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Drusen are extracellular deposits that lie beneath the retinal pigment epithelium (RPE) and are the earliest 
signs of age-related macular degeneration (AMD). Recent proteome analysis demonstrated that amyloid β 
(Aβ) deposition was specific to drusen from eyes with AMD. To work toward a molecular understanding of the 
development of AMD from drusen, we investigated the effect of Aβ on cultured human RPE cells as well as ocu-
lar findings in neprilysin gene–disrupted mice, which leads to an increased deposition Aβ. The results showed 
that Aβ treatment induced a marked increase in VEGF as well as a marked decrease in pigment epithelium-
derived factor (PEDF). Conditioned media from Aβ-exposed RPE cells caused a dramatic increase in tubular 
formation by human umbilical vein endothelial cells. Light microscopy of senescent neprilysin gene–disrupt-
ed mice showed an increased number of degenerated RPE cells with vacuoles. Electron microscopy revealed 
basal laminar and linear deposits beneath the RPE layer, but we did not observe choroidal neovascularization 
(CNV). The present study demonstrates that Aβ accumulation affects the balance between VEGF and PEDF in 
the RPE, and an accumulation of Aβ reproduces features characteristic of human AMD, such as RPE atrophy 
and basal deposit formation. Some other factors, such as breakdown of integrity of Bruch membrane, might 
be necessary to induce CNV of AMD.

Introduction
Amyloid β (Aβ) peptides vary in length from 39 to 43 amino acid 
residues and are produced by the sequential proteolytic process-
ing of amyloid precursor protein (APP) by the β site APP cleav-
ing enzyme (1) and a presenilin complex (2). Increased evidence 
suggests that the conversion of Aβ from monomeric form to 
oligomeric or aggregated form in the brain is a key event in the 
pathogenesis of Alzheimer disease (AD). Aβ is known to be a physi-
ological peptide, the steady state level of which is maintained by a 
metabolic balance between synthesis and degradation (3–6), and is 
constitutively secreted from cells (4, 7). Under physiological con-
ditions, Aβ is degraded by peptidases, such as neprilysin, immedi-
ately after production (5, 6). Numerous studies have shown that 
Aβ peptide deposition in the brain stimulates microglia and con-
tributes to neuronal apoptosis (8–11).

New evidence indicates that, in age-related macular degenera-
tion (AMD), substructural elements within drusen contain Aβ 
(12–14), which is a major component of senile plaques and cere-
brovascular deposits in the brains of patients with AD. Dentchev 
et al. demonstrated that Aβ deposition is specific to drusen from 

eyes of patients with AMD; 4 of 9 AMD retinas and 0 of 9 normal 
retinas had Aβ-positive drusen (13). Anderson et al. (14) demon-
strated that Aβ assemblies are most prevalent in eyes with moder-
ate or high drusen loads and suggested that Aβ might be associ-
ated with the more advanced stages of AMD. AMD is the leading 
cause of irreversible vision loss among the elderly in developed 
countries (15–18). Vision may be impaired as a consequence of 
geographical atrophy (dry or nonexudative AMD) or choroidal 
neovascularization (CNV) (wet or exudative AMD). Many stud-
ies have confirmed that the presence of the drusen, identified as 
gray-yellow deposits that build up in or around the macula of the 
retina, represents a significant risk factor for the development of 
visual loss from AMD (19–21). Drusen are deposited and located 
just beneath the retinal pigment epithelial (RPE) cell layer (22). It 
is believed that they may signal the presence of an altered patho-
physiology of the RPE and, consequently, they may be a marker 
for the degree of diffuse RPE dysfunction in patients with AMD 
(23). However, it still remains unclear which component of drusen 
is a key contributor to the progression of AMD.

The RPE is a monolayer of highly specialized cells located 
between the neural retina and the vascular choroid that influ-
ences the structure and function of cells in both (24, 25). Among 
various growth factors secreted from RPE cells, it appears that 
VEGF plays a central role in the progression of CNV secondary to 
AMD. In patients with AMD, high concentrations of VEGF and 
VEGF receptors have been detected in the subfoveal fibrovas-
cular membrane, the surrounding tissue, and the RPE (26, 27).  
Recent studies, however, question the importance of VEGF alone 
in promoting CNV because, in transgenic mice overexpressing 
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VEGF in photoreceptors (28) and the RPE (29), CNV penetrat-
ing through the Bruch membrane was not found.

Angiogenesis is thought to result from an imbalance between 
angiogenic factors and antiangiogenic factors (30, 31). A potent 
antiangiogenic factor was recently identified in the retina and 
shown to be secreted by RPE cells (32–34). This factor, pigment 
epithelium-derived factor (PEDF), was shown to be a very potent 
inhibitor of neovascularization in a murine model of ischemia-
induced retinopathy (35). However, the reason for the imbalance 
between VEGF and PEDF is not known.

In the present study, we hypothesized that Aβ accumulated in 
drusen might induce the change of the expression of angiogenesis-
related factors and cause cellular dysfunction in the RPE and there-
fore play a key role in the development of AMD. To work toward a 
molecular understanding of the development of AMD from dru-
sen, we investigated the effect of Aβ on cultured human RPE cells 
as well as ocular findings in neprilysin gene–disrupted mice, which 
leads to an increased deposition of Aβ. The results demonstrated 
that Aβ has the potential to promote angiogenesis by modulating 
the expression of angiogenesis-related factors released from RPE 
cells in vitro. In addition, the increased deposition of Aβ in geneti-
cally modified mice reproduced many of the features of human 
AMD, including subretinal formation of basal deposits and RPE 
degeneration. These results suggest that Aβ may be a key contribu-
tor to the development of AMD.

Results
Expression of APP, neprilysin, β-secretase mRNA, and protein in RPE 
in vitro and in vivo. RT-PCR analysis identified the expression of 
mRNA for APP, β-secretase, and neprilysin in human RPE cells 
(Figure 1). Also, intense immunoreactivity for APP, neprilysin, and 
β-secretase protein was detected in the RPE cell layer of ddY mice by 
diaminobenzidine-tetrahydrochloride (DAB) staining (Figure 2).  
These results indicate the possibility that human RPE cells medi-
ate and modulate the expression of Aβ.

Modulation of VEGF and PEDF gene expression by Aβ in RPE cells. 
We next investigated how Aβ modulates the expression of angio-
genesis-related factors in RPE cells. We examined expression of 
2 representative angiogenesis-related factors: VEGF, a potent 
angiogenic factor; and PEDF, a novel antiangiogenic factor. 
According to the results of real-time PCR, VEGF mRNA levels 
in RPE cells treated with Aβ1–40 for 24 hours were 2.5 ± 0.15  
times higher than those in untreated cells (P < 0.01). Also, Aβ1–40 
increased the secretion of VEGF protein as measured by ELISA 
(Figure 3). Although PEDF mRNA expression was not changed 

after treatment with Aβ1–40 (PEDF mRNA levels in RPE cells 
treated with Aβ were 0.948 ± 0.055 times those in untreated 
cells), Western blot analysis revealed that it decreased PEDF 
protein expression to 0.46 ± 0.12 times that in untreated RPE 
cells (P < 0.01). In addition, the expression of mRNA for cellular 
retinaldehyde–binding protein (CRALBP), a differentiation-spe-
cific gene in RPE cells, was significantly decreased when the RPE 
cells were exposed to Aβ1–40. The expression of CRALBP mRNA 
in cells treated by Aβ was 0.48 ± 0.01 times that in untreated 
cells (P < 0.01). These effects were not mimicked with the reverse 
control Aβ40–1. The mRNA levels of cells treated with control 
Aβ40–1 were 1.03 ± 0.02 (for VEGF), 0.91 ± 0.07 (for PEDF),  
0.90 ± 0.02 (for CRALBP) times those in untreated cells. Also, 
PEDF protein levels of Aβ40–1–treated cells were 1.05 ± 0.09 times 
that in untreated cells per Western blotting.

Angiogenic activity of conditioned media from Aβ-treated RPE cells. 
RPE cells were treated with or without 25 µM Aβ1–40, and the 
angiogenic activity of their conditioned media was assessed with 
an angiogenesis assay kit (Kurabo). There was a marked increase 
in tube-like structures when the human umbilical vein endothelial 
cells (HUVECs) were cultured in the presence of conditioned 
media from Aβ1–40–treated RPE cells compared with conditioned 
media from RPE cells not receiving Aβ or conditioned media from 
Aβ40–1–treated RPE cells (Figure 4, A–C). Addition of 25 µM Aβ1–40 
alone to HUVECs did not promote tube formation (Figure 4D). 
Quantitative analysis of total tube length confirmed that there 
was a significant increase in tube formation when HUVECs were 
incubated with conditioned media from Aβ1–40–treated cells com-
pared with when they were treated with conditioned media from 
cells not receiving Aβ or with conditioned media from cells treat-
ed with Aβ40–1 (Figure 4E).

Light microscopic findings of senescent neprilysin gene–disrupted mice. 
Eyes from senescent neprilysin-deficient and age-matched wild-
type mice (27 months) were histopathologically examined. Light 
microscopy of H&E-stained paraffin sections from 27-month-old 
senescent neprilysin gene–disrupted mice showed an increased 
number of degenerated cells with vacuoles in the RPE (Figure 5, 

Figure 1
RT-PCR detection of APP, neprilysin, and β-secretase in human RPE 
cells. Human RPE cells were cultured in DMEM containing 10% FCS. 
After cellular confluence, total RNA was extracted from cultured RPE 
cells. The cDNA was synthesized from 2 µg of total RNA, and the reac-
tion product was subjected to PCR amplification using specific primers 
for APP, neprilysin, and β-secretase.

Figure 2
Immunohistochemical detection of APP, neprilysin, and β-secretase 
in the RPE cell layer of albino ddY mice. Paraformaldehyde-fixed sec-
tions from eyeballs of male albino ddY mice were stained for APP (A), 
neprilysin (B), or β-secretase (C). Immune complexes were detected 
with DAB as a brown reaction product. Immunoreactivity for APP, 
neprilysin, and β-secretase was observed in the RPE cell layer. DAB 
staining was absent when nonimmune serum was substituted for the 
primary antibody (D). Scale bars: 20 µm (A–D). ONL, outer nuclear 
layer; OS, outer segment.
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B and D). In contrast, no such changes were visible in wild-type 
mice (Figure 5, A and C). The photoreceptor layer appeared nor-
mal in both types of mice.

Upregulation of VEGF and downregulation of PEDF in neprilysin 
gene–disrupted mice. We further investigated the expression of 
VEGF and PEDF in both neprilysin gene–disrupted mice and 
wild-type mice. Immunohistochemical analysis demonstrated 
that in senescent neprilysin gene–disrupted mice, VEGF produc-
tion was upregulated and PEDF production was downregulated 
in the RPE cell layer compared with age-matched wild-type mice 
(Figure 6). However, new vessel formation was not observed in 
neprilysin gene–disrupted mice even when they were examined by 
immunostaining for vWF (data not shown).

Electron microscopic findings of senescent neprilysin gene–disrupted mice. 
Electron microscopy revealed that the RPE cells in neprilysin gene–dis-
rupted mice showed an increase in the number of cytoplasmic vacu-
oles (Figure 7A), as shown by light microscopic examination (Figure 5,  
B and D). Transmission electron microscopy sections revealed that 
the RPE cells had lost their defined tight and adherens junctions and 
that intercellular space developed between some of the adjacent cells 
(Figure 7B). The most striking feature from neprilysin gene–disrupt-
ed mouse retinas was the presence of extensive deposits, which were 
mainly situated between the plasma membrane and the basal lamina 

of RPE cells (Figure 7, A–C), although some were located between the 
basal lamina of RPE cells and the inner collagenous layer of the Bruch 
membrane (Figure 7C). Based on their morphological characteristics, 
the former appear to be the basal laminar deposits and the latter the 
basal linear deposits. These regions contained substantial subepithe-
lial deposits whereas the basal infoldings of the RPE cells were often 
distorted and the space between them enlarged. Photoreceptor outer 
segments were accumulated in the subretinal space, which suggests 
dysfunction of RPE cells (Figure 7A). In contrast, these findings, like 
subepithelial deposit formation and cytoplasmic vacuoles within 
RPE cells, were not observed in age-matched wild-type mice retinas 
(Figure 7, D–F). Immunoelectron microscopy revealed that sub-
epithelial deposits were stained by anti-Aβ antibody (Figure 8). Aβ 
staining was also detected within RPE cells overlying subepithelial 
deposits (Figure 8E). However, there was no migration or prolifera-
tion of choroidal endothelial cells or fibroblasts that would indicate 
the development of CNV.

Discussion
AMD is the principal cause of irreversible blindness in patients over 
the age of 60 in developed countries (15–18). The earliest clinically 
visible abnormality in AMD is drusen, which are the extracellular 
deposits accumulated between the RPE and the Bruch membrane. 
However, it still remains unclear which component of drusen is a 
key contributor to the progression of AMD. Recent studies (12–14) 
have shown that age-related ocular drusen contain Aβ, which has 
been implicated as a central factor in the pathogenesis of AD (36). 
Aβ is a physiological peptide in the brain, and its steady state levels 
are determined by the balance between its synthesis and degradation 
(3–6). Neprilysin (EC 3.4.24.11) is a membrane-bound zinc metal-
lopeptidase that has a rate-limiting role in Aβ catabolism (5, 37).  
Iwata et al. (6) demonstrated that downregulation of neprilysin is 
likely to be related to AD pathology.

Figure 3
Concentration of immunoreactive VEGF in culture supernatants of RPE 
cells. Human RPE cells were incubated with various concentrations of 
Aβ (1∼25 µM), and VEGF protein expression in the culture supernatants 
was analyzed by ELISA after 24 hours of culture. Values are expressed 
as mean ± SEM. n = 3; *P < 0.05.

Figure 4
Effects of the conditioned media from RPE on in vitro angiogenesis. 
HUVECs cocultured with fibroblasts were incubated with a 1:1 mixture 
of the supernatant of RPE cells and endothelial cell culture media. 
After 10 days of culture, the cells were fixed and stained with vWF. 
Representative phase-contrast microscopic images are shown (A–D). 
The supernatant used was conditioned by RPE cells without exposure 
to Aβ (B) or with exposure to 25 µM Aβ40–1 (C) or 25 µM Aβ1–40 (D) for 
24 hours. In A, 25 µM Aβ1–40 alone was mixed with the endothelial cell 
culture media. (E) The total length of tube-like structures in HUVECs. 
The area of capillary growth was quantitated with an image analyzer 
in 8 different fields for each condition at ×10 magnification and statisti-
cally analyzed. Data are expressed as mean ± SEM. Asterisk indicates 
that the value is significantly greater than that of the corresponding 
control. n = 3; P < 0.01.
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In the present study, we focused on Aβ among the various com-
ponents of drusen and investigated the effect of Aβ on cultured 
human RPE cells as well as ocular findings in mice lacking the 
neprilysin gene. The expression of APP and β-secretase was detect-
ed in human RPE as well as in the RPE layer of mouse eyes, as 
described previously (12, 38). In addition, we have demonstrated 
the expression of neprilysin in RPE. These results point strongly 
toward an RPE origin for Aβ peptides.

Although what causes the alteration in the Aβ metabolism of RPE 
is unknown, Frederikse et al. (39) demonstrated that APP and Aβ are 
present at low levels in normal lenses and increase in intact cultured 
monkey lenses treated with H2O2 or UV radiation. Because oxidative 
stress is considered an important stimulus for the development of 
AMD (31, 40), it might affect Aβ metabolism in RPE cells, which 
could eventually lead to Aβ deposition in aging human retina.

We further demonstrated that Aβ upregulated VEGF gene expres-
sion in both mRNA and protein levels, but decreased PEDF only 
in protein levels in human RPE cells. This indicates that the regu-
lation of PEDF expression by Aβ may be at a posttranscriptional 
level, as shown by Dawson et al. (34). In addition, conditioned 
media from Aβ-treated RPE cells dramatically increased tubular 
formation by HUVECs, suggesting that Aβ has the potential to 
induce CNV in vivo. Aβ treatment also downregulated the expres-
sion of CRALBP, which is a known marker for differentiation of 
RPE cells (41). Human CRALBP gene defects can either tighten or 
abolish retinoid interactions, which in turn can compromise sub-
strate carrier interactions with 11-cis-retinol dehydrogenase and 
lead to several retinal pathologies (42). These results combined 
with the previous data suggest that accumulation of Aβ acts on 
RPE cells, which affects the gene expression profile of RPE cells 
and causes dysfunction of RPE.

In senescent neprilysin-deficient mice, an animal model for AD, 
we showed Aβ accumulation between RPE and the Bruch mem-
brane in the eye as well as enhanced VEGF expression and dimin-
ished PEDF expression in the RPE layer, suggesting an imbalance 
between the expression of angiogenesis-related factors. Additional-
ly, the neprilysin gene–disrupted mice express traits that resemble 
those present in AMD, such as degenerative changes of RPE cells 
and accumulation of sub-RPE deposits. Subepithelial deposits are 
classified into 2 distinct types ultrastructurally, a basal laminar 

deposit and a basal linear deposit (22), and both have been strong-
ly associated with AMD (22, 43). This indicates that neprilysin 
gene–disrupted mice can be used as animal models to study early 
stages of AMD as well as the progression to an advanced form.

It is well known that Aβ induces apoptotic cell death in cultured 
neurons (44). Dentchev et al. (13) reported that the highest quan-
tity of Aβ-containing vesicles occurred near the edges of atrophy in 
human eyes with geographic atrophy (an advanced form of AMD), 
and they suggested that Aβ may contribute to the pathogenesis of 
RPE degeneration. Although the mechanism through which Aβ depo-
sition causes RPE degeneration and dysfunction in neprilysin gene–
disrupted mice is unclear, previous studies have suggested a central 
role for oxidative stress as a cause of Aβ-induced neuronal cell death 
(45, 46). Oxidative stress has been reported to cause upregulation of 
VEGF (47) and downregulation of PEDF (31) in human RPE cells. 
It has also been demonstrated that oxidative stress induces RPE cell 
death (48) and downregulation of differentiation-specific genes such 
as CRALBP in human RPE cells (49) and that it could be responsible 
for retinal ultrastructural alterations (50). Recent studies have also 
suggested that Aβ-induced cell death could arise from dysfunction of 
the ER (51). ER stress might be implicated in RPE degeneration seen 
in senescent neprilysin gene-deficient mice.

However, new vessel formation, another hallmark of exudative 
AMD, was not obvious in senescent neprilysin gene–disrupted mice 
histologically. Also, fundus angiography using fluorescein and 
indocyanine green dye did not reveal dye leakage, suggesting no 
CNV (data not shown). Although some studies have demonstrated 
that a breakdown of the critical balance between VEGF and PEDF 
is a key contributor to the development of CNV in AMD (31, 52), 
an imbalance between VEGF and PEDF in RPE in these knockout 
mice did not result in subsequent CNV formation penetrating 
the Bruch membrane, as seen in human AMD. These conflicting 
results from the cell culture system and animal models are diffi-
cult to explain. One possibility is that the structural components 
of the Bruch membrane must be compromised for CNV to occur. 
This possibility is supported by Schwesinger et al. (29) who reported 
that, in transgenic mice that overexpress VEGF in the RPE, an intact 
Bruch membrane prevents CNV from penetrating into the subreti-
nal space. Clinical disorders with breaks in the Bruch membrane, 

Figure 5
Light microscopy of H&E-stained sections of 27-month-old neprilysin-
deficient (B and D) and age-matched wild-type (A and C) mice retinas. 
C and  D show magnified views of A and B, respectively. (A and C) 
Morphology of normal retina from age-matched wild-type mice. (B and 
D) Morphology of senescent neprilysin-deficient mice showing degen-
erated cells with vacuoles in the RPE layer (arrowheads). Scale bars: 
150 µm (A and B); 30 µm (C and D).

Figure 6
Fluorescent micrographs of paraformaldehyde-fixed sections from 27-
month-old neprilysin-deficient (B and D) and age-matched wild-type 
mouse (A and C) retinas. The sections were treated with antibodies 
against VEGF (FITC: A and B) or antibodies against PEDF (Texas 
Red: C and D). Scale bars: 40 µm (A–D).
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such as pathologic myopia, trauma, pseudoxanthoma elasticum, 
and histoplasmosis, show an increased incidence of CNV. Further-
more, recent study has suggested that the integrity and thickness of 
the macular elastic layer of the Bruch membrane in patients with 
CNV related to AMD were significantly lower as compared with that 
in unaffected and age-matched controls (53). The second possibility 
is that the 27-month-old mice are not senescent enough to mimic 
aged human subjects. These findings suggest that further aging or 
loss of the integrity of the Bruch membrane in addition to Aβ depo-
sition might be necessary to induce CNV that penetrates into the 
subretinal space. The remaining possibility is the regulation of the 
complement activation system. It was demonstrated that Aβ colo-
calizes with activated complement components in amyloid vesicles 
within drusen (12), and Aβ is considered to play a primary role in 
the activation of complement-mediated events during drusen for-
mation. Very recently, 3 different groups showed that a variant in 
the complement factor H (CFH) gene was strongly associated with 
AMD (54–56). The CFH gene is a key regulator of the complement 
system of innate immunity (57) and inhibits the activation of C3 
to C3a and C3b. Taken together, the dysregulation of complement 
activation system and Aβ deposition might facilitate the develop-
ment of CNV. This should be investigated in the future.

The results in the present study could also indicate a common 
pathogenic mechanism between AMD and AD as an age-relat-
ed pathology. Recently, a link has also been suggested between 
supranuclear cataracts and AD (58–60). These studies suggested 
that amyloid fibrils might be associated with pathological symp-
toms in a diverse age-related illness, although their specific role in 
inducing disease might differ depending on the tissue. Currently, 
various therapeutic approaches for clearing Aβ plaques are being 
tested as treatments for AD, including vaccination against Aβ 
(61), topical application of an anti-Aβ antibody (62), and adeno-
associated viral vector–mediated gene transfer of neprilysin (63). 
Some of these might be effective against the development of AMD 
from drusen. Thus, further investigation of the role of Aβ in AMD 
pathogenesis is warranted.

Methods
Materials. DMEM and TRIzol reagent were from Invitrogen Corp.; plasticware 
(Falcon) was from BD; fetal calf serum was from HyClone; the VEGF ELISA 
kit and recombinant basic FGF were from BioSource International; laminin 
was from Upstate; You-Prime First-Strand Beads, PCR beads, and nylon mem-
branes were from Amersham Pharmacia Biotech; agarose was from Takara; 
Aβ1–40 (HCl form) was from Peptide Institute Inc.; fluorescein isothiocyanate–

Figure 7
Electron micrographs of retinas from a 27-month-old neprilysin gene–
disrupted mouse (A–C) and an age-matched wild-type mouse (D–F). 
(A) An RPE cell layer from the retina of a senescent neprilysin gene–
disrupted mouse. Note the abundant cytoplasmic vacuoles among 
attenuated RPE cells. (B) Disruption of junction structures between 
RPE cells and substantial subepithelial deposits. (C) An electron 
micrograph of extensive deposits beneath RPE cells. (D) An RPE cell 
layer from the retina of a senescent wild-type mouse. RPE cell layer 
shows normal appearance. Cytoplasmic vacuoles among RPE cells 
are not obvious. (E and F) Basal infoldings of RPE cells are prominent, 
and no subepithelial deposits are observed. Scale bars: 1 µm (A–F).

Figure 8
Localization of Aβ in sub-RPE deposits from neprilysin gene–dis-
rupted mice by indirect immunogold labeling. Cryostat sections were 
prepared from senescent neprilysin gene–disrupted mice and incu-
bated with anti-Aβ antibody (4G8) and anti-mouse 10- to 15-nm gold 
conjugate (for scanning electron microscopy images) or 5- to 10-nm 
gold conjugate (for transmission electron microscopy images). Gold 
particles were present within the subretinal deposit (C and E) as well 
as in the cytoplasm of RPE cells (E, arrowheads). A–C are scanning 
electron microscopy images. B shows higher magnification of A, and 
C shows higher magnification of B. D and E are transmission electron 
microscopy images. E shows higher magnification of D. DE, subretinal 
deposit; BM, Bruch membrane; CH, choroid. Scale bars: 10 µm (A); 
3.6 µm (B); 360 nm (C); 1 µm (D); and 0.1 µm (E).



research article

2798	 The Journal of Clinical Investigation      http://www.jci.org      Volume 115      Number 10      October 2005

conjugated and Texas Red–conjugated goat antibodies to mouse IgG were 
from Sigma-Aldrich; and the in vitro angiogenesis kit was from Kurabo.

Human RPE cell culture. Primary cultures of human RPE cells were a gener-
ous gift from Peter A. Campochiaro (Wilmer Eye Institute, Johns Hopkins 
University, Baltimore, Maryland, USA). The cultures used for the experi-
ments described here were in the second to fourth passage at the time of 
separation. Cultures were demonstrated to be pure populations of RPE 
cells by immunocytochemical staining for cytokeratins (data not shown). 
Differentiated RPE cells were established as described previously (30, 39). 
RPE cell cultures were maintained in DMEM supplemented with 10% FBS 
and 10 ng/ml basic FGF. The cells exhibited epithelioid morphology and 
expressed CRALBP, a marker for differentiation of RPE cells (39).

RPE cells were subcultured into 24-well tissue culture plates at a density 
of 4 × 104 cells. Seven days after reaching confluence, the medium was 
changed and cells were incubated in serum-free DMEM in the presence or 
absence of Aβ1–40 peptide (HCl form) at a concentration of 1, 10, or 25 µM.  
After 24 hours, the medium was collected, filter sterilized, and stored 
at –80°C until use for tube-formation assay, Western blot analyses, and 
ELISA. The cells were also homogenized and used for RNA extraction. 
Each condition was examined in triplicate, and results were repeated in at 
least 3 independent experiments.

Semiquantitative RT-PCR for APP, neprilysin, and β-secretase. Total RNA 
was extracted from cultured RPE cells using TRIzol reagent. The cDNA 
was synthesized from 2 µg of total RNA using You-Prime First-Strand 
Beads according to the manufacturer’s protocol, and the reaction prod-
uct was subjected to PCR amplification using the GeneAmp PCR System 
(Cetus; PerkinElmer). Human APP, neprilysin, and β-secretase mRNAs 
were detected using the following primers: for APP (GenBank accession 
number NM000484), 5′-TCAGATCCGGTCCCAGGTTATG-3′ (forward) 
and 5′-AGAGTCAGCCCCAAAAGAATGC-3′ (reverse); for neprilysin 
(58), 5′-GTGCCCAGCAGTCCAACTCATTGAAC-3′ (forward) and 5′-
CCCCATTTCTGTGGTGTTGGCAAGTC-3′ (reverse); and for β-secretase 
(59), 5′-CATTGGAGGTATCGACCACTCGCT-3′ (forward) and 5′- CCA-
CAGTCTTCCATGTCCAAGGTG-3′ (reverse). The PCR reaction for APP 
was repeated for 25 cycles, and each cycle included denaturation at 94°C 
for 1 minute, annealing at 60°C for 1 minute, and primer extension at 
72°C for 2 minutes. The PCR reaction for neprilysin was repeated for 32 
cycles, and each cycle included denaturation at 94°C for 1 minute, anneal-
ing at 60°C for 1 minute, and primer extension at 72°C for 2 minutes. 
The PCR reaction for β-secretase was repeated for 32 cycles, and each cycle 
included denaturation at 94°C for 1 minute, annealing at 62°C for 1 min-
ute, and primer extension at 70°C for 2 minutes. The expected size of the 
reaction products was 313 bp for APP, 610 bp for neprilysin, and 624 bp 
for β-secretase. For the detection of β-actin mRNA, the following primers 
were used: 5′-CTTCGCGGGCGACGATGC-3′ (forward) and 5′-CGTA-
CATGGCTGGGGTGTTG-3′ (reverse). The expected size of the reaction 
product was 340 bp for β-actin.

Immunohistochemical analysis of APP, neprilysin, and β-secretase in RPE. For 
immunohistochemistry of APP, β-secretase, and neprilysin in RPE cells, 
male albino ddY mice (8 to 10 weeks old) were used. All experiments 
were approved by the Ethics Committee for Animal Use in Research and 
Education of the Tokyo Medical and Dental University and conformed 
to the Association for Research in Vision and Ophthalmology Statement 
for the Use of Animals in Ophthalmic and Vision Research. The mice 
were deeply anesthetized with pentobarbital (50 mg/kg) and perfused 
transcardially with 0.1 M phosphate-buffered saline (PBS: pH 7.4), fol-
lowed by ice-cold phosphate-buffered 4% paraformaldehyde or 10% neu-
tral-buffered formalin. Eyeballs were removed, immersed in the same 
fixative for 6 hours at room temperature, and then embedded in paraf-
fin blocks. The antibodies used included mouse monoclonal antibody 

MAB348 against APP (1:200; Chemicon International), mouse mono-
clonal antibody NCL-CD10-270 against neprilysin (1:100; Novocas-
tra), and rabbit polyclonal antibody BACE1 against β-secretase (1:200; 
Molecular Biologische Technologie). We performed immunostaining 
of APP, neprilysin, and β-secretase using the high-temperature antigen-
unmasking technique and the immunoperoxidase-indirect tyramide sig-
nal amplification (TSA) method (60). After deparaffinization and rehy-
dration, sections were heated in an autoclave at 121°C for 5 minutes in 
10 mM sodium citrate buffer (pH 6.0) for epitope retrieval of antigen, 
and endogenous peroxidase was then inactivated with 0.3% hydrogen 
peroxide in methanol. To block nonspecific immunoreactivity, the sec-
tions were sequentially treated with the blocking solutions supplied in 
a biotin/avidin blocking kit (Vector Laboratories) and a TSA kit (TSA 
Biotin System; PerkinElmer). Antibodies diluted in 0.1 M Tris-HCl, pH 
7.5, containing 0.15 M NaCl were reacted overnight at 4°C. After rinsing 
3 times in TNT buffer (0.1 M Tris-HCl, 0.15 M NaCl, and 0.05% Tween 
20, pH 7.5) for 5 minutes, the sections were sequentially incubated with 
biotinylated goat anti-mouse or anti-rabbit IgG1 (1:3,000; SouthernBio-
tech) for 1 hour, with horseradish peroxidase–conjugated streptavidin 
for 30 minutes (1:100; supplied in the TSA Biotin System), followed by 
biotinylated tyramide for 10 minutes (1:50 in amplification solution; 
supplied in the TSA Biotin System) at room temperature. Tyramide-
enhanced immunoreactivity was visualized with DAB, and eosin-stain-
ing was used for counterstaining.

Light cycler real-time PCR. Total RNA was extracted from cultured RPE 
cells using TRIzol reagent. The cDNA was synthesized from 2 µg of 
total RNA using You-Prime First-Strand Beads according to the man-
ufacturer’s protocol. The cDNA was subjected to quantitative PCRs 
on a LightCycler Instrument (Roche Diagnostics Corp.) using Quan-
tiTect SYBR Green PCR Kit (QIAGEN) for VEGF, PEDF, GAPDH, and 
the discriminative cellular markers, CRALBP. PCR amplifications were 
performed with specific primers in a total volume of 20 µl containing 
2 µl of sense and antisense primer mixture (5 µM of each primer), 10 µl  
of 2xSYBR Green QPCR Master Mix (QIAGEN), 1 µl of 1:10 diluted 
cDNA and nuclease-free PCR-grade water. The mixture was used as a 
template for the amplification after initial denaturation at 95°C and 
40–45 cycles (95°C for 30 seconds, 55–58°C for 1 minute, and 72°C for 
30 seconds). The primer sequences were as follows: for human VEGF, 
5′-ATCGAGTACATCTTCAAGCCAT-3′ (sense) and 5′-CTTTCTTT-
GGTCTGCATTCACA-3′ (antisense); for human PEDF, 5′-TTAC-
GAAGGCGAATCACCA-3′ (sense) and 5′-TAAGGTGATAGTCCAGC-
GGG-3′ (antisense); for GAPDH, 5′-ACCACAGTCCATGCCATCAC-3′ 
(sense) and 5′-TCCACCACCCTGTTGCTGTA-3′ (antisense); and for 
human CRALBP, 5′-GCTGCTGGAGAATGAGGAAACT-3′ (sense) and 
5′-TGAACCGGGCTGGGAAGGAATC-3′ (antisense) (61). SYBR Green 
fluorescence was measured, and quantification of each PCR product was 
expressed relative to GAPDH.

ELISA and Western blot analysis. The amount of secreted VEGF in condi-
tioned media from RPE cells was determined using a commercial ELISA 
kit according to the manufacturer’s instructions. The absorbance was 
measured at 450 nm in a Bio-Rad Model 450 microplate reader (Bio-
Rad Laboratories). For standardization, serial dilutions of recombinant 
VEGF were assayed.

For Western blot analysis of secreted PEDF, cells were maintained in 
serum-free media for 48 hours before harvest for protein. Final protein 
concentrations were determined using a BCA assay (Pierce Chemical Co.) 
according to the manufacturer’s instructions. Equal amounts of secreted 
protein (8 µg) were separated by 12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and electrophoretically transferred onto nylon 
membranes. Nylon membranes containing transferred proteins were pre-
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treated with 1.0% nonfat dried milk in 50 mM Tris (pH 8.0) and then incu-
bated overnight with a monoclonal antibody against human PEDF. PEDF 
immunoreactivity was visualized by exposing x-ray film to blots incubated 
with ECL reagent (Amersham Biosciences).

Tube formation assay by HUVECs. Experiments on tube formation were 
conducted in triplicate in 24-multiwell dishes using an angiogenesis kit 
(Kurabo) according to the manufacturer’s instructions. Briefly, the con-
ditioned medium from Aβ-treated RPE cells was collected and diluted 1:1 
with endothelial cell medium (Kurabo). HUVECs cocultured with human 
fibroblasts were cultured in the presence of the conditioned medium for 
5 days. Media were changed every 2 days. Thereafter, dishes were washed 
with PBS and then fixed with 70% ethanol at 48°C. After the fixed cells 
were rinsed twice with PBS, cells were incubated with sheep anti-human 
vWF in PBS containing 10% FBS for 60 minutes. After washing 5 times 
with PBS containing 10% FBS, cells were incubated for 60 minutes with 
donkey anti-sheep IgG conjugated with horseradish peroxidase. Metal-
enhanced DAB was used as a substrate, and the reaction yielded a dark 
reddish-brown insoluble product. Finally, the cells were washed 5 times 
with PBS and then viewed in an Olympus BHS system microscope (Olym-
pus). Tube length was measured quantitatively with an image analyzer 
(in mm/cm2) in 8 different fields for each condition, and the results were 
subjected to statistical analysis.

Neprilysin gene–disrupted mice and tissue preparation. Senescent neprilysin-
deficient and wild-type mice (27 months old) (3, 62) were used for the 
experiments. Fixed eyeballs were embedded in paraffin blocks. Mounted 
sections were defatted in xylene and hydrated in a grade series of etha-
nol in water. For immunohistochemical staining of angiogenesis-related 
factors, eyes were enucleated, and 8-µm cryostat sections were prepared. 
Sections were treated with 0.3% H2O2 and 20% normal goat serum to 
block endogenous peroxidase and nonspecific binding, respectively. The 
sections were then treated overnight at 4°C with rabbit polyclonal anti-
body against VEGF (1:3,000 dilution; Santa Cruz Biotechnology Inc.) or 
rabbit polyclonal antibody against PEDF (1:3,000 dilution; Trans Genic 
Inc.). After directly reacting the sections for 60 minutes at room tem-
perature with fluorescein isothiocyanate– or Texas Red–conjugated goat 
anti-rabbit antibodies (1:400; Sigma-Aldrich), images were obtained 
with a Zeiss LSM 510 confocal microscope.

Electron microscopy. Eyeballs were fixed in 2.5% glutaraldehyde in 0.1 M 
PBS for 2 hours. The eyeballs were washed overnight at 4°C in the same 
buffer and postfixed for 2 hours with aqueous OsO4 in 0.1 M PBS. The 
tissue was dehydrated through a graded ethanol series and embedded in 
Epon 812 (TAAB Laboratories Equipment Ltd.). Ultrathin (70 nm) sections 
were collected on copper grids and double-stained with uranyl acetate and 
lead citrate and then examined with an H-7100 transmission electron 
microscope (Hitachi Ltd.).

For immunoelectron microscopy of Aβ, 8-µm cryostat sections were 
used. The sections were placed on silane-coated glass and then placed on 
droplets of 1% bovine serum albumin in 0.1 M PBS on a parafilm sheet 
for 1 hour at 4°C to eliminate nonspecific antibody binding. The slides 
were then placed on droplets of mouse monoclonal antibody against Aβ 
4G8 (1:50; Signet Laboratories) containing 1% bovine serum albumin for 
48 hours at 4°C. Each slide was washed with 0.1 M PBS and incubated 
with goat anti-mouse IgG and IgM conjugated with 5- to 10-nm–diam-
eter gold colloidal particles (1:20; British Biocell International). After 
incubation, the slides were washed with 0.1 M PBS for 2 hours. The sec-
tions on the slide were subsequently fixed in 2.5% glutaraldehyde and 
then postfixed in 1% OsO4 in 0.1 M PBS. The slides for scanning electron 
microscopy images were dehydrated in a graded series of ethanol and 
dried in the critical point drying apparatus HCP-2 (Hitachi Ltd.) with 
liquid CO2. They were spatter-coated with osmium using NL-OPC80N 
(Filgen) and examined by scanning electron microscope S-4500 (Hitachi 
Ltd.) and yttrium aluminium garnet (YAG) backscattered detector (Hita-
chi Ltd.). The slides for transmission electron microscopy observation 
were dehydrated in a graded series of ethanol and embedded in Epon812. 
The ultrathin sections were stained with uranyl acetate and then exam-
ined with transmission electron microscope H-7100 (Hitachi Ltd.).

Statistics. Individual experiments were performed in at least triplicate. 
Data are expressed as means ± SEM and were compared using the Mann-
Whitney U test. A P value of less than 0.05 was considered to be statisti-
cally significant.
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