known to stim-
ulate complement.34 Accumulation of oxidized lipopro-
teins, therefore, could induce complement-mediated in-
flammation, leading to either RPE cell injury and/or
drusen formation within Bruch’s membrane. We, there-
fore, treated mice with low-dose D-gal to induce AGE
formation as an experimental model of Bruch’s mem-
brane aging to determine whether lipoproteins are re-
tained.

Materials and Methods

Animals and Care

An equal number of male and female C57Bl6
(The Jackson Laboratories, Bar Harbor, ME), B6.129
(The Jackson Laboratories) or LPL-deficient mice
(B6.129S4-Lpltm1Ijg/J; The Jackson Laboratories)
were fed standard rodent chow and water ad libitum
and kept in a 12-hour light-dark cycle. All experiments
were conducted according to the Association for Re-
search in Vision and Ophthalmology Statement for the

Use of Animals in Ophthalmic and Vision Research,
and the research was approved by the institutional
research board at Johns Hopkins Medical Institutions.

Induction of AGE Changes

Five-month-old mice were divided into three groups.
Group 1 mice were injected subcutaneously with D-gal
(50 mg/kg; Sigma-Aldrich, St Louis, MO) daily for 8
weeks, following our previously published protocol.33

Group 2 mice were injected with the AGE breaker
phenacylphiazolium bromide (PTB; 10 mg/kg; Prime Or-
ganics, Woburn, MA) and D-gal (50 mg/kg) for 8 weeks,
and group 3 mice were injected subcutaneously with PBS
for 8 weeks.

Injection of Labeled LDL

Human LDL or oxidized LDL was purchased from (Cal-
biochem, Gibbstown, NJ; Intracel, Frederick, MD, re-
spectively). According to the manufacturer, the LDL
preparations were purified by gradient-based ultracen-
trifugation. LDLs were verified by isoelectric focusing with
the use of immunoelectrophoresis to obtain a single arc.
LDL content was evaluated by staining for lipids by Fast
Red 70 and proteins by Coomassie Blue staining. To
avoid aggregation, LDL and oxidized LDL preparations
were used within 1 week of purchase. LDLs were labeled
with rhodamine with the use of the Fluororeporter Rhoda-
mine Red Protein Labeling Kit (Invitrogen, Inc., Carlsbad,
CA) according to the manufacturer’s instructions. After
the 8-week D-gal treatment, mice were injected intrave-
nously via the tail vein with 500 �g of rhodamine-labeled
LDL or oxidized LDL and sacrificed at 5 minutes, 24
hours, and 72 hours later to evaluate LDL retention in the
fundus.

Tissue Processing

Mouse eyes were enucleated at the appropriate time
points and lightly fixed in 2% paraformaldehyde (Sigma-
Aldrich), cryopreserved, and sectioned for histochemical
evaluation.

Human globes from 49- to 93-year-old donors were
obtained from the National Disease Research Inter-
change (Philadelphia, PA). Eyes had been enucleated
within 6 hours of death, were on life support for �24
hours, and were processed within 24 hours of death
(Table 1). The protocol in this study adhered to the tenets
of the Declaration of Helsinki for research involving hu-
man tissue. Globes were selected for early AMD and
defined by clinical history and the presence of basal
deposits thicker than the normal height of an RPE cell (ie,
�8 �m), as defined by Sarks35 with the use of our previ-
ously described protocol.36 Macular calottes were fixed
for 1 hour in 2% paraformaldehyde and then cryopro-
tected by progressive infiltration in 10% and 20% sucrose
in PBS (w/v) before freezing in 2:1 sucrose 20% (w/v):

OCT compound at �80°C.
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IHC and Fluorescence IHC

For fluorescence immunohistochemistry (IHC), mouse
cryosections (7 �m) were first blocked with 2% goat or
donkey serum (Jackson ImmunoResearch, West Grove,
PA) followed by blocking with avidin/biotin blocking re-
agent (Vector Labs, Burlingame, CA), and then treated
with a mouse on mouse blocking reagent (anti-mouse
IgG blocking reagent; Vector Labs) if necessary for 1
hour at room temperature. Sections were then incubated
with the primary antibody: a monoclonal anti-carboxym-
ethyl lysine (CML) monoclonal antibody (1:50; Wako,
Richmond, VA), a rabbit polyclonal antibody to LPL (1:50;
Santa Cruz Biotechnologies, Santa Cruz, CA), a rabbit
polyclonal antibody to versican (1:50; Santa Cruz Bio-
technologies), a goat polyclonal antibody to biglycan (1:
50; Santa Cruz Biotechnologies), a rabbit polyclonal an-
tibody to acid and neutral sphingomyelinase (1:50; Santa
Cruz Biotechnologies), or the appropriate isotype IgG.
The anti-LPL antibody was raised against amino acids 28
to 80, mapping near the N-terminus of LPL of human
origin (Santa Cruz Biotechnologies). This antibody was
Protein A purified and then glutathione S-transferase sub-
tracted. It does not cross-react with other lipases and is
suitable for use in human and mouse tissues.37–39 Sec-

Table 1. Donor Characteristics

Patient AMD Age (years) S

1 No 49
2 No 91
3 No 91
4 No 91
5 No 90
6 No 90
7 Yes 70
8 Yes 72
9 Yes 85

10 Yes 90
11 Yes 93

AMD, age-related macular degeneration; F, female; M, male.
tions were incubated with primary antibody overnight at
4°C, washed with PBS, and incubated with goat anti-
rabbit and donkey anti-goat secondary antibodies, re-
spectively (1:400; Santa Cruz Biotechnologies). Appro-
priate mouse, rabbit, and goat IgGs (Santa Cruz
Biotechnologies) were used as isotype controls. Sections
were imaged with a confocal microscope.

Human macular cryosections (7 �m) were blocked
with avidin/biotin blocking reagent (Vector Labs) and
then incubated with rabbit anti-LPL antibody (1:1000;
Santa Cruz Biotechnologies). Sections were then incu-
bated with biotinylated anti-rabbit IgG (Vector Labs) for
30 minutes at room temperature and then with alkaline
phosphatase–conjugated avidin streptavidin (Vectastain
ABC Kit; Vector Labs) and the appropriate substrate (Al-
kaline Phosphatase Substrate III; Vector Labs). Sections
were counterstained with Nuclear Fast Red (Vector
Labs). To permit interpretation of immunoreaction prod-
uct in the RPE and choroid, some sections were fixed in
4% paraformaldehyde overnight at 4°C immediately after
streptavidin APase IHC. Slides were washed in distilled
water at room temperature, immersed in 0.05% potas-
sium permanganate solution (Aldrich Chemical Co., Mil-
waukee, WI) for 25 minutes, and then rinsed in distilled

Figure 1. Immunofluorescence analysis of CML.
Mice were treated with D-gal for 8 weeks to
induce advanced glycation endproduct forma-
tion. Merged brightfield and fluorescence images
(A, C, E, and G) and fluorescence image only (B,
D, F, and H). A and B: Immunostaining for CML
appears in the RPE, Bruch’s membrane (red ar-
rowheads), and choroidal vasculature (C) of D-
gal–treated mice. Staining is also seen in the
sclera (S) and photoreceptor segments (PR)
when present. C and D: Mice treated with D-gal
and phenacylphiazolium bromide, the advanced
glycation endproduct cross-link breaker, had
mild CML labeling. E and F: PBS-treated mice
had no CML labeling. G and H: IgG control is
also without labeling (n � 3 for each group).
Scale bar � 10 �m.

Enucleation (hours) Cause of death

5:10 Lung cancer
5:25 Lung cancer
5:25 Lung cancer
2:20 Subdural hematoma
3:53 Respiratory arrest
2:45 Stroke
6:10 Lung cancer
6:11 Cardiac arrest
2:28 Multiorgan failure
3:53 Respiratory arrest
5:46 Renal failure
ex

F
F
F
M
F
M
F
F
F
F
F
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water for 5 minutes. Sections were treated with 35%
paracetic acid (Sigma-Aldrich) in a humidified chamber
for 60 to 90 minutes at room temperature followed by
washing in distilled water for 10 minutes and imaged in a
axiovert 200M microscope (Carl Zeiss Micro Imaging,
Inc., Thornwood, NY).

Confocal Microscopy

Confocal microscopy was performed on a laser scanning
confocal microscope (Zeiss 510 META confocal micro-
scope; Carl Zeiss Micro Imaging, Inc.). Rhodamine fluo-
rescence was visualized with the use of an excitation
wavelength of 543 nm and an emission wavelength be-
tween 560 and 585 nm. Green fluorescence staining was
visualized by exciting with a 488-nm laser beam and
collecting emissions between 500 and 552 nm. The flu-
orescence intensity was quantified with Zeiss software
(AxioVision). Results were compared with animals that
received an i.v. injection of PBS. Specifically, the mea-
sured fluorescence of the PBS-injected mice was sub-

Figure 2. Rhodamine-labeled low-density lipoproteins (rho-LDLs) are retai
injection, rho-LDL is seen within Bruch’s membrane (yellow arrowheads
injection, rho-LDL appears in the RPE and Bruch’s membrane (yellow arro
seen when they are present. No labeling is observed in the phenacylphiazoliu

group. S, sclera. Scale bar � 25 �m. B: Quantification of LDL retention in the RPE, Bru
the mean � SEM. *P � 0.05, **P � 0.01.
tracted from the fluorescence obtained from eyes in each
of the experimental groups (D-gal, PTB/D-gal, and PBS).
Separate intensities were calculated for the RPE, Bruch’s
membrane, and choroid. The fluorescence values were
standardized by cross-sectional area of each tissue (n �
3 animals per time point per group).

Statistical Analysis

Statistical significance was determined with analysis of
variance and Bonferroni procedure for post hoc analysis.

Results

D-Gal Treatment Induces AGE Formation in
Bruch’s Membrane

Our laboratory has previously shown that AGEs form in
Bruch’s membrane of mice treated with low-dose D-
gal, coincident with the development of ultrastructural
features of early AMD.32,33 To verify that this treatment

e RPE and Bruch’s membrane of D-gal–treated mice. A: Five minutes after
e choroid (C) in each of the three groups. Twenty-four and 72 hours after
s) mainly in the D-gal group. Occasional labeling of photoreceptors (PR) is
ide (PTB)/D-gal or the PBS groups at these time points; n � 3 mice for each
ned in th
) and th
whead
m brom
ch’s membrane, and choroid at 24 and 72 hours after injection. Bars represent
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induced AGE formation in Bruch’s membrane, sections
were evaluated for CML, a well-established AGE found
to accumulate in basal deposits and drusen in AMD.31

Figure 1 (A and B) shows that mice treated with D-gal
develop CML in Bruch’s membrane, whereas PBS-
treated mice did not develop CML (Figure 1, E and F).
Mice treated with PTB, the AGE cross-link breaker, had
reduced but detectable staining for CML (Figure 1, C
and D). The RPE also showed CML labeling and an
altered cell structure, as we have previously reported32

(Figure 1A).

LDLs Are Retained in Bruch’s Membrane by
AGE Formation

To show that AGE formation in Bruch’s membrane is
acutely associated with LDL retention, C57Bl6 mice
treated with D-gal for 8 weeks were then injected in-
travenously with rhodamine-labeled LDLs. At 5 min-
utes, rhodamine-labeled LDL was found in the RPE,
Bruch’s membrane, and choroid of all three groups
without a difference in fluorescence (data not shown).
Although minimal labeling was observed in PTB/D-gal–
and PBS-treated mice at 24 and 72 hours after injec-
tion, rhodamine-labeled LDL was more prominently re-
tained in the RPE and Bruch’s membrane, as shown in
Figure 2A. As graphically quantified in Figure 2B, the
RPE of D-gal mice retained LDLs 24 hours after injec-
tion significantly more than the PTB/D-gal– and PBS-
injected mice (P � 0.05). LDLs were similarly retained
in the RPE 72 hours after injection in the D-gal group
relative to the PTB/D-gal and PBS controls (P � 0.01).
In Bruch’s membrane of the D-gal–treated mice, LDLs
were increased at 24 and 72 hours after injection com-
pared with the PTB/D-gal and PBS controls. At 24
hours, they were significantly higher in the D-gal group
than in the PTB/D-gal and PBS controls (P � 0.01). At
72 hours, the relative fluorescence remained higher in
the D-gal group than in the PTB/D-gal and PBS groups

(P � 0.01). A similar trend was seen with LDLs in the
choroid, but the magnitude of retention was lower than
the other tissues.

It is possible that oxidized LDLs from the systemic
circulation can get retained in Bruch’s membrane in-
stead of LDLs being oxidized after being retained. To
evaluate this possibility, rhodamine-labeled oxidized
LDLs were injected with the use of the same protocol.
Although labeling was seen at 5 minutes, confirming
that oxidized LDLs transit to the RPE/choroidal complex, we
did not see any measurable retention at 24 and 72 hours
(data not shown). These results suggest that the oxidized
LDLs that are identified in Bruch’s membrane are probably
formed after the retention of LDLs rather than systemically
delivered as oxidized LDL.

Proteoglycans Accumulate in Bruch’s
Membrane after D-Gal Treatment

Several matrix proteoglycans, including decorin, versi-
can, and biglycan, have been associated with LDL
retention in the subendothelial cell matrix early in the
course of atherosclerosis.22,25 We were particularly in-
trigued by biglycan because we previously identified a
1.4-fold increase in biglycan expression in the RPE/
choroid of mice treated with D-gal.33 We, therefore,
performed fluorescence IHC to determine whether
these proteoglycans developed in Bruch’s membrane
after D-gal treatment. Although decorin and versican
showed no staining, biglycan was detected in Bruch’s
membrane of D-gal–treated mice (n � 3) but not PTB/
D-gal– or PBS-treated mice, as shown in Figure 3, A–F.

LPL Also Accumulates in Bruch’s Membrane
after D-Gal Treatment

Because LPL and secretory sphingomyelinases also
contribute to LDL retention in atherosclerosis,26 –28 we
performed fluorescence IHC experiments to determine
whether these molecules accumulate in Bruch’s mem-

Figure 3. Immunofluorescence analysis of bi-
glycan. Merged brightfield and fluorescence im-
ages (A, C, E, and G) and fluorescence image
only to highlight green fluorescence image (B, D,
F, and H). A and B: D-gal–injected mice have
biglycan staining in Bruch’s membrane (white
arrowheads). C and D: Phenacylphiazolium
bromide– and D-gal–injected mice. E and F:
PBS-injected mice. G and H: IgG control. C, cho-
roid; S, sclera; RPE, retinal pigment epithelial
(n � 3 for each group). Scale bar � 25 �m.
brane after D-gal treatment. We did not find IHC
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evidence of either secreted acid or neutral sphingomy-
elinase in any of our samples (data not shown). How-
ever, Figure 4 (A and B) shows that LPL localizes to the
RPE, Bruch’s membrane, and choroid of mice treated
with D-gal. A similar, although more diffuse, staining
pattern was seen in mice treated with D-gal and PTB
(Figure 4, C and D), whereas mice treated with PBS
showed no immunolabeling for LPL (Figure 4, E and F).
These observations correlate with our previous work in
which we found that LPL mRNA expression was in-
creased in the RPE/choroid of mice treated with D-gal
with the use of the same protocol as this study.33

LPL Deficiency Reduces D-gal–Associated LDL
Retention

From this IHC survey, we determined that candidate mol-
ecules for retaining LDLs acutely in our model include
AGEs, biglycan, and LPL. In mice overexpressing bigly-
can and human apoB100, Sallo et al,40 however, found
that these mice did not have increased retention of lipid
particles in Bruch’s membrane over mice overexpressing
only human apoB100. This observation suggests that
molecules other than biglycan are important for lipo-
protein binding in Bruch’s membrane. We, therefore,
obtained LPL-deficient mice and treated them with D-

Figure 5. IHC evidence of LPL in AMD. A: A 49-year-old man without AMD w
side of image has mild basal deposit with diffuse immunolabeling for LPL.
93-year-old man with non-neovascular AMD has LPL labeling along the cho

deposits and drusen (asterisk). Note line of LPL labeling at the inner collagenous lay
point to basal deposits. Scale bar � 25 �m.
gal to induce AGEs to test whether LPL is involved in
LDL retention. D-gal–treated LPL-deficient mice failed
to retain LDLs to any measurable extent at 24 (n � 3)
and 72 (n � 3) hours and showed no difference with
mice that were injected with PBS for 8 weeks (n � 3;
data not shown). These results suggest that LPL accu-
mulation in Bruch’s membrane contributes significantly
to LDL retention.

LPL Also Accumulates in AMD

To further explore whether LPL could contribute to LDL
retention in AMD, we evaluated human maculae for LPL.
In all eyes (n � 11), the choroid was strongly labeled for
LPL. In eyes without AMD (n � 6), we detected LPL
immunolabeling along the choriocapillaris basement
membrane but little to no staining within other areas of
Bruch’s membrane (Figure 5, A and B). However, in eyes
with AMD, we identified discrete LPL labeling in basal
deposits and drusen, two hallmark histopathologic le-
sions associated with AMD (n � 5; Figure 5, C and D).
Figure 5C also shows a line of LPL staining within the
inner Bruch’s membrane that localizes to the inner col-
lagenous layer.

Figure 4. Immunofluorescence analysis of LPL.
Merged brightfield and fluorescence images (A,
C, E, and G) and fluorescence image only to
highlight green fluorescence image (B, D, F, and
H). A and B: D-gal–injected mice have LPL stain-
ing in the RPE, Bruch’s membrane (arrow-
heads), and choroid (C). C and D: Phenacylphia-
zolium bromide– and D-gal–injected mice with
mild LPL staining. E and F: PBS-injected mice have
minimal LPL staining. G and H: IgG control; (n � 3
for each group). S, sclera. Scale bar � 25 �m.

labeling along the choriocapillaris basement membrane (arrowheads). Left
control. Arrowheads point to choriocapillaris basement membrane. C: A

llaris basement membrane (arrowheads) and diffuse LPL labeling in basal
ith LPL
B: IgG
riocapi
er of Bruch’s membrane (yellow arrows). D: IgG control. Yellow arrows
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Discussion

Our experiments show that age-related changes to
Bruch’s membrane through AGE formation can promote
the acute retention of LDLs within the RPE and Bruch’s
membrane after systemic administration. To investigate

Figure 6. Proposed events that promote lipoprotein retention in Bruch’s
membrane. A: Free passage of lipoproteins through Bruch’s membrane. RPE,
retinal pigment epithelium; BrM, Bruch’s membrane; CC, choriocapillaris. B:
Biglycan deposition promotes lipoprotein retention. Oxidative stress induces
protective lipoprotein lipase production with perivascular deposition. C:
Continued production of lipoprotein lipase deposition within Bruch’s mem-
brane promotes lipoprotein retention. D: Retained lipoproteins become ox-
idized and stimulate an immune response with basal deposit formation.
whether molecules involved in LDL retention in athero-
sclerosis are similarly involved in retaining LDLs in
Bruch’s membrane, we identified in D-gal–treated mice
the presence of the AGE product CML, biglycan, and
LPL, but not versican, decorin, or sphingomyelinases.
Because mice overexpressing biglycan and apoB100
did not have significant chronic lipid retention in Bruch’s
membrane,40 we instead focused on the role of LPL and
tested in LPL-deficient mice whether D-gal treatment still
caused LDL retention. We found that mice with LPL de-
ficiency treated with D-gal did not retain LDLs to any
measurable extent. These results suggest that acute LDL
accumulation in Bruch’s membrane of mice with AGE
formation is attributed in large part by LPL.

Proteoglycans have a well-established role of retaining
LDLs early in the pathogenesis of atherosclerosis.22,25

Gustaffson et al41 have shown in mice that LDL retention
is initiated by direct binding to proteoglycans but shifts to
binding with LPL later in the disease. Proteoglycans are
glycoproteins that contain a core protein with covalently
attached glycosaminoglycans. In atherosclerosis, the
important and most abundant core proteins include
biglycan, versican, and decorin.25 The most abundant
glycosaminoglycan side chains are chondroitin sulfate
and dermatan sulfate, both of which are increased in
atherosclerosis, as well as heparan sulfate.42 Biglycan
and versican have been extensively studied for their
role in lipoprotein retention because they i) have strong
affinity for chondroitin and dermatan sulfate proteogly-
cans,42 ii) are enriched in areas of atherosclerosis,42

and iii) bind to apoB100-containing lipoproteins.43 Bi-
glycan has emerged as the most important core protein
involved in the initial lipoprotein retention because it lo-
calizes to areas of lipoprotein retention before lesion de-
velopment.44,45 Versican, however, appears to play a
minor role in early lipoprotein retention because it often
does not colocalize with lipoproteins in vivo.25 The role for
decorin is less clear. It can bind lipoproteins in vitro, but
it tends to localize to areas that are devoid of atheroscle-
rotic lesions.42

Although it is well established that Bruch’s membrane
is a pentilaminar structure composed of the RPE base-
ment membrane, the inner collagenous layer, middle
elastic layer, outer collagenous layer, and choriocapillaris
basement membrane, less is known about its proteogly-
can content. Hewitt et al46 have identified a change in
glycosaminoglycan content from its normal level of 77%
chondroitin/dermatan sulfate and 23% heparan sulfate
proteoglycans to 42% chondroitin/dermatan sulfate and
58% heparan sulfate with aging, and similarly 45% chon-
droitin/dermatan sulfate and the 55% heparan sulfate
content in AMD. Kliffen et al47 reported diffuse immuno-
staining for chondroitin sulfate within basal deposits,
whereas heparan sulfate was focally stained within basal
deposits adjacent to the RPE in AMD samples. Preferen-
tial localization of heparan sulfate to basal deposits is
particularly intriguing, given the recent observations by
Kelly et al48 that heparan sulfate of Bruch’s membrane
accelerated complement activation. These observations,
along with our identification of biglycan, suggest that
biglycan is a potentially important molecule involved in

lipoprotein retention within Bruch’s membrane.
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We also identified LPL in Bruch’s membrane of D-gal–
treated mice. LPL is a part of the nutritional system to
deliver fatty acids to body tissues by lipoproteins.49 LPL
appears to have both a protective and a pathologic role
in atherosclerosis. When adjacent to endothelial cells,
LPL is protective because it breaks down potentially un-
wanted lipids in lipoproteins.26 However, it becomes pro-
atherosclerotic when it is located within the intra-arterial
space because it acts non-enzymatically as a molecular
bridge by binding to the glycosaminoglycan component
of proteoglycans and LDLs.26,27 The presence of both
biglycan and LPL, as in atherosclerosis, suggested to us
that lipoproteins might be retained in Bruch’s membrane
by binding to both of these molecules. We tested this
possibility by inducing AGE formation in LPL-deficient
mice and found that lipoproteins were not retained after
acute injection of labeled lipoproteins. This result sug-
gests that LPL is critical for lipoprotein retention under our
experimental conditions. Our results also suggest that
AGE formation may serve instead to influence lipoprotein
retention by inducing LPL expression rather than altering
the supramolecular architecture of Bruch’s membrane.
Our previous work identified the transcriptional up-regu-
lation of LPL in the RPE/choroid of mice treated with D-gal
compared with PBS-treated mice.33 This scenario would
be analogous of that seen in macrophages, whereby
AGEs or oxidative stress stimulate LPL production.50,51

These findings have relevance to AMD because we have
previously identified AGEs in basal deposits and drusen
in AMD.31,52 In this study, we also identified LPL in human
samples. Strong labeling was seen in the choroid and the
choriocapillaris basement membrane of all eyes. This
pattern is similar to what is seen in arteries without lipo-
protein retention. However, in eyes with AMD, LPL was
also found in drusen and basal deposits. As seen in
Figure 5C, a line of LPL immunolabeling is seen in the
inner collagenous layer, which corresponds in location to
the “lipid wall” that Ruberti et al12 have observed. This
raises the possibility that increased production of LPL
results in its diffusion into Bruch’s membrane into an area
of known lipoprotein accumulation and suggests that LPL
may participate in lipoprotein retention.

How do our findings fit in context with the genetic
variations associated with the risk of AMD? We focused
our studies on the influence of AGEs to Bruch’s mem-
brane as one change that develops during aging and
early AMD, regardless of genetic profile. Clark et al53,54

have shown that the coding change in the Y402H single
nucleotide polymorphism alters complement factor H
(CFH) binding to sulfated polysaccharides such as hep-
arin sulfate proteoglycans and Bruch’s membrane. Re-
cently, Kelly et al48 found that the full-length CFH, and not
a recombinant fragment as in the studies by Clark
et al,53,54 is not influenced by heparin sulfate content in
binding to Bruch’s membrane. Instead, heparin sulfate
can modulate the function of full-length CFH. Therefore,
changes in heparin sulfate content in Bruch’s membrane
with aging can influence the degree of complement ac-
tivation. It is unclear what effect biglycan or LPL them-
selves, or the lipid wall that is known to be comprised of

lipoproteins, might have on the regulatory effect of hep-
arin sulfates on CFH function. Given that the mechanism
of how the CFH variant causes AMD remains poorly un-
derstood, further work on the effect of lipoproteins on
CFH modulation is a worthwhile avenue for future studies.

The experimental design that tested acute lipoprotein
retention does not guarantee that biglycan and LPL par-
ticipates in chronic lipoprotein retention in Bruch’s mem-
brane. Because we did not specifically test the role of
biglycan in our model system, the specific role of bigly-
can remains unknown. The deficiency of LPL virtually
eliminated any acute retention in D-gal–treated mice. Fu-
ture work will hopefully determine whether LPL is suffi-
cient to retain LDLs in Bruch’s membrane or whether it is
the combination of biglycan and LPL that is ultimately
required. We suspect that LPL, as in atherosclerosis, is
necessary for lipoprotein retention in Bruch’s membrane
because mice that overexpress biglycan and apoB100
did not have enhanced lipoprotein retention compared
with mice expressing apoB100.40

At present, the origin of lipoproteins that get deposited
in Bruch’s membrane, whether from the RPE or systemi-
cally derived, remains unknown. Both our laboratory and
the Curcio laboratory have provided evidence for local
production of apoB100 lipoprotein particles.55,56 Our ex-
periments tested the effect of aging-related changes to
Bruch’s membrane on lipoprotein retention after i.v. in-
jection. Because material can transit through Bruch’s
membrane in a bidirectional manner, these results indi-
cate that lipoproteins from either a local or systemic
source, because of changes in Bruch’s membrane, can
become retained. Our work indicates that lipoproteins
can get retained by age-related changes in Bruch’s
membrane resulting from AGE formation, proteoglycans
such as those containing biglycan, and LPL (Figure 6,
A–D). Although LPL is protective early when localized
near to the vascular endothelium, increased production
from inducers, such as AGEs or oxidative stress, pro-
motes its more widespread deposition into Bruch’s mem-
brane. Along with proteoglycans, LPL then promotes li-
poprotein retention. In the future, we will pursue
experiments in chronic models of lipoprotein retention to
determine the extent to which lipoproteins are retained,
whether they become oxidized from this retention, and
whether they stimulate an immune response that could
promote basal deposit and drusen formation.
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