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ABSTRACT
Purpose: To test the hypothesis that the accumulation of oxidized phospholipids (OxPL) in the macula is toxic to the retina unless
neutralized by a variety of mechanisms, including binding by lipoprotein(a) [Lp(a)], which is composed of apolipoprotein(a) [apo(a)]
and apolipoprotein B-100 (apoB).
Methods: Human maculas and eyes from two Lp(a) transgenic murine models were subjected to morphologic, ultrastructural, and
immunohistochemical analysis. “Wild-type Lp(a)” mice, which express human apoB-100 and apo(a) that contains oxidized
phospholipid, and “mutant LBS- Lp(a)” mice with a defective apo(a) lysine binding site (LBS) for oxidized phospholipid binding,
were fed a chow or high-fat diet for 2 to 12 months. Oxidized phospholipid–containing lipoproteins were detected by
immunoreactivity to E06, a murine monoclonal antibody binding to the phosphocholine headgroup of oxidized, but not native,
phospholipids.
Results: Oxidized phospholipids, apo(a), and apoB accumulate in maculas, including drusen, of age-related macular degeneration
(AMD) samples and age-matched controls. Lp(a) mice fed a high-fat diet developed age-related changes. However, mutant LBS- Lp(a)
mice fed a high-fat diet developed retinal pigment epithelial cell degeneration and drusen. These changes were associated with
increased OxPL, decreased antioxidant defenses, increased complement, and decreased complement regulators.
Conclusions: Human maculas accumulate Lp(a) and OxPL. Mutant LBS- Lp(a) mice, lacking the ability to bind E06-detectable
oxidized phospholipid, develop AMD-like changes. The ability of Lp(a) to bind E06-detectable OxPL may play a protective role in
AMD.
Trans Am Ophthalmol Soc 2015;113:T5[1-22]. ©2015 by the American Ophthalmological Society.

INTRODUCTION
Oxidative stress has been theorized to play a substantive role in the development of age-related macular degeneration (AMD), the
most common cause of blindness among the elderly in Western societies. While oxidation reactions are essential parts of metabolism
and signal transduction, inadequately neutralized reactive oxygen species can damage lipids, proteins, and DNA.1 In part, they do this
by initiating lipid peroxidation, which leads to generation of oxidized lipids and oxidized lipid-protein adducts. We have shown that
such oxidation-specific epitopes (OSEs) are proinflammatory and are recognized by both adaptive and innate immune responses.2,3
Inadequate neutralization of the OSEs can convert the protective immune reaction into a pathologic response. For example, we have
shown that the complement regulator factor H, which is classically known to control the alternative pathway, also binds the lipid
peroxidation product malondialdehyde (MDA), and that the 402H polymorphism, which confers increased risk for AMD, has reduced
binding to MDA, indicating a causal link to disease etiology.4
Oxidation-specific epitopes have been identified in all layers of the macula in AMD. In the retina, docosohexanoic acid, the most
abundant fatty acid in photoreceptor tips, is oxidized to carboxyethylpyrrole (CEP) as well as other oxidized lipids, which “tag”
oxidatively damaged photoreceptors in AMD.5,6 The retinal pigment epithelium (RPE) contains multiple OSEs, including MDA and 4hydroxynonenal, as well as advanced glycation end products (AGEs),7,8 whereas Bruch’s membrane, including drusen, contains
AGEs, MDA, CEP, and oxidized phospholipids (OxPL).6,9-11 We are especially interested in OxPL, not only because they are a
prominent consequence of lipid peroxidation of the highly polyunsaturated fatty acids found in the photoreceptors, but also because
OxPL are prominently formed when cells undergo apoptosis, a known mechanism of cell death in AMD.12 As studied in this thesis,
the term OxPl refers to phosphocholine (PC)-containing OxPL, which we detect with the IgM natural antibody E06 that binds to the
PC moiety of OxPL but not to the PC moiety of unoxidized phospholipids.13,14
The Curcio laboratory has identified an age-dependent accumulation of low-density lipoprotein (LDL)–like particles in Bruch’s
membrane with aging and AMD.15-18 We identified similar, oxidized lipoprotein particles in Bruch’s membrane, including drusen, in
early AMD samples and found that oxidized LDL (OxLDL) induced a pathologic response to RPE cells in vitro.19 Oxidized
lipoproteins contain a variety of products resulting from oxidative modifications to both the lipid and apolipoprotein components.20
This work prompted our interest in lipoprotein (a) [Lp(a)], which is a lipoprotein composed of apolipoprotein(a) [apo(a)] covalently
bound to apolipoprotein B-100 (apoB) by a disulfide bond between Cys4326 of apoB and Cys4057 of apo(a) on kringle IV type 9
(KIV9).21-23 Apo(a) is highly homologous to the plasminogen gene, which contains 5 kringles (K) and a protease domain. However,
apo(a) is distinct from plasminogen, as it contains only KIV (10 subtypes, of which KIV-2 is present in multiple and variable copies)
and KV, and has an inactive protease domain due to a Ser561-Ile562 substitution for Arg561-Val562 that prevents plasminogen activators
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from converting apo(a) to plasmin. Unlike plasminogen, apo(a) is not widely distributed among different species and, instead, is
uniquely present only in humans, nonhuman primates, and Old World monkeys. It should be noted that apo(a) is distinct from apoAI,
the major protein moiety of high-density lipoproteins.
In humans, Lp(a) has been shown to have the unique property of binding OxPL and accounts for 85% or more of all PC-containing
OxPL found on lipoproteins in plasma, as determined by the binding of murine monoclonal antibody E06.25 It has been speculated that
Lp(a) may become atherogenic because it has enhanced binding to arterial intimal proteoglycans, and thus increases local
concentrations of proinflammatory OxPL. We thus sought to test the hypothesis that OSEs formed in the posterior pole, which is a
high oxidative stress environment, are proinflammatory and toxic, resulting in retinal injury unless neutralized by a variety of
mechanisms. In this study, we looked specifically at the role of OxPL in AMD as an OSE, and particularly those OxPL associated
with Lp(a). To address this hypothesis, we have taken advantage of unique transgenic mice that express wild-type human Lp(a), which
has the capacity to bind OxPL, and compared them to a different transgenic model that expresses a mutant form of apo(a), in which
the Lp(a) lacks the ability to contain immunologically detectable OxPL, as detected by monoclonal antibody E06. We have studied the
impact of accumulated OxPL in the fundus of these two transgenic mouse models of Lp(a).

METHODS
HUMAN TISSUE PROCESSING
The protocol in this study adhered to the tenets of the Declaration of Helsinki for research involving human tissue. Globes from 43- to
95-year-old donors were obtained from the National Development and Research Institutes, Inc, Philadelphia, Pennsylvania, within 6
hours of death, and when applicable, donors had been on life support for less than 24 hours (Table 1). Globes were selected for early
AMD, which was defined by clinical history and the presence of basal deposits thicker than the normal height of an RPE cell (ie, >8
µm), as defined by Sarks using our previously described protocol.26,27 Macular calottes were fixed for 1 hour in 2% paraformaldehyde
with 20 mM butylated hydroxytoluene (BHT) and then cryoprotected by progressive infiltration in 10% and 20% sucrose in
phosphate-buffered saline (PBS) (w/v) before freezing in 2:1 sucrose 20% (w/v):OCT compound at −80°C. We also assessed a
second cohort of maculas by using autopsy eyes (n=9; Table 1) obtained from the Wilmer Eye Institute Pathology Division after
approval from the Human Subjects Committee at Johns Hopkins University. Eyes were fixed in 4% formaldehyde, paraffin embedded,
sectioned to 4 μm thickness, and deparaffinized with xylene and an ethanol gradient.
CELL CULTURE
The routine maintenance of the established, nonimmortalized human RPE cell line ARPE-19 has been previously described.28 For
experiments, ARPE-19 cells were seeded at 100,000/cm2 in 6 well plates containing Dulbecco’s Modified Eagle medium
(DMEM)/F12 with 15 mM HEPES buffer and 10% fetal bovine serum (FBS) and 2 mM L-glutamine solution at 37°C for 1 week, and
serum was withdrawn in DMEM/F12+1% bovine serum albumin (BSA) for 3 days to render ARPE-19 cells quiescent.
RNA EXTRACTION
Total RNA was extracted using the RNeasy Mini Kit (Qiagen Inc) according to the manufacturer’s recommendation. RNA quality was
confirmed with the Agilent Bioanalyzer (Agilent Technologies, Inc, Palo Alto, California).
TAQMAN RT-QPCR
Reverse transcription was performed using random hexamers and MultiScribe reverse transcriptase according to the manufacturer’s
recommendations (Applied Biosystems, Foster City, California). Quantitative real-time reverse transcription–polymerase chain
reaction analysis (QRT-PCR) was performed using Assay-on-Demand primers and probe sets from Applied Biosystems with the ABI
StepOnePlus Taqman system (Applied Biosystems). β-Actin was used for normalization. The unpaired t test was used to compare the
differential gene expression between conditions.
WILD-TYPE LP(A) AND MUTANT LP(A) MICE
In this study we use two Lp(a) transgenic mouse models. Both Lp(a) models express human apo(a) and human apoB-100 to generate
authentic Lp(a) particles, as human apo(a) does not covalently bind to murine apoB.29-31 One Lp(a) model expresses a truncated
human (a) variant, termed WT Lp(a), of which the Lp(a) binds immunologically detectable OxPL by murine monoclonal antibody
E06. The second Lp(a) transgenic model, termed mutant LBS- Lp(a) mice, expresses a similarly sized mutant apo(a) but with a
defective lysine binding site (LBS) on kringle IV-10. Mutant apo(a) mice contain a defective KIV 10 LBS in the KIV 10 LBS of apo(a),
which were generated using a cDNA construct where Asp55 and Asp57 residues in the KIV10 LBS were replaced with Ala55 and Ala57
residues, as reported.30 This mutant Lp(a) does not have detectable OxPL by E06. These models were previously described in detail.29
In both murine models, the apo(a) construct used to generate apo(a) transgenic mice contains the apoE promoter and 8 KIV units
(KIV 1 , a single copy of KIV 2 , a fusion of KIV 3 and KIV 5 , KIV 6 to KIV 10 ), KV, and the inactive protease-like domain, and were
generated on a C57BL/6J×SJL background, as previously described.31
Lp(a) mice were generated by crossing hemizygous apo(a) mice with hemizygous mice expressing human apoB-100, which were
previously generated with an apoB mutation in codon 2,153 that prevented apoB-48 synthesis.32 Mutant LBS- apo(a)/Lp(a) mice were
generated by crossing hemizygous mutant LBS- apo(a) mice with hemizygous human apoB-100 mice. Mice were housed in a barrier
facility with a 12-hour light/12-hour dark cycle, and fed either a normal chow diet or a chow diet containing 1.25% cholesterol and
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21% milk fat. Mice were genotyped by obtaining DNA from the tip of the tail and performing PCR using MyTaq HS Red Mix
(Bioline, Inc, Taunton, Massachusetts). Forward and reverse primers for apo(a) were 5′-GACGGGAGACAGAGTGAAGC-3′ and 5′TACCTAAACCACGCCAGGAC-3′, respectively, and for apoB-100 5′-GAAGAACTTCCGGAGAGTTGCAAT-3′ and 5′CTCTTAGCCCCATTCAGCTCTGAC-3′, respectively. Mice were sacrificed at 12 months of age. All experiments were conducted
according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the research was approved by the
Institutional Research Board at the Johns Hopkins Medical Institutions.
TABLE 1. DEMOGRAPHICS OF DONOR EYES WITH AND WITHOUT AMD
AGE
(YEARS)

SEX

RACE

AMD
(YES/NO)

D-E
(HOURS)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

74
76
76
77
84
84
85
87
87
90
90
91
91
91
93
94
95
95
43
46
67
70
76
78
80
95

F
M
F
M
M
M
F
F
F
F
M
M
F
F
F
F
F
F
M
M
M
F
M
F
F
F

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
N
N
N
N

2.5
4
6.3
3
4.5
6
2.5
3
5.5
4
2.5
2
2.5
5
5.5
5.5
5
3
6
4
5
6
3.5
4.5
6
3

1
2
3
4
5
6
7
8
9

55
60
83
87
91
77
84
84
95

M
M
F
M
M
F
M
F
F

C
C
C
C
C
C
C
C
C

Y
Y
Y
Y
Y
N
N
N
N

20
28
14
24
22
Unknown
44
75
Unknown

DONOR
Cohort 1

Cohort 2

AMD, age-related macular degeneration; C, Caucasian; D-E, death to enucleation.
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TISSUE PREPARATION
After mice were sacrificed and eyes were enucleated, one eye was fixed in 2.5% glutaraldehyde and 1% paraformaldehyde in 0.08M
cacodylate buffer for transmission electron microscopy. The central 2×2-mm tissue temporal to the optic nerve was postfixed with 1%
osmium tetroxide and dehydrated and embedded in Poly/Bed 812 resin (Polysciences, Inc, Warrington, Pennsylvania). Semithin
sections were stained with toluidine blue. Ultrathin sections were stained with uranyl acetate and lead citrate. The contralateral eye
was fixed in 2% paraformaldehyde with 20 mM BHT and cryopreserved, as described earlier, for immunohistochemical analysis.
ENZYME-LINKED IMMUNOSORBENT ASSAY FOR TOTAL APO(a), LP(a), OxPL/APO(a), AND OxPL/apoB IN
MOUSE PLASMA
Both transgenic Lp(a) mice overexpress apo(a) in greater proportion to human apoB-100; therefore, they have circulating free apo(a),
Lp(a) [apo(a) covalently bound to human apoB-100], and apo(a) noncovalently bound to mouse apoB, as previously described.33,34
Therefore, “total apo(a)” and Lp(a) were both measured, as previously described.33,34 The presence of total apo(a), Lp(a), OxPL/apoB100, and OxPL/apo(a) in mouse plasma was determined by a variety of immunoassays, as previously described.34,35 MB47 is an IgG
murine monoclonal antibody that binds near the LDL-receptor binding domain of human apoB-100.36 E06 is a murine monoclonal
IgM natural antibody cloned from apoE-/- mice that binds the PC headgroup of PC containing OxPL, and recognizes OxPL whether
free or covalently bound to proteins, but does not bind to unoxidized, native PC containing PL.37,38 To determine total apo(a) levels in
WT Lp(a) and mutant LBS- Lp(a) mice, apo(a) was captured on microtiter well plates with LPA4 (5 μg/mL) and apo(a) detected with
biotin-LPA4 (LPA4 binds to a TRNYCRNPDAEIRP epitope present on KIV-5, KIV-7, and KIV-8 of apo(a), and therefore the same
antibody can be used in a sandwich ELISA). Lp(a) levels were measured in transgenic WT and mutant Lp(a) mice by immobilizing
MB47 (5 μg/mL), a murine monoclonal antibody to human apoB-100 that does not cross-react with mouse apoB, on microtiter well
plates for capture of human apoB-100; plasma was added (1:400), and Lp(a) detected with antibody LPA4. For OxPL/apoB sandwich
ELISA, we used MB47 (5 μg/mL) as capture antibody, which was plated overnight, and then plasma (1:50 dilution) was added and
OxPL detected with biotinylated E06 (2 μg/mL). For OxPL/apo(a) sandwich ELISA, LPA4 (5 μg/mL) was used as capture antibody; it
was plated overnight and then plasma (1:50 dilution) was added and OxPL detected with biotinylated E06 (2 μg/mL). Values are
reported as relative light units per 100 ms using chemiluminescent ELISA.
IMMUNOHISTOCHEMISTRY
A sheep polyclonal anti-“Lp(a)” biotinylated antibody (Abcam, Inc) and LPA4, which does not cross-react with plasminogen,39 were
used to detect apo(a). MB47 was used to detect human apoB-10036 and E06 to detect OxPL. Antigens were retrieved with the Target
Retrieval System (Dako, Inc, Carpinteria, California). Sections were incubated with blocking serum for 1 hour; with sheep polyclonal
anti-Lp(a) biotinylated antibody (1:100), mouse anti-apo(a) monoclonal antibody (LPA4; 1:1000), anti-apoB-100 monoclonal
antibody (MB47; 1:100), or anti-OxPL mouse monoclonal IgM (E06; 1:100), and equivalent concentrations of mouse IgG or IgM
isotype controls overnight at 4°C; with biotinylated anti-mouse IgG (1:10,000; Vector Laboratories, Inc, Burlingame, California) or
IgM (1:4000; Vector Laboratories) for 60 minutes; and then with ABC-AP (Vector Laboratories) for 30 minutes. The chromagen was
developed with 5-bromo-4-chloro-3-indoyl phosphate (BCIP)/nitroblue tetrazolium (NBT) kit (Vector Laboratories) supplemented
with levamisole. Sections were viewed with a light microscope equipped with the Cri-Nuance system (Caliper Life Sciences, Inc,
Hopkinton, Massachusetts) to subtract out the melanin. Immunolabeling was assessed for tissue distribution within each section.
Relative immunolabeling abundance was assessed by the extent of the labeling area. Staining intensity was a secondary criterion, but
it was utilized only within the same tissue sections to exclude unintentional confounding influences across donors.
MOUSE IMMUNOFLUORESCENCE STUDIES
For fluorescence immunohistochemistry, mouse cryosections (8 μm) were first blocked with 2% donkey serum and avidin/biotin
blocking reagent (Vector Laboratories), or treated with a mouse-on-mouse (MOM) blocking reagent for 1 hour at room temperature.
Sections were then incubated with the primary antibody: rabbit polyclonal anti-annexin V (1:200, Abcam), rat monoclonal anti-C3
(1:100; Chemicon, Billerica, Massachusetts), rabbit polyclonal anti- C3d (1:100, Abcam), rabbit polyclonal anti-C5 (1:20, Abcam),
rabbit polyclonal anti-C5b-9 (1:200, Abcam), sheep polyclonal anti-CFH (1:100, Abcam), goat polyclonal anti-Crry (1:50; Santa Cruz
Biotechnology, Inc, Santa Cruz, California), mouse monoclonal anti-CD59 (IgG2b, 1:50, Abcam), rabbit polyclonal anti-rhodopsin
(1:100, Abcam), rabbit polyclonal anti-HO-1 (1:200, Abcam), goat polyclonal anti-NQO1 (1:50, Santa Cruz Biotechnology), or mouse
E06 IgM antibody to OxPL (1:100), overnight at 4°C, washed with PBS, and incubated with donkey anti-goat-Alexa fluor 647
(1:1000; Life Technologies, Grand Island, New York), donkey anti-goat-FITC (1:1000, Santa Cruz Biotechnology), donkey antisheep-Alexa488 (1:1000, Invitrogen), donkey anti-rat-Alexa488 (1:1000, Invitrogen), goat anti-mouse IgM-Alexa594 (1:2000,
Invitrogen), goat anti-mouse IgGb2-Alexa fluor 594 (1:500, Invitrogen), goat anti-rabbit-FITC (1:1000, Santa Cruz Biotechnology), or
a MOM biotinylated anti-mouse IgG secondary antibody, followed by rhodamine avidin D (Vector Laboratories). Appropriate mouse,
goat, or rabbit IgG (Santa Cruz Biotechnology) were used as isotype controls. Z-stack images of tissue sections were imaged using a
Zeiss ZEN LSM 710 confocal microscope.
ELECTRON MICROSCOPY
Ultrathin sections were examined with a JEM-100 CX electron microscope (JEOL, Ltd, Tokyo, Japan) in the Wilmer Core Facility.
RPE, Bruch’s membrane, and choriocapillaris ultrastructural changes were graded for severity. Each change was graded on an ordinal
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scale from 0 to 3 using a minimum of 50 sections by a masked observer. Ordinal logistic regression analysis was performed using
Stata Version 8 (Statacorp, College Station, Texas), as previously described.40-42
TUNEL ASSAY
Cryosections were dried at room temperature for 30 minutes. After rinsing the sections with PBS, tissue was permeabilized with 0.1%
triton X-100 and 0.1% sodium citrate for 2 minutes on ice. TUNEL labeling was performed with an In Situ Cell Death Detection Kit,
TMR red (Roche Diagnostics, GmbH, Mannheim, Germany). Sections were incubated and covered with parafilm for 60 minutes at
37°C. Sections were counterstained with DAPI (Vector Laboratories). Positive controls were created by incubating tissue with 1
mg/mL DNase I in 50 mM Tris-HCl, pH 7.5, 1 mM magnesium chloride, and 1 mg/mL BSA for 10 minutes at room temperature.
TMR and DAPI were visualized with a confocal microscope (Zeiss 510 META confocal microscope; Carl Zeiss MicroImaging, Inc,
Thornwood, New York) at 543 nm and 455 nm, respectively.

RESULTS
OxPL ACCUMULATE IN BRUCH’S MEMBRANE
Utilizing monoclonal antibody E06, we first determined whether PC-containing OxPL were found in the human macula. We evaluated
18 AMD specimens and 8 controls ranging in age from 43 to 95 years (Table 1). We found that OxPL accumulate in Bruch’s
membrane and choroid of all the control (n=8) and AMD maculas (n=18; Figure 1). The distribution was very similar between AMD
and control samples. However, OxPL labeling was also detected in drusen deposits of all AMD samples (Figure 1).

FIGURE 1
OxPL immunolabeling using E06 antibody of human maculas. A, Macula of a 76-year-old
woman with early age-related macular degeneration (AMD). Bruch’s membrane (BrM),
especially the choriocapillaris (CC) basement membrane (red arrows), and the choroid show
immunostaining for OxPL. A druse (red arrowhead) adjacent to basal laminar deposits (*) is
prominently stained. The retinal pigment epithelium (RPE) does not stain. B, Higher-power view
of a druse from an 84-year-old man with early AMD. Note the punctate-like staining pattern, and
staining within BrM along the RPE basement membrane (white arrows). C, OxPL staining is
seen in a 76-year-old woman without AMD. The CC basement membrane (red arrows) and
choroid are most prominently stained for OxPL. D, IgM control shows no immunolabeling. Red
arrowheads point to drusen. Bar=50 μm.
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APO(a) LOCALIZES TO OUTER BRUCH’S MEMBRANE IN AMD
We next determined the extent that apo(a) accumulates in the macula. Using a commercially available anti-“Lp(a)” antibody,
immunolabeling for Lp(a) was seen within the choroid and outer Bruch’s membrane, with the strongest labeling within the
choriocapillaris basement membrane in both AMD (Figure 2A) and non-AMD (Figure 2B) maculas. While the RPE did not stain in
any samples, punctate apo(a) labeling is observed within drusen and basal deposits, another histopathological marker for AMD, in 5 of
the 18 AMD samples (Figure 2A). A limited number of our samples (n=3) contained neuroretina. Immunostaining in these samples for
apo(a) was confined to the retinal vasculature (Figure 2D).

FIGURE 2
Apo(a) immunolabeling of human maculas. A, A
74-year-old woman with early age-related
macular degeneration (AMD). Outer Bruch’s
membrane, especially the choriocapillaris
basement membrane (red arrows), and the choroid
show immunostaining for apo(a). While the
retinal pigment epithelium (RPE) does not label
for apo(a), a large druse (150 μm) shows punctate
and vacuole-like immunolabeling. B, A 70-yearold woman without AMD. Immunolabeling for
apo(a) is seen in outer Bruch’s membrane,
including the choriocapillaris basement membrane
(red arrows) and the choroid (Ch). C, IgG isotype
control showing no labeling. D, An 80-year-old
woman without AMD. Immunostaining for apo(a)
is seen within retinal vasculature (red
arrowheads), but not the neurosensory retina (NR)
itself. Bar=150 μm.

According to the manufacturer, this commercially available antibody was purified using a human plasminogen-Sepharose affinity
column to remove cross-reactivity to plasminogen, followed by an apo(a)-Sepharose affinity column. To fully remove doubt of
potential plasminogen cross-reactivity, we looked at a different cohort (n=5 AMD, n=4 age-matched controls) using the monoclonal
antibody LPA4, which does not bind plasminogen, and found a similar labeling pattern. Immunolabeling for apo(a) was consistent and
diffuse in the choroid of all AMD (n=5) and age-matched control (n=4) maculas. In control samples, minimal if any apo(a)
immunolabeling was seen in the RPE or Bruch’s membrane. In the AMD samples, subtle immunostaining was seen in the basal RPE
or within Bruch’s membrane compared to the choroid. However, the choriocapillaris basement membrane of Bruch’s membrane had
relatively more intense staining in 3 of the 5 AMD samples compared to what was seen in the choriocapillaris basement membrane,
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compared to the rest of Bruch’s membrane, in controls. Drusen and basal deposits were immunostained with mild intensity compared
to that seen in the choroid (Figure 3).

FIGURE 3
Apo(a) immunolabeling of human maculas using antiLPA4, an apo(a) specific monoclonal antibody. A, An
84-year-old man without age-related macular
degeneration (AMD) shows punctate and diffuse
labeling for apo(a) throughout the choroid (Ch), but
labeling is minimal to absent in Bruch’s membrane
(BrM). Extracellular debris at the apical surface of the
retinal pigment epithelium (RPE) stains for apo(a). B,
A 91-year-old man with early AMD shows diffuse
apo(a) labeling throughout the choroid, especially in
the choriocapillaris (arrowheads), with light staining
as well in Bruch’s membrane (BrM) (arrows). A small
druse (*) stains lightly for apo(a). C, IgG control from
the same 91-year-old man without labeling. Bar=25
μm.

We next evaluated the distribution of apoB-100 in cohort 2 using MB47, which binds to apoB-100 near the LDL-receptor binding
domain, and binds to apoB on OxLDL even with extensive oxidation. In controls and nondiseased regions of AMD samples, apoB100 immunolabeling was occasionally observed in RPE cells and occasionally in Bruch’s membrane. Staining in the choroid was
mosaic in distribution compared with apo(a), which was widely distributed. While not all basal deposits and drusen of AMD samples
stained, others displayed obvious apoB-100 punctate labeling. ApoB-100 staining in the choroid was light in intensity compared to
regions of drusen or staining within the RPE (Figure 4). In Figure 5, photomicrographs of the macula from a 55-year-old man with
AMD show staining for apo(a) and apoB-100 at the base of the RPE overlying a druse and within outer BrM.
The distribution of apo(a) near blood vessels suggests a systemic origin, with delivery of Lp(a) to the macula from either the
retinal or choroidal circulation. However, apo(a) could be locally produced because the RPE can manufacture apoB-100 lipoprotein
particles, but it is unknown if they can synthesize apo(a). Apo(a) is only known to be primarily synthesized in hepatocytes. To
determine if the RPE could express apo(a), we treated human ARPE-19 cells with IL-6 at 1 to 10 ng/mL, or with tumor necrosis factor
(TNF)-α at 0 to 200 ng/mL, two known stimulators of apo(a).43 We did not find measurable apo(a) transcript levels, in contrast to
robust levels of apo(a) from hepG2 cells using RT-qPCR (data not shown). These results suggest that RPE cells are not likely making
apo(a) in vivo, although further work, such as verifying the lack of expression in primary RPE cell lines or using a model that can
express drusen proteins,44 is necessary to definitely exclude that the RPE can express apo(a).
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FIGURE 4
ApoB immunolabeling of human maculas using
MB47, which binds apoB-100. A, A 77-year-old
woman without age-related macular degeneration
(AMD) shows mosaic immunolabeling for apoB
in the choroid (Ch) and Bruch’s membrane (BrM)
(arrow). There is minimal labeling in the retinal
pigment epithelium (RPE) (arrowheads). B, A 91year-old man with AMD shows mosaic
immunolabeling for apoB in the choroid, punctate
staining in basal deposits (arrows) within Bruch’s
membrane, and staining of the RPE (arrowhead).
C, An 83-year-old woman with AMD shows
obvious punctate immunolabeling in a large druse
(*), with mosaic labeling in the choroid. Some
RPE are labeled for apoB (arrowheads). D, IgG
control from the same 83-year-old woman.
Bar=25 μm.
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FIGURE 5
Immunolabeling for apo(a) and apoB-100 in a 55year-old
man
with
age-related
macular
degeneration. A, Immunolabeling for apoB in the
choroid (Ch) and at the apex of the same druse (*).
B, Obvious apo(a) labeling is diffusely distributed
in the choroid, at the apex of the druse (*), and
within remnants of retinal pigment epithelium
(RPE) cells overlying the druse. BrM, Bruch’s
membrane. Bar=25 μm.

MUTANT LBS- LP(a) MICE SHOW PHENOTYPIC FEATURES OF AMD
We have shown that Lp(a) binds OxPL in human plasma. With evidence of apo(a) in Bruch’s membrane/choroid and OxPL in human
maculas, we next addressed the hypothesis that apo(a) will bind OxPLs that form in the fundus and prevent an inflammatory-mediated
pathologic phenotype by evaluating transgenic WT Lp(a) and mutant LBS- Lp(a) mice. Mice were fed either a normal chow or a highfat diet from 2 to 12 months of age and then sacrificed. Plasma was obtained after 36 weeks to assess the levels of total apo(a), Lp(a),
OxPL/apo(a), and OxPL/apoB. Compared to WT Lp(a) mice, mutant LBS- Lp(a) mice had higher (~2×) total apo(a) and Lp(a) plasma
levels, but much lower OxPL/apoB (10×) and OxPL/apo(a) (5×) levels, as shown in Figure 6.

FIGURE 6
Biomarkers in the serum of Lp(a) mouse models after 36 weeks of high-fat
diet. Bars indicate mean value and standard error of the mean. RLU,
relative light units. *P<.05; **P<.01; ***P<.001.
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We next evaluated the retinal morphology of these mice. WT Lp(a) and mutant LBS- Lp(a) mice that were fed a normal chow diet
did not show significant morphologic changes on semithin sections (Figure 7, A and B). Twelve-month-old WT Lp(a) mice (n=10) fed
a high-fat diet had minimal morphologic changes to the photoreceptors, RPE, Bruch’s membrane, and choroid that are compatible
with aging (Figure 7C). In contrast, mutant LBS- Lp(a) mice on a high-fat diet (n=10) had dysmorphic RPE with prominent vacuoles
in 10 of 10 mice examined (Figure 7D). Drusen, a hallmark sign of AMD, were present in 4 of 10 mutant LBS- Lp(a) mice examined
(Figure 7E), whereas only one druse was observed in a single WT Lp(a) mouse.

FIGURE 7
Semithin sections of WT Lp(a) and mutant LBSLp(a) mouse fundi. A, A 12-month-old WT mouse
given a normal chow diet shows normal morphology
of the retina, retinal pigment epithelium (RPE),
Bruch’s membrane (BrM), and choroid (Ch). B, A
12-month-old mutant Lp(a) mouse given a normal
chow diet shows normal fundus morphology
compared to WT mice. C, A 12-month-old WT Lp(a)
mouse on a high-fat diet (HFD) also had normal
fundus morphology. D, A 12-month-old mutant LBSLp(a) mouse on a HFD with morphologically normal
photoreceptor outer segments and prominent
vacuoles with the RPE (arrowheads). E, A 12-monthold mutant LBS- Lp(a) mouse on a HFD with drusen
(arrows) and thinned RPE overlying drusen. NR,
neurosensory retina. Bar=25 μm.

We then evaluated the ultrastructural features of the retinas of both WT and mutant Lp(a) mice after normal chow and a high-fat
diet. WT Lp(a) and mutant LBS- Lp(a) mice on normal chow did not exhibit ultrastructural changes in electron micrographs (Figure 8,
A and B). On the other hand, we observed marked differences in ultrastructure between WT and mutant Lp(a) mice on the high-fat
diet. Loss of basal infoldings, a marker of epithelial injury,45-47 and cytoplasmic vacuoles, which have been identified in RPE that
overlie drusen deposits,48 are two relevant ultrastructural markers for RPE degeneration. While mild RPE and Bruch’s membrane
changes that are compatible with aging were observed in the WT mice (n=10) fed a high-fat diet, marked RPE and Bruch’s membrane
changes were observed in the RPE of mutant LBS- Lp(a) mice fed a high-fat diet. Figure 9, A through D, shows ultrastructure from
retinas of WT Lp(a) mice with RPE cells that maintain their basal infoldings and have an occasional vacuole. These changes are
typical of aging mice. In contrast, the RPE of mutant LBS- Lp(a) mice displayed marked ultrastructural abnormalities, including
unprocessed photoreceptor tips at the basal portion of the cell, large membranous vacuoles, markedly dysmorphic mitochondria, and
fewer, dilated basal infoldings, some of which were contiguous with large membranous vacuoles (Figure 9, E through H).
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FIGURE 8
Electron microscopy of WT and mutant LBS- Lp(a)
mice fed a normal chow diet. A, A 12-month-old
WT Lp(a) mouse has ultrastructurally normal retinal
pigment epithelium (RPE) with preserved
basolateral infoldings (BI), melanin pigment, and
mitochondria. Bruch’s membrane has a small outer
collagenous layer deposit (OCL), which is a normal
aging change. The choriocapillaris (CC) has normalappearing fenestrations. B, 12-month-old mutant
LBS- Lp(a) mouse fed a normal chow diet also has
ultrastructurally normal RPE, Bruch’s membrane,
and choriocapillaris. Bar=500 nm.
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FIGURE 9
Electron microscopy of the retinal pigment epithelium
(RPE) from WT and mutant LBS- Lp(a) mice fed a highfat diet. A, A 12-month-old WT Lp(a) mouse has normal
ultrastructural features of the RPE including basolateral
infoldings (BI) and mitochondria (*). Bruch’s membrane
(BrM) has a regular structure without deposits, and the
choriocapillaris (CC) has preserved fenestrations. B, In
another WT Lp(a) mouse, the RPE contains membranous
vacuoles but has preserved basolateral infoldings. BrM
shows thickening of the outer collagenous layer, a
normal aging change. The CC is preserved. C, Higherpower view of WT Lp(a) retinas showing a membranous
vacuole, preserved BI, and mitochondria (*). D, WT
Lp(a) mouse retinas showing some enlarged and fewer
BI and undigested photoreceptor outer segments (POS;
arrow), suggesting some RPE degeneration. E, 12month-old mutant LBS- Lp(a) retinas with shortened,
fewer BI and numerous unprocessed POS (arrows). F,
Another mutant LBS- Lp(a) retina with large vacuole
(V), large, bizarre unprocessed POS, and prominent
heterogeneous basal laminar deposit (BlamD) between
the RPE and RPE basement membrane. G, Another
mutant mouse with RPE that had large vacuoles (V), few
and dilated BI, abnormal internal structure of
mitochondria (*), and prominent BlamD. The
choriocapillaris endothelial fenestrations are preserved.
H, Another mutant retina with marked vacuolization of
the RPE and enlarged, fewer BI. Bar=500 nm.
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Figure 10 illustrates the difference in Bruch’s membrane changes between high-fat-diet-fed WT and mutant mice. WT Lp(a) mice
fed a high-fat diet maintained normal Bruch’s membrane architecture (Figure 10, A through C) with occasional mild thickening of
Bruch’s membrane due to outer collagenous layer deposits, an aging change that is not specific for AMD49 (Figure 10C). In contrast,
in the mutant mice, basal laminar deposits, which accumulate between the RPE cell and RPE basement membrane, were prominent
with heterogeneous content, an ultrastructural feature associated with AMD50 (Figure 10, D and E). Drusen were also confirmed by
transmission electron microscopy (Figure 10F). Choroidal neovascular membranes were not observed in any specimens. Using
semiquantitative regression analysis, we found that phenotypic changes between WT and mutant Lp(a) mice maintained on a normal
diet were not different, but were distinct between the two models on the high-fat diet (Table 2). The phenotypic features of high-fatdiet-fed WT and mutant Lp(a) mice were compared using ordinal regression analysis. Mutant LBS- Lp(a) mice were at increased odds
for developing more severe ultrastructural changes than WT Lp(a) mice, including RPE basolateral infolding changes (odds ratio [OR]
2.04, P<.001), RPE vacuoles (OR 5.10, P<.001), basal laminar deposits (OR 5.00, P<.001), outer collagenous layer deposits (OR
3.03, P<.001), but not choriocapillaris changes (OR 1.04, P=.70).
FIGURE 10
Electron microscopy of Bruch’s membrane
(BrM) from WT and mutant LBS- Lp(a) mice
fed a high-fat diet. A, A 12-month-old WT
Lp(a) mouse retina with normal-appearing
retinal pigment epithelium (RPE) and BrM.
B, WT Lp(a) mouse with mild thickening of
the outer collagenous layer (OCL), a normal
aging change. C, WT Lp(a) mouse with mild
OCL deposit, a normal aging change. D, A
12-month-old mutant LBS- Lp(a) mouse
retina with marked vacuolization of the RPE
and prominent heterogenous basal laminar
deposit (BlamD). E, Similar BlamD in retina
of a different mutant mouse. F, Druse from a
mutant LBS- Lp(a) mouse. BI, basolateral
infoldings; CC, choriocapillaris. Bar=500 nm.

TABLE 2. REGRESSION ANALYSIS OF ULTRASTRUCTURAL
CHANGES TO THE RETINAL PIGMENT EPITHELIUM,
BRUCH’S MEMBRANE, AND CHORIOCAPILLARIS OF LP(a)
AND MUTANT LP(a) MICE
SEVERITY
RATING

PERCENTAGE
NORMAL DIET
HIGH-FAT DIET
Lp(a)
MUTANT Lp(a)
Lp(a)
MUTANT Lp(a)

Retinal pigment epithelial vacuole
0
78.1
70.6
1
19.9
11.8
2
2.0
8.1
3
0
9.6
Retinal pigment epithelial infoldings
0
94.7
76.1
1
3.97
7.2
2
0.66
2.2
3
0.66
14.5
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32.6
34.8
22.6
10

7.6
14.2
39
39.2

10.6
37.4
28
24

2.2
32.4
25
40.4
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TABLE 2. CONTINUED
SEVERITY
RATING

PERCENTAGE
NORMAL DIET
HIGH-FAT DIET
Lp(a)
MUTANT Lp(a)
Lp(a)
MUTANT Lp(a)

Basal laminar deposit
0
98.6
1
1.3
2
0
3
0
Outer collagenous layer deposit
0
86.1
1
12.6
2
1.32
3
0
Choriocapillaris
0
74.1
1
13.3
2
10.4
3
2.2

86.4
2.1
0
11.4

78.6
11.6
7.4
2.4

44.6
15.2
20.4
19.8

59.9
19.7
10.6
9.9

42.4
37.6
14
6

21.2
34.6
22.2
22

59.4
22.6
17.3
0.7

15.4
33.4
24
27.2

10.6
38
26.4
25

LBS- APO(a)/LP(a) MICE ACCUMULATE OxPL IN THE FUNDUS
Since mice fed chow did not exhibit phenotypic features of AMD, we focused the remaining studies on mice fed a high-fat diet to
identify factors that could contribute to this phenotype. In WT mice (n=5), light staining for OxPL was seen throughout the retina,
RPE, Bruch’s membrane, and choroid (Figure 11, A and B). In contrast, mutant LBS- Lp(a) mice (n=5) accumulated more OxPL
throughout all layers of the fundus than WT mice, as shown in Figure 11, C and D. OxPL labeling was more intense at the ellipsoid
layer relative to other aspects of the photoreceptors in mutant mice (Figure 12A). Interestingly, staining with E06 highlighted the loss
of the ellipsoid layer in mutant LBS- Lp(a) mice, a finding that has been associated with vision loss in AMD51 (Figure 12B).

FIGURE 11
Fluorescence immunohistochemistry showing OxPL is
more prominent in the retinas of mutant LBS- Lp(a) than
WT Lp(a) mice fed a high-fat diet. A, A 12-month-old WT
Lp(a) mouse shows minimal immunolabeling for OxPL
using the E06 antibody (red). When present, labeling
appears in inner layers and the retinal pigment epithelium
(RPE). B, Higher magnification of panel A showing
immunolabeling for OxPL in the outer nuclear layer of the
retina and RPE. C, 12-month-old mutant LBS- Lp(a) mouse
with strong immunolabeling for OxPL throughout all
layers of the retina, RPE, Bruch’s membrane, and choroid
(Ch). D, Higher magnification of panel C showing strong
OxPL labeling in the outer nuclear layer, photoreceptors,
RPE, and choroid. POS, photoreceptor outer segment.
(Blue, DAPI; Green, rhodopsin) Bar=25 μm.
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FIGURE 12
OxPL immunohistochemistry of the ellipsoid layer
of photoreceptors. A, A 12-month-old WT Lp(a)
mouse with immunolabeling for OxPL in the
photoreceptors. The ellipsoid layer (arrows) is
preserved. B, A 12-month-old mutant LBS- Lp(a)
mouse with labeling for OxPL in the
photoreceptors. The ellipsoid layer (arrows) is
discontinuous. Note more obvious immunolabeling
of Bruch’s membrane (BrM) in the mutant
compared to WT Lp(a) retina in panel A. IS, inner
photoreceptors; OS, outer photoreceptor segments;
RPE, retinal pigment epithelium. Bar=25 μm.

MUTANT LP(a) MICE HAVE REDUCED ANTIOXIDANT IMMUNOLABELING
We next evaluated the antioxidant response in the fundus of WT and mutant Lp(a) mice. NQO-1 immunolabeling was seen in the
outer sensory retina, mainly in the photoreceptors, of both WT and mutant mice (Figure 13, A and C). NQO-1 labeling was also seen
in the RPE of WT but not mutant Lp(a) mice. A speckled NQO-1 labeling pattern was observed in the choroid, which was more
prominent in WT mice compared to mutants. HO-1 immunolabeling, like NQO-1, was more prominent in WT mice than in the
mutants (Figure 13, B and D). In the neurosensory retina, HO-1 labeling was localized to the outer retina, with a similar staining
pattern between WT and mutant mice, and also was evenly distributed in the RPE, again appearing similar between WT and mutant
mice. A speckled HO-1 labeling pattern seen in the choroid of WT mice was more prominent than in mutant mice. These results
indicate a reduced antioxidant abundance in mutant LBS- Lp(a) mice despite (or as a consequence of) abundant OxPL.

FIGURE 13
Fluorescence immunohistochemistry of antioxidant response in retinas of WT and mutant LBSLp(a) mice fed a high-fat diet. A, A 12-month-old WT Lp(a) mouse retina with immunolabeling
for NQO-1 (green) in the outer photoreceptors (OS), retinal pigment epithelium (RPE), and
choroid (Ch). B, Same WT Lp(a) retina with immunolabeling for HO-1 (green) in the outer
photoreceptors, RPE, and choroid. C, A 12-month-old retina from mutant LBS- Lp(a) mouse
with immunolabeling for NQO-1 confined to the choroid. D, Same retina from mutant mouse
with minimal immunolabeling for HO-1 in the outer photoreceptors and choroid. (Blue, DAPI)
Bar=25 μm.
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MUTANT LP(a) MICE EXHIBIT INCREASED COMPLEMENT AND REDUCED COMPLEMENT REGULATOR
IMMUNOSTAINING
Oxidative stress can magnify the innate immune response.52 Because of the constellation of polymorphisms in genes associated with
the complement pathway,53-60 complement dysregulation is well recognized as an important arm of innate immunity in AMD.
Compared to WT Lp(a) mice, mutant LBS- Lp(a) mice showed increased complement component labeling (Figure 14). In high-fatdiet-fed WT Lp(a) mice, C3 labeling in the neurosensory retina was weak, including the photoreceptors and choroid, but was
prominent in RPE/Bruch’s membrane (Figure 14A). In mutant Lp(a) mice, C3 immunolabeling was, for the most part, evenly
distributed throughout all retinal layers, particularly strong in the inner relative to the outer photoreceptor segments and RPE/Bruch’s
membrane, and relatively weaker in the choroid (Figure 14B). C3d is the final degradation product of complement C3 and serves as a
marker of C3 activation. Figure 14, C and D, shows strong C3d immunolabeling in mutant LBS- Lp(a) fundi compared to WT Lp(a)
fundi. In particular, C3d labeling was more intense in the choroid, RPE, and ganglion cell layer than in other layers of the
neurosensory retina.
Complement regulators of C3 showed the opposite immunolabeling pattern from complement components. Complement factor H
(CFH) is a fluid phase regulator of C3. CFH immunolabeling in mutant LBS- Lp(a) mice was barely detectable compared to the more
obvious labeling seen throughout all layers of the retina, RPE, Bruch’s membrane, and choroid in WT Lp(a) mice (Figure 14, E and
F). Crry is a cell membrane protein that is the main cell membrane regulator of C3 in the mouse. Crry immunolabeling was similar
between WT and mutant mice (Figure 14, G and H). The Crry labeling was most intense in the photoreceptors and RPE compared to
other regions of the retina and choroid.
FIGURE 14
Fluorescence immunohistochemistry of C3 and
its regulators in retinas of WT and mutant LBSLp(a) mice fed a high-fat diet. A, A 12-monthold
WT
Lp(a)
mouse
retina
with
immunolabeling for C3 (green) confined to the
retinal pigment epithelium (RPE)/Bruch’s
membrane (BrM) junction (arrowheads). B,
Retina from 12-month-old mutant LBS- Lp(a)
mouse with strong C3 labeling throughout the
retina, RPE/BrM junction (arrowheads). C, WT
Lp(a) mouse retina with minimal C3d labeling
in the fundus. D, Retina of mutant mouse has
prominent labeling throughout the retina,
RPE/BrM junction. E, WT Lp(a) retina with
complement factor H (CFH) immunolabeling
throughout the retina and RPE. F, Mutant retina
with minimal CFH immunolabeling. G, WT
Lp(a) retina with Crry immunolabeling mainly
in the photoreceptors and RPE. H, Mutant
retina with mild Crry labeling in photoreceptors
and absent labeling in the RPE. (Blue, DAPI)
Ch, choroid; GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer;
OS, outer photoreceptor segments; S, sclera.
Bar=25 μm.

C5 immunolabeling was detected in the inner plexiform layer and RPE of WT mice and in all layers of the retina and RPE of
mutant mice (Figure 15, A and B). While C5b-9 complex labeling was barely detected in the retina, RPE, and choroid of WT mice fed
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a high-fat diet, mutant mice showed more obvious immunolabeling throughout the outer retina, diffusely through the RPE, and
minimally in the choroid (Figure 15, C and D). CD59, a regulator of C5b-9 formation, was barely detectable in WT mice, whereas in
mutant mice CD59 labeling was prominent in the photoreceptor outer segments and the RPE, with relatively less staining in the
choroid (Figure 15, E and F).

FIGURE 15
Fluorescence immunohistochemistry of C5, C5b-9, and
CD59 in retinas of WT and mutant LBS- Lp(a) mice fed
a high-fat diet. A, Retina from 12-month-old WT Lp(a)
mouse with minimal to no immunolabeling for C5. B,
Retina from 12-month-old mutant LBS- Lp(a) mouse
with immunolabeling for C5 within the inner retinal
layers and the retinal pigment epithelium (RPE). C, WT
Lp(a) retina with minimal immunolabeling for C5b-9. D,
Mutant retina with prominent labeling for C5b-9 in the
outer retina and RPE. E, WT Lp(a) retina with minimal
CD59 labeling. F, Mutant retina with immunolabeling in
the outer photoreceptors (OS) and RPE. (Blue, DAPI)
INL, inner nuclear layer; ONL, outer nuclear layer.
Bar=25 μm.

ACCUMULATION OF OxPL IS NOT ASSOCIATED WITH RPE APOPTOSIS
While the ultrastructural changes are compatible with RPE degeneration, the nuclei of both WT and mutant mice given a high-fat diet
appeared normal, with mild chromatin condensation as the most severe change (Figure 16, A and B). Pyknotic nuclei were not
identified in either Lp(a) model. We confirmed a lack of cell death by apoptosis with absent annexin V (Figure 16, C and D) and
TUNEL labeling (Figure 16, E and F). These results indicate that the RPE undergoes degeneration, but without evidence of apoptosis.
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FIGURE 16
Assessment of cell death in retinas of WT and mutant
LBS- Lp(a) mice fed a high-fat diet. A, Electron
micrograph of a retinal pigment epithelium (RPE) cell
with normal nuclei from a WT Lp(a) mouse. B, Electron
micrograph of an RPE cell with mild chromatin
condensation (arrow) from a mutant mouse. Bar=500 nm.
C, Negative annexin V labeling (green), but mild OxPL
labeling with E06 antibody (red) of a WT Lp(a) mouse.
Bar=25 μm. D, Negative annexin V labeling (green) and
more intense OxPL labeling (red) of a mutant mouse. E
and F, Absent TUNEL labeling of retinas from WT Lp(a)
mouse (E) and from mutant LBS- Lp(a) mouse (F). Bar=
25 μm. G, Positive control after DNase treatment of a
retina from a WT mouse. (Red, TUNEL; Blue, DAPI) Ch,
choroid; POS, photoreceptor outer segment.

DISCUSSION
Oxidized lipids, including OxPL, are proinflammatory. In humans, Lp(a) binds PC-containing OxPL and accounts for up to 85% to
90% of all OxPL detected on lipoproteins by E06 in human plasma. Utilizing the same E06 monoclonal antibody, we found that PCcontaining OxPL were widely distributed throughout the fundus in both AMD and age-matched control maculas, which is a natural
consequence of the known high oxidative stress environment of the macula.61 Our immunohistochemical studies document for the first
time that Lp(a) accumulates in the macula of human AMD samples, whereas our study of transgenic Lp(a) mice provides insights into
the role of OxPL and Lp(a) in the fundus. Mutant LBS- Lp(a) mice, which contain an Lp(a) that does not bind OxPL that is detected
by E06, when stressed with a high-fat diet, developed hallmark changes associated with AMD, including RPE cell degeneration,
heterogeneous basal deposits, and drusen. These phenotypic changes were associated with increased OxPL, decreased antioxidant
defenses, increased complement, and decreased complement regulators. In contrast, WT Lp(a) did not display any AMD-type
changes. Together, our data suggest that the ability of Lp(a) to bind E06-detectable OxPL may play a protective role in the macula.
We found apo(a) immunolabeling in the macula that was confined mainly to the choroid and outer Bruch’s membrane, and not to
any great extent in the RPE, subretinal space, or retina. Importantly, apoB-100 labeling had overlapping regions with apo(a) in the
choroid and Bruch’s membrane, which likely represents some intact Lp(a). Apo(a), apoB-100, and OxPL immunolabeling did not
always completely colocalize. This does not necessarily indicate that Lp(a) particles are not present, but rather suggests that apoB-100
could be degraded and/or removed at a greater rate, whereas apo(a) remains bound to the matrix for a longer period of time. A similar
pattern of immunolabeling in which there was a wider distribution pattern of apo(a) than apoB-100 was previously reported in
atherosclerotic specimens, and similarly, OxPL labeling exceeded areas of apo(a) immunolabeling.36 The more extensive distribution
of OxPL compared to apo(a) in the fundus, like that in atherosclerotic vessels, suggests that in addition to any OxPL carried by Lp(a)
in the fundus, OxPL is abundantly formed in the high oxidative stress environment of the fundus. These results are similar to other
reports documenting the presence of PC-containing OxPL in the fundus in AMD.6,11 In our library, while the immunostaining of OxPL
in AMD and age-matched control maculas appeared similar in intensity, the main distinction was that OxPL labeling was also in
AMD lesions such as basal deposits and drusen. Immunohistochemistry is not quantitative so subtle but meaningful differences in the
quantity, as well as types, of OxPL between AMD and controls could have been missed. In addition, while we added a strong
lipophilic antioxidant (BHT) in the preservation of the globes, postmortem oxidation from a delay before tissue fixation could have
masked any quantitative differences in OxPLs between AMD and control eyes.
The large molecular size of intact Lp(a) suggests that it would have difficulty penetrating past either the inner or outer bloodretinal barrier. In support of this theory, we found that apo(a) remained within retinal blood vessels and not in the neurosensory retina
itself. Some drusen did immunolabel for apo(a) in our AMD samples. It has been known for some time that the outer blood-retinal
barrier, composed in part of Bruch’s membrane, is compromised in early AMD.62 We suggest that the apo(a) in drusen is due to
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breakdown of the outer barrier. ApoB-100, but not apo(a), was observed in the RPE. The localization of apoB-100 in the RPE
supports our work63 and that of the Curcio lab18,64 that apoB can be synthesized and secreted by RPE cells. The lack of apo(a)
immunolabeling in RPE cells and our inability to identify apo(a) mRNA expression by human ARPE-19 cells both suggest that the
RPE is not a source of ocular apo(a), and that apo(a) likely originates from the systemic circulation. Plasma Lp(a) is thought to be
assembled extracellularly in the space of Disse by the covalent attachment of apoB-100 with apo(a), as reviewed by Dieplinger and
Utermann.65 Our data in the eye raise the possibility that in a similar manner, apoB-100 could be secreted by the RPE and then bind to
systemically derived apo(a) in the extracellular space to form an ocular Lp(a) particle.
Mice do not express apo(a), and therefore to generate mice that have Lp(a), one needs to express both human apo(a) and human
apoB-100, as murine apoB-100 does not form a covalent link with human apo(a). We have generated two mouse Lp(a) models, one in
which the Lp(a) binds OxPL, the WT LP(a) mouse, and the mutant LBS- Lp(a) mouse, in which their Lp(a) do not appear to bind
significant quantities of OxPL that is recognized by E06. We examined the eyes of these two Lp(a) mouse models after they consumed
either regular or high-fat diets. While few differences were found in their eyes when they consumed a normal chow diet, remarkably,
considerable differences were found when they were stressed with a high-fat diet. Compared to the WT Lp(a) mice, the mutant LBSmice accumulated considerable OxPL in the fundus over time, and further, this was associated with a low antioxidant profile,
complement activation, and phenotypic markers of AMD. These findings raise the possibility that chronic accumulation of OxPLs
induce a proinflammatory environment that contributes to phenotypic changes reminiscent of AMD, and further, that the ability of
Lp(a) to bind OxPL may help to ameliorate the adverse effects of OxPL generated in the eye during normal aging and at an enhanced
rate in response to high-oxidant stress, as occurs with the high-fat diets.
Our mouse studies lead to the suggestion that the mutant apo(a) present in the mutant LBS- Lp(a) mouse leads to chronic and
enhanced retinal exposure to OxPL, which are continuously being formed even in normal settings. The exact binding characteristics of
the mutant apo(a) with OxPL has not been elucidated. Intact Lp(a) consists of both LDL and apo(a), and using E06, we do not detect
OxPL in the Lp(a) of mutant mice. However, using liquid chromatography–tandem mass spectrometry (LC-MS/MS), we previously
found that some OxPL appear to bind to mutant apo(a)—the apo(a) component of Lp(a)—yet it is not detected by E06.29 LC-MS/MS
is highly sensitive and may pick up the presence of OxPL, but quantitatively, OxPL may be in low absolute amounts and/or cryptic to
E06, leading to diminished E06 reactivity, but still able to induce stress. Our current theory is that apo(a) poorly binds OxPL so that
OxPL accumulate in the fundus. In turn, the increased OxPL could stress the antioxidant, cytoprotective mechanisms of the macula. In
support of this theory, we observed decreased labeling for NQO-1 and HO-1 in mutant LBS- Lp(a) transgenic mice compared to WT
Lp(a) mice. The apparent paradoxical response suggests that the antioxidant response is depleted during chronic oxidative stress. We
specifically selected these two antioxidant genes to test because they are activated by the master antioxidant transcription factor
Nrf2,66 which is known to be stimulated by OxPL,67,68 because chronic oxidative stress including lipid peroxidation products has been
shown to impair the Nrf2 signaling response,67,69 and because we recently reported decreased Nrf2 in AMD specimens.70 While we did
not specifically test Nrf2 signaling itself, our results suggest an impaired antioxidant response due to enhanced chronic exposure to an
OSE like OxPL. Future studies will be directed toward understanding when the antioxidant system fails and the extent that the Nrf2
signaling system is involved.
Oxidative stress can activate innate immunity through NF-κB signaling, as reviewed by Baldwin,71 including complement.72
Compared to WT Lp(a) mice, we found that mutant Lp(a) mice fed a high-fat diet displayed a prominent complement response mainly
at C3, with less C5 and C5b-9 labeling. Our experiments also found reduced CFH, and no difference in labeling of Crry, the major cell
membrane C3 regulator in mice, but robust CD59, a major regulator of C5b-9 formation. CFH is impaired by oxidative stress.73 While
Crry did not decrease, its lack of coincident increase with increased C3 in the mutant mice suggests that along with decreased CFH, it
contributes to inadequate C3 regulation. Thus, oxidative stress generating OxPL, if inadequately neutralized by Lp(a), could drive
complement activation through both increased complement component and impaired complement regulator abundance, particularly at
C3.
The activation of C3, as suggested by C3d abundance in tissues,74 without substantial activation of other final pathway components
such as C5 and C5b-9, is compatible with generating a proinflammatory environment. For example, C3a anaphylatoxin can generate
the production of proinflammatory cytokines such as the robust IL-1b,75 which can recruit inflammatory cells, whereas C3b is a
proinflammatory opsonin because it promotes IL-8 and TNF-α production by macrophages.76 Because we identified marked
phenotypic changes reminiscent of AMD, we suggest that the C3 complement response was inadequately controlled, and converted
the normally protective response into a pathologic one. While C5b-9 complexes were formed, we were unable to determine the extent
that C5b-9 was regulated by CD59, and whether the amount of C5b-9 formation was able to induce vascular endothelial growth factor
production,73 activate the inflammasome,77 or induce cell lysis of the RPE. While C5b-9 can also induce apoptosis, as reviewed in
Cole and Morgan,78 we did not observe any evidence of this process.
The distinction between aging changes and early AMD can be subtle and is a continuum. The most compelling histopathological
changes associated with early AMD include drusen and thick, heterogeneous basal laminar deposits, located between the RPE cell and
its basement membrane, or basal linear deposits, which are accumulations within the inner collagenous layer in Bruch’s
membrane,26,79 as well as RPE degenerative changes such as truncated and fewer basal infoldings45,50 and cytoplasmic membranous
vacuoles, especially when overlying drusen.48 While no mouse model has been found to mimic AMD, we found compelling, specific
changes that are associated with AMD in the mutant LBS- Lp(a) mice. These include RPE vacuoles seen on light microscopy that
corresponded nicely with the marked membranous vacuoles seen on transmission electron microscopy (TEM), and the truncated and
fewer basal infoldings of the RPE. In Bruch’s membrane, we observed basal laminar deposits that were heterogeneous in composition.
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Since drusen are rarely seen in mice, perhaps the most impressive phenotypic change in mutant LBS- Lp(a) mice was the identification
of drusen in 40% of eyes examined by light microscopy, which was confirmed by TEM. Our experimental strategy was to stress these
mice with a high-cholesterol diet in order to test the Lp(a) response. Epidemiological studies indicate a high-fat diet is a weak risk
factor for AMD.80 To determine if mutant LBS- Lp(a) mice will develop more drusen compared to WT Lp(a) mice, in the future we
want to expose these mice to greater risk factors, such as increased age or long-term exposure to cigarette smoke, since aging and
cigarette smoking are the two strongest epidemiological risk factors for AMD. We, of course, recognize that the demonstration of
similar biochemical and morphological changes in these mutant mice does not prove that similar processes occur in humans to cause
AMD, but we feel that these observations suggest novel hypotheses that can lead to informative new studies in humans.
We propose that OxPL formed during the normal metabolism of photoreceptors are processed by the normal phagocytosis of outer
segments by the RPE and are eventually released basally toward the choriocapillaris. Because Lp(a) is sufficiently large that it cannot
penetrate past an intact Bruch’s membrane, systemically derived Lp(a) will bind and “neutralize” OxPL that are processed to the
choriocapillaris. Mutant Lp(a) mice, whose Lp(a) does not appear to be capable of binding significant quantities of OxPL, or at least
sufficient OxPL to be recognizable by E06, would therefore not be able to equally bind and neutralize these OxPL—at least when
compared to WT Lp(a) mice. Consequently, aging-related changes to Bruch’s membrane, such as AGE formation81 and accumulation
of lipoproteins,17,18 could impair the essential diffusion of OxPL across Bruch’s membrane, which would result in their accumulation.
Breakdown of Bruch’s membrane, a known change in AMD, could even allow some penetration of Lp(a) into Bruch’s membrane, as
we observed in drusen deposits. Just as accumulation of Lp(a) in the subendothelial matrix in atherosclerosis results in local immune
activation, likewise, Lp(a) particles that accumulate within Bruch’s membrane could result in a source of OxPL that chronically
activates innate immunity and results in either RPE cell injury or drusen formation. Future experiments will be designed to address
this theory.
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