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PURPOSE. This study aimed to determine whether upregulation
of �-secretase could inhibit laser-induced choroidal neovascu-
larization (CNV) and if this was associated with a reduction in
both oxidative stress and proinflammatory cytokines.

METHODS. �-Secretase, or its catalytic subunit presenilin 1
(PS1), were upregulated by exposure to either pigment epithe-
lial derived factor (PEDF) or an AAV2 vector containing a PS1
gene driven by a vascular endothelial-cadherin promoter. Ret-
inal endothelial cells were infected with AAV2 or exposed to
PEDF in the presence or absence of VEGF and in vitro angio-
genesis determined. Mouse eyes either received intravitreal
injection of PEDF, DAPT (a �-secretase inhibitor) or PEDF �
DAPT at the time of laser injury, or AAV2 infection 3 weeks
before receiving laser burns. Lesion volume was determined 14
days post laser injury. Superoxide generation, antioxidant ac-
tivity and the production of proinflammatory mediators were
assessed. Knockdown of �-secretase was achieved using
siRNA.

RESULTS. �-Secretase upregulation and PS1 overexpression sup-
pressed VEGF-induced in vitro angiogenesis and in vivo laser-
induced CNV. This was associated with a reduction in the
expression of VEGF and angiogenin 1 together with reduced
superoxide anion generation and an increase in MnSOD com-
pared with untreated CNV eyes. PS1 overexpression reduced
proinflammatory factors and microglial activation in eyes with
CNV compared with control. siRNA inhibition of �-secretase
resulted in increased angiogenesis.

CONCLUSIONS. �-Secretase, and in particular PS1 alone, are
potent regulators of angiogenesis and this is due in part to
stabilizing endogenous superoxide generation and reducing
proinflammatory cytokine expression during CNV. (Invest
Ophthalmol Vis Sci. 2012;53:574 –585) DOI:10.1167/
iovs.11-8728

Neovascularization is a major cause of vision loss in patients
with age-related macular degeneration (AMD) that is char-

acterized by abnormal, new vessel growth into the subretinal
space from the underlying choroid resulting in choroidal neo-
vascularization (CNV).1,2 It is now quite evident that there is a
plethora of pro- and anti-angiogenic factors that regulate the
ocular vasculature and are involved in the development and
progression of aberrant neovascularization such as AMD. The
collective evidence suggests that the VEGF family is critical for
ocular angiogenesis and treatment of AMD patients with CNV
with agents that neutralize extracellular VEGF significantly
reduce CNV.3,4 Pigment epithelium-derived factor (PEDF) is a
potent inhibitor of VEGF-induced angiogenesis5,6 and the RPE
is a major source of PEDF in the retina. The decline in expres-
sion of PEDF, both with increasing age and in AMD, facilitates
a proangiogenic subretinal environment.7–9 Although numer-
ous studies have demonstrated that PEDF inhibits VEGF-in-
duced CNV the mechanisms are poorly understood and no
definitive receptor has yet been identified. Previously, we have
reported that PEDF inhibits VEGF-induced angiogenesis in cul-
tured microvascular endothelial cells. This inhibition is due to
a �-secretase dependent cleavage and intracellular transloca-
tion of VEGF receptor (VEGFR) 1 10 and others have reported
that VEGFR2 is cleaved in a similar fashion in RPE cells.11

�-Secretase is a complex composed of four different integral
membrane proteins: presenilin (PS), nicastrin, Aph-1, and Pen-
2.12–14 The most studied component of the �-secretase com-
plex is presenilin which is an integral enzyme in the cleavage
of amyloid precursor protein and contributes to the accumu-
lation of amyloid-� peptide in Alzheimer’s disease. Activation
of PS is dependent on its endoproteolysis of full length PS into
an N-terminal fragment (NTF) and C-terminal fragment
(CTF).10,12 Nicastrin appears to be necessary for substrate
recognition by the �-secretase complex and nicastrin binding
to the substrate is required before presenilin can exert its
proteolytic activity.15 Of the two remaining proteins, which
constitute �-secretase, Aph-1 is believed to be a scaffolding
protein and Pen-2 appears to regulate PS activity. Assembly of
the �-secretase complex begins in the endoplasmic reticulum
and is concluded after translocation of the four proteins to the
cell membrane.12,14 Valine residue(s) followed with charged
residues within the transmembrane domain serve as cleavage
sites for �-secretase16 and we have recently demonstrated that
valine 767 is critical for VEGFR1 cleavage by �-secretase.17 It is
also evident that PS can regulate protein trafficking and pro-
tein-protein interactions independently of its protease activity
and association with the �-secretase complex.17–20

There is extensive evidence that oxidative stress is associ-
ated with both the wet and dry forms of AMD.1,2,21 Antioxi-
dants such as N-acetyl-cysteine and siRNA against p22phox (an
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integral subunit of NAPDH oxidase) are potent inhibitors of
laser-induced CNV in animal models.22,23 Furthermore, a com-
bination of oxidative stress and vascular growth can lead to an
upregulation of proinflammatory cytokines which further ex-
acerbate the progression of CNV24 and anti-inflammatory strat-
egies have been shown to ameliorate CNV.25–27 PEDF, which
we have shown regulates �-secretase activity in cultured
cells,10,17 has been previously reported to reduce both oxida-
tive stress and inflammation in the retina.28,29 We therefore
decided to determine in this study whether increasing expres-
sion of the �-secretase complex, or of PS alone, can inhibit
laser-induced CNV in the mouse CNV model and if this is
associated with protection of the retina from oxidative damage
and inflammation.

MATERIALS AND METHODS

Materials

Agglutinin I rhodamine labeled Ricinus Communis was purchased from
Vector Laboratories, Inc. (Burlingame, CA). Dihydroethidium was ob-
tained from Invitrogen (Carlsbad, CA). Recombinant VEGF165 was
purchased from R&D Systems (Minneapolis, MN) and PEDF from Bio-
Products MD (Middletown, MD). �-Secretase inhibitors L685485, DAPT
and antibody to mouse �-actin were obtained from Sigma (St. Louis,
MO). Antibodies to angiogenin 1 and to VEGF-A were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against HA-tag,
presenilin1, NF�B, and F4/80 were from Abcam (Cambridge, MA), and
Anti-Iba1 was from Wako Chemicals USA, Inc. (Richmond, VA). siRNA
for PS1, NCT, Aph-1, and Pen-2 was obtained from Applied Biosystems
(Carlsbad, CA).

AAV Vectors

A recombinant AAV serotype 2 quadruple tyrosine to phenylalanine
(Y-F) capsid mutant (Y444F, Y500F, Y700F, and Y704F) containing the
vascular endothelial cadherin (VEC) promoter (kindly provided by
Jeremy Nathans, Johns Hopkins University) driving mouse PS1 cDNA
tagged with human influenza hemagglutinin (HA) was generated
(Fig. 1A). An unmodified capsid AAV2 without PS1 gene and HA tag
served as a control. AAV vectors were packaged and purified as pre-
viously described.30 Vectors were then resuspended in balanced salt
solution with 0.014% Tween-20, titered by quantitative real-time PCR
(qRT-PCR) and stored at �80°C.

Vector Transfection and Tube Formation Assay in
Cell Culture

Bovine retinal microvascular endothelial cells were isolated and grown
in microvascular endothelia cell basal medium (MCDB 131) media
(Invitrogen) as described previously.31 The early passages (P1-P2) were
used for AAV transgene detection and the in vitro angiogenesis tube
formation study. After cells were approximately 80% confluent, AAV2-
PS1 or wild type AAV2 were diluted in MCDB 131 medium to infect the
cells at a MOI of 5000 to 10,000. Twenty-four hours post viral infec-
tion, the cells were treated with medium containing PEDF (100 ng/mL)
in the presence or absence of VEGF (100 ng/mL) overnight at 37°C in
5% CO2.

The tubule formation assay was undertaken as previously de-
scribed.10 In brief, near confluent endothelial cells (infected and non-
infected) pretreated with growth factors or medium alone for 48 hours
were detached and plated sparsely (2.5 � 104 per well) on 24-well
plates coated with 12.5% (vol/vol) basement membrane matrix (Matri-
gel; BD Biosciences, Bedford, MA) and left overnight. The medium
was then aspirated, and 250 �L per well of 12.5% basement mem-
brane matrix (Matrigel) was overlaid on the cells for 2 hours to allow
polymerization of the basement membrane matrix (Matrigel), followed
by adding 500 �L per well of MCDB 131 medium for 24 hours. Culture
plates were observed under a phase contrast microscope and photo-

graphed at random in five different fields (magnification, � 10). The
tubule length (mm/mm2) was quantified.

In Vitro Detection of Transgene and Western
Blot Analysis

Endothelial cells were harvested 48 hours post viral infection and fixed
in 4% paraformaldehyde and permeabilized with 0.3% Triton X-100.
Nonspecific staining was blocked with 5% BSA in PBS for 30 minutes
at room temperature. The cells were stained with polyclonal anti-HA
tag conjugated FITC all at 1:500 in PBS containing 1% BSA at 4°C
overnight. Cells were then rinsed and observed by fluorescence mi-
croscopy. For Western blot analysis, 30 �g of cell lysate was separated
by electrophoresis on a 7.5%–12% SDS-polyacrylamide gel and proteins
transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA) and
nonspecific binding sites blocked with 10% nonfat dry milk. Blots were
incubated with a polyclonal antibody against presenilin 1 and, for a
loading control, a monoclonal anti-�-actin antibody followed by an
HRP-conjugated secondary antibody. The membranes were incubated
with a Western blotting detection system (ECL Plus; Amersham Biosci-
ences, Piscataway, NJ) and exposed to single-emulsion film (Biomax
MR; Sigma). Band intensities were determined using software devel-

FIGURE 1. Vector map and AAV-mediated overexpression of PS1 in
cultured microvascular endothelial cells. (A) Vector map depicting the
mouse PS-1 gene driven by the VE-cadherin promoter tagged with a
human influenza hemagglutinin (HA) reporter gene that was inserted
into a recombinant quadruplet mutant AAV2 referred to as AAV2
quadYF-PS1. Control AAV2 without the PS1 gene and HA tag served as
a control. (B) Representative Western blot analysis demonstrating PS1
overexpression 48 hours after infection of cells with AAV2 quadYF-PS1
at a multiplicity of infection (MOI) of 5000 or 10,000. Untreated cells
and cells infected with control AAV2 acted as controls. The bar graph
represents quantitative analysis of PS1 expression normalized against
�-actin (mean � SEM, n � 3). (C) Representative fluorescence micro-
graphs of endothelial cells 48 hours after infection with AAV2 quadYF-
PS1 or control AAV2 immunostained with an antibody against HA-FITC.
The majority of endothelial cells infected with AAV2 quadYF-PS1 ex-
hibited positive HA staining while no apparent fluorescence was ob-
served in cells infected with control AAV2.
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oped by Wayne Rasband (ImageJ; National Institutes of Health,
Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html).

Animals

Female C57BL/6 mice, 6–8 weeks of age, were used in this study. All
mice were purchased from The Jackson Laboratory (Bar Harbor, ME)
and were maintained in the University of Florida Health Science Center
in the animal care facilities. They were handled in accordance with the
ARVO statement for Use of Animals in Ophthalmic and Vision Research
and the guidelines of the Institutional Animal Care and Use Committee
at the University of Florida.

PS1 Overexpression Studies

For detection of PS1 overexpression two groups of nonlasered mouse
eyes received AAV2-PS1 or AAV2 (n � 6 in each group). Subretinal
injection was achieved as previously described.32 In brief, an aperture
within the dilated pupil was made through the cornea with a 301⁄2-
gauge disposable needle and a 33-gauge unbeveled blunt-tip needle on
a syringe (Hamilton; Fisher Scientific, Orlando, FL) was introduced
through the corneal opening into the subretinal space. Each eye re-
ceived 1 �L of vector at 4.36 � 1012 genome copies per mL (this titer
was deemed optimal from exploratory studies). Animals were eutha-
nized after 5 weeks for immunohistochemistry and qRT-PCR.

Laser-Induced CNV Mouse Model

The laser procedure was undertaken as previously described.33,34

Briefly, mice were anesthetized with a mixture of ketamine (80 mg/kg)
and xylazine (10 mg/kg) and their pupils dilated with tropicamide
(0.5%) and phenylephrine (2.5%). Under the fundus microscope an
argon green ophthalmic laser, coupled to a slit lamp set to deliver a
50-ms pulse at 200 mW with a 50 �m spot size, was used to rupture
Bruch’s membrane in three quadrants of the right eye located approx-
imately 50 mm from the optic disc at relative positions of 9, 12, and 3
o’clock. The left eye served as an untreated control. Animals were
divided into 7 groups of 12 animals that received either saline (sub-
retinal or intravitreal as a control), PEDF, the �-secretase inhibitor
DAPT, PEDF plus DAPT, AAV2, and AAV2-PS1. AAV2-PS1, AAV2 with-
out PS1 gene, or saline were delivered by subretinal injection at 3
weeks before induction of CNV as described above. PEDF (80 ng/�L),
DAPT (16 ng/�L), or PEDF � DAPT were given as a single 1-�L
intravitreal injection immediately after laser injury. For PS1 and nicas-
trin knockdown studies 1 �L of predesigned siRNAs plasmids (Silence
Select, Invitrogen) against mouse PS1 (s72263; Applied Biosystems),
nicastrin (s81924; Applied Biosystems), or plasmids (Silence Select)
negative control siRNA (4404020; Applied Biosystems) at a concentra-
tion of 2 �g/�L in transfection agent (siPORT NeoFX; Applied Biosys-
tems) was given by intravitreal injection at the time of laser injury.

Mice were euthanized 14 days after laser injury. The eyes were
enucleated and the RPE/choroid/sclera prepared. For measuring lesion
volume we used a vascular specific dye (Ricinus Communis Agglutinin
I; Vector Laboratories, Inc.) conjugated to rhodamine, to label whole
flat mounts of RPE/choroid/sclera which were incubated for 30 min-
utes at room temperature in 1:400 of 10 mM HEPES, 150 mM NaCl and
0.1% Tween 20. The tissues were covered in aqueous mounting me-
dium (VectaShield; Vector Laboratories, Inc.) for observation on a
confocal microscope (Olympus DSU-Olympus IX81; Olympus America,
Inc., Center Valley, PA). Digital images were captured by using imaging
software (SlideBook 4.2; Intelligent Imaging Innovations, Inc., Denver,
CO) in a three-dimensional stacked manner to facilitate volumetric
analysis from experimental and control samples with identical photo-
multiplier tube gain settings. The confocal images were then processed
identically in experimental and control eyes and measured using soft-
ware developed by Wayne Rasband (ImageJ; National Institutes of
Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.
html).

Immunohistochemistry

Mice were euthanized by anesthetizing with isoflurane followed by
cervical dislocation. The eyes were enucleated and fixed in 4% para-
formaldehyde/PBS overnight. The anterior segment, lens, and vitreous
were removed and the posterior eye cups were prepared for cryostat
sections, paraffin sections, or retinal flat mounts The sections or flat
mounts were washed with PBS then permeabilized with 0.2% Triton
X-100 and nonspecific binding blocked by 10% normal goat serum in
PBS. Samples then received primary antibody for 16 hours at 4°C. The
primary antibodies were polyclonal anti-PS1 (1:2000), rat anti-HA (1:
500), rabbit anti-VEGF (1:300), rabbit anti-angiogenin 1 (1:500), anti-
NF�B (1:500), mouse anti-F4/80 (1:500), or rabbit anti-Iba1 (1:200).
After primary incubation, tissues were washed and incubated for 1.5
hours at room temperature with the appropriate secondary antibody at
4°C with 0.2% Triton X-100. The secondary antibody was Cy3 conju-
gated goat anti-rabbit or mouse IgG (1:250). After washing, specimens
were mounted in aqueous mounting medium (VectaShield; Vector
Laboratories, Inc.) and coverslipped for observation by confocal mi-
croscopy. All confocal images were acquired with identical exposure
settings.

qRT-PCR Analysis In Vivo and In Vitro

Total mRNA was prepared from both mouse neural retinas and RPE/
choroid, and cultured cells using a reagent (Trizol; Invitrogen). Total
RNA was extracted using isopropanol precipitation. Pellet was resus-
pended in 0.1% DEPC water and stored at �80°C. mRNA from each
sample was reverse transcribed into cDNA using a cDNA synthesis kit
(iScript cDNA Synthesis Kit, 170-8890; Bio-Rad) following manufactur-
er’s instructions. Quantitative PCR was performed using a PCR mix
(SsoFast EvaGreen Supermix, 172-5201; Bio-Rad) with designed prim-
ers. All primers, mouse presinilin 1 (mPS1), superoxide dismutanase 2
(SOD2), monocyte chemoattractant protein 1 (MCP-1), CXCL8/inter-
leukin-8 (IL-8), NF�B, and an internal control of GAPDH were designed
using NCBI and produced by Sigma-Aldrich. The primers are as follows:
mouse presenilin 1 (forward: 5�-AGGCGAAGAGTCGTATGGCGC-3�,
reverse: 5�-TGTTCGCGGCAGTGCCACAT-3�); mouse superoxide dis-
mutanase 2 (forward: 5�-ACGACTATGGCGCGCTGGAG-3�, reverse: 5�-
CTTGGCCAGAGCCTCGTGGT-3�), mouse monocyte chemoattractant
protein 1 (forward: 5�-AGTTGCCGGCTGGAGCATCC-3�, reverse: 5�-
TCTTTGGGACACCTGCTGCTGG-3�); bovine CXCL8/interleukin-8 (forward:
5�-AGCTGGCTGTTGCTCTCTTGGC-3�; reverse: 5�-GGGGTGGAAAGGT-
GTGGAATGTG-3�), NF�B (mouse, forward: 5�-TGTCTGCTGCTGCTG-
GTGGC-3�, reverse: 5�-AAGCAGGCAGCCAGCCAAGG-3�; bovine, forward:
5�-CCAGAATGGCAGAAG ACGACCCG-3�, reverse: 5�-GGGGCCTTCACA-
CACGTAACGG-3�); GAPDH internal control (bovine, forward: 5�-AGGTGGT-
GAAGCAGGCGTCA-3�, reverse: 5�-CACCACCCTGTTGCTGTAGCCA-3�;
mouse, forward: 5�-CCCAGCAAGGA CACTGAGCAAGAG-3�, reverse: 5�-
CTAGGCCCCTCCTGTTATTATGGGG-3�). The reactions were run in a PCR
system (7500 Fast Real Time PCR System; Applied Biosciences) for 10
minutes at 95°C followed by 40 cycles of amplification for 15 seconds
at 95°C and 1 minute at 60°C. The raw data and comparative CT

analysis (��CT) was performed using software (7500 v2.0.1; Intelligent
Imaging Innovations, Inc.). The housekeeping gene, GAPDH, was used
as the reference gene for the analysis. All reactions were performed in
triplicate. The analysis indicated fold difference in gene expression.

Assay for In Vivo Superoxide Generation

The in situ production of superoxide radicals was evaluated using the
superoxide indicator, hydroethidine as previously described.35,36 Su-
peroxide oxidizes hydroethidine to yield a red fluorescent signal at
approximately 600 nm. Animals were treated with saline, PEDF, DAPT,
PEDF � DAPT, AAV2, and AAV2-PS1 as described above. Each group
consisted of six mice. Mice received two intraperitoneal injections, 15
minutes apart, of freshly prepared hydroethidine (20 mg/kg; Invitro-
gen) and were euthanized 18 hours after injection. For quantification
of the level of ethidium, posterior eye cups were rinsed and homoge-
nized with a polytron homogenizer in 1 mL of buffer (50 mM ammo-
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nium acetate and 150 mM NaCl, pH 7.4), and fluorescence intensity
was measured on a fluorescent plate reader (BioTek, Winooski, VT)
using a spectrofluorometer (FLUOstar Optima; BMG Labtechnologies,
Cary, NC). The relative fluorescence intensity was calculated by nor-
malizing to protein concentration. For microscopic observations eyes
were rapidly removed and fixed in 4% paraformaldehyde for 20 min-
utes at 22°C, rinsed with PBS, and retinal flat mounts were prepared.
After rinsing in PBS, tissues were examined by fluorescence micros-
copy (excitation: 543 nm, emission: 610 nm) and all images were
acquired in the frame scan mode with the same exposure time.

siRNA Treatment

Microvascular endothelial cells were transfected with duplex oligori-
bonucleotides against PS1 (Stealth Select RNAi, s224427; Invitrogen),
NCT (s23706; Invitrogen), Aph-1 (s27450; Invitrogen), Pen-2 (s31661;
Invitrogen), or with scrambled siRNA (12,935-300, Invitrogen) for 48
hours, after a further 24-hour incubation in endothelial cell basal
medium with growth supplement (Invitrogen). Cells were then treated
with growth factors as described above.

Assay for �-Secretase Activity
�-Secretase activity was determined using a fluorometric �-secretase
activity kit according to the manufacturer’s instructions (R&D Systems)
as we have previously described.10 The level of secretase enzymatic
activity in the cell lysate is proportional to the fluorometric reaction.

Statistical Analysis
All experiments were repeated at least three times and were assessed
using a Student’s t-test plus ANOVA for multiple comparisons. Results are
expressed as mean � SEM. The Mann-Whitney test was used to determine
statistical significance of the laser densitometry data. Statistical analysis
was performed using statistical software (Prism 5; GraphPad Software, La
Jolla, CA) with differences of P � 0.05 considered statistically significant.

RESULTS

AAV-Mediated Overexpression of PS1
in Vascular Cells

To achieve vascular endothelial transfection, wild type AAV2
was modified with tyrosine to phenylalanine capsid mutations

FIGURE 2. Expression of PS1 in the
retinal and choroidal vasculature af-
ter subretinal delivery of AAV2
quadYF-PS1. Subretinal injections of
AAV2 quadYF-PS1, control AAV2, or
saline vehicle were performed in
mouse eyes and the animals eutha-
nized 5 weeks later. (A) Representa-
tive low-power fluorescence photo-
micrographs of transverse sections
showing immunostaining for PS1
(red) and HA (green) in the retinal
and choroidal vessels. Representative
hematoxylin and eosin (H&E) sec-
tions are shown on the right to pro-
vide orientation. (B) Higher power of
images shown in (A). (C) Expression
of PS1 in neural retina and RPE/cho-
roid preparations normalized against
GAPDH. PS1 mRNA expression in-
creased 67% and 37% in the RPE/
choroid and neural retina respec-
tively compared with control mRNA
levels (mean � SEM, n � 6). (D)
Representative immunostaining for
HA in CNV lesions in which laser
burns were applied to the retina 3
weeks after the vector injection.
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(AAV2 quadYF) to enhance infection efficiency as endothelial
cells are typically refractive to viral gene transfer. The VE-
cadherin promoter was selected to ensure endothelial cell
specific expression of PS1 (Fig. 1A). Viral infection of retinal
endothelial cells with AAV2 quadYF-PS1 resulted in a dose-
dependent increase in PS1 expression which was greatest 48
hours post infection using a MOI of 10,000 and was increased
by 	 100% when compared with AAV2 quadYF without PS or
untreated control (Fig. 1B). Control AAV2 infection did not
significantly increase PS1 expression compared with control.
Immunohistochemical staining of the HA tag demonstrated
significant infection of 	 85% of cells (Fig. 1C).

Subretinal injection of AAV2 quadYF-PS1 resulted in ele-
vated expression of PS1 specifically within both the retinal and
choroidal vasculature (Fig. 2). Normal retina expressed a low
level of endogenous PS1 which was similar to that observed in
eyes receiving subretinal injection of control AAV2 (Fig. 2A).
This was confirmed by immunostaining for the HA tag which
demonstrated robust expression of HA specifically in both
retinal and choroidal capillaries which was absent in normal
eyes (data not shown) and eyes receiving control AAV2. In-
creased expression of PS1 in eyes receiving AAV2 quadYF-PS1
was confirmed by qRT-PCR which revealed increased PS1
mRNA expression of 67% and 37% in the RPE/choroid and
neural retina, respectively, compared with control (Fig. 2B).
Because the tissue preparations are dominated by nonvascular
tissue, expression levels in vascular endothelial cells would be
expected to be much greater but similar to that observed in our
cell culture studies (Fig. 1). Because the focus of this study is
on the role of PS1 in CNV we were also able to demonstrate
high levels of the HA tag in vessels associated with CNV lesions
(Fig. 2C).

�-Secretase and PS1 Suppress In Vitro and In
Vivo Angiogenesis

As we have previously reported,10 PEDF inhibited VEGF-in-
duced tubule formation and this was blocked by a �-secretase
inhibitor (Fig. 3A). Overexpression of PS1 using AAV2 quadYF
caused a greater than 50% reduction in in vitro angiogenesis
compared with control (Fig. 3A). To better define the role of
PS1 in the inhibition of angiogenesis, we used siRNA to knock-
down each component of the �-secretase complex. Previously,
we showed that these siRNAs knockdown greater than 70% of
their target17 and that PEDF alone increases �-secretase activity
through the translocation of the constituent proteins to the
plasma membrane.10 Knockdown using each of the siRNA
components of �-secretase significantly reduced the PEDF-
induced activity of the �-secretase complex by approximately
50% compared with control (Fig. 3B). Furthermore, knock-
down of PS1, but not nicastrin, blocked PEDF-induced inhibi-
tion of tube formation in the in vitro angiogenesis assay and
furthermore increased tube formation in untreated cells in the
absence of exogenous growth factors (Fig. 3C). This identifies
PS1 as the major effector in �-secretase regulation of angiogenesis.

We next assessed the �-secretase/PS1 modulation of angio-
genesis in the mouse CNV model. Intravitreal injection of PEDF
significantly reduced CNV lesion volume by greater than 60%
and this was blocked if PEDF was injected together with the
�-secretase inhibitor DAPT (Fig. 4A–C). PS1 overexpression
after subretinal infection with AAV2 quadYF-PS1 also reduced
lesion volume by greater than 60% compared with saline-
treated controls. Because the visualization of vascular ingress
into the outer retina may be lost in flat mounts of the posterior
cup transverse sections of retina and choroid in which the
vasculature had been fluorescently stained were also exam-
ined. Control AAV2 quadYF-infected eyes displayed extensive
ingrowth of vessels into the photoreceptor layer and that this

FIGURE 3. �-Secretase and PS1 suppress in vitro angiogenesis. (A) Endo-
thelial cells were either pre-exposed to PEDF, DAPT, or PEDF � DAPT in the
presence or absence of VEGF for 24 hours, or infected with control AAV2 or
AAV2 quadYF-PS1 and exposed to VEGF 24 hours later. After overnight
incubation with growth factors, cells were transferred to basement mem-
brane matrix (Matrigel; Collaborative Research) and tubule length (mm/mm2)
was measured 48 hours later. Increased �-secretase activity and overexpres-
sion of PS1 inhibited VEGF-induced in vitro angiogenesis (mean � SEM, n �
4). (B) Endothelial cells were transfected with RNAi duplex oligoribonucleo-
tides against PS1, nicastrin, Aph-1, Pen-2, or scrambled siRNA. Cells were
exposed to PEDF in the presence or absence of VEGF and �-secretase activity
determined by ELISA (mean � SEM, n � 4). (C) Endothelial cells were
transfected with PS1, nicastrin, or scrambled siRNA (12935-300, Invitrogen)
for 48 hours followed by overnight exposure to VEGF, PEDF, VEGF � PEDF,
or saline control before the basement membrane matrix (Matrigel) in vitro
angiogenesis assay. PS1 knockdown blocked the inhibitory effect of PEDF on
VEGF-induced angiogenesis (mean � SEM, n � 4).
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was greatly reduced in eyes infected with AAV2 quadYF-PS1
(Fig. 4B). To further confirm a role for PS1 in CNV we assessed
the effect of siRNA against PS1 and nicastrin on CNV lesion
volume. In agreement with our in vitro results (Fig. 2A), both
PS1 and nicastrin knockdown significantly increased CNV le-
sion volume with the effect being much greater with nicastrin
knockdown relative to untreated control eyes (Fig. 4D).

PS1 Overexpression Decreases the Expression of
VEGF and Angiogenin 1 in Laser-Induced CNV

We focused on the expression of two angiogenic factors after
PS1 overexpression. It is well recognized the VEGF is an im-
portant player in CNV but more recently there is an increasing
literature emphasizing the importance of angiogenin 1.37,38

Immunohistochemistry demonstrated very faint staining for
VEGF in normal eyes and, as expected, VEGF was increased
both in the CNV lesion and in the neural retina in saline and
control AAV2 treated eyes (Fig. 5A). The upregulation of VEGF
was found predominantly within the inner and outer plexiform
layers, photoreceptor layer, RPE, and choroid associated with
areas of laser damage. By contrast, eyes receiving AAV2
quadYF-PS1 showed diminished staining for VEGF similar to
that seen in normal eyes indicating that overexpression of PS1
reduced VEGF levels both at the site of the laser lesion and

within the overlying retina (Fig. 5A). A similar staining pattern
was observed for angiogenin 1 which was increased in un-
treated and control AAV2-treated eyes and decreased in eyes
overexpressing PS1 (Fig. 5B).

�-Secretase and PS1 Suppress Superoxide Anion
Generation in Laser-Induced CNV

Because PEDF has previously been reported to reduce oxida-
tive stress in retinal cells28,39–41 we next determined if this
was via a �-secretase/PS1-dependent mechanism. Eyes with
laser-induced CNV either untreated or receiving saline, �-secre-
tase inhibitor, or preinfected with control AAV2 showed a
greater than 100% increase in superoxide anion levels (Fig.
6A). In marked contrast, this was reduced to baseline levels in
eyes receiving intravitreal PEDF or overexpressing PS1. The
inhibitory effect of PEDF was blocked by the �-secretase inhib-
itor DAPT and superoxide levels were similar to that observed
in untreated CNV eyes. These observations were supported by
flat mount preparations which demonstrated reduced superox-
ide reactivity in PS1 overexpressing eyes compared with un-
treated CNV eyes or eyes receiving AAV2 (Fig. 6B). qRT-PCR
demonstrated a reduction in SOD2 expression in control CNV
eyes compared with normal eyes and that this decrease was
prevented by overexpression of PSI (Fig. 6C).

FIGURE 4. �-Secretase and PS1 sup-
press CNV. (A) Representative con-
focal images of laser-induced CNV
lesions in eyes. Eyes had either re-
ceived intravitreal injection of PEDF,
DAPT, or PEDF � DAPT at the time
of laser injury, or AAV2 infection 3
weeks before receiving laser burns.
Saline alone acted as the control. An-
imals were euthanized 14 days post
laser injury and RPE choroidal flat
mounts were stained with a vascular
specific marker, agglutinin-TRITC
conjugate (red) to visualize the CNV
lesions by confocal microscopy.
Note the reduction in lesion size in
mouse eyes treated with PEDF or
AAV2-PS1 and that the protective ef-
fect of PEDF was blocked by the ad-
dition of �-secretase inhibitor. (B)
Quantitative assessment using confocal
microscopy to measure the volume of
the vascular lesions described in (A)
(mean � SEM, n � 12). (C) For PS1 and
nicastrin knockdown studies 1 �L of siR-
NAs against mouse PS1 nicastrin or neg-
ative control siRNA at a concentration of
2 �g/�L was given by intravitreal injec-
tion at the time of laser injury. Quantita-
tive assessment was undertaken using
confocal microscopy to measure the vol-
ume of the CNV lesions (mean � SEM,
n � 12). (D) Representative micro-
graphs of transverse sections through
the retina and choroid stained with the
vascular fluorescent dye, agglutinin-FITC
conjugate (green) and counter nuclear
stained with DAPI which demonstrate a
significant suppression of choroidal vas-
cular outgrowth into the photoreceptor
layer by overexpression of PS1. Repre-
sentative H&E sections are shown on the
left to provide orientation.
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PS1 Regulation of Cytokines and
Proinflammatory Factors

Given the association between proinflammatory factors and
ocular angiogenesis29,41,42 we next examined whether PS1
overexpression could reduce proinflammatory markers both in
vitro and in vivo. qRT-PCR revealed that overexpression of PS1
significantly reduced VEGF-induced NF�B and IL-8 in cultured
endothelial cells (Figs. 7A, 7B). Similarly, overexpression of PS1
reduced NF�B in the laser CNV model and exhibited a reduc-
tion in MCP-1 compared with AAV2 control treated eyes (Figs.
7C, 7D). In parallel immunohistochemistry studies, we ob-
served that NF�B immunostaining was accompanied by a large
number of F4/80 positive cells in CNV eyes receiving either
saline or control AAV2 (Fig. 7E). By contrast, immunoreactivity
for both NF�B and F4/80 positive cells was greatly reduced in
eyes overexpressing PS1.

PS1 Overexpression Suppresses Microglia
Activation in Laser-Induced CNV

Due to the increased evidence that microglial activation is
associated with ocular angiogenesis,43 we explored whether
PS1 overexpression can suppress microglial activation. In both
neural retina and RPE/choroid flat mounts of untreated or
control virus treated CNV eyes, microglia exhibited a much
larger cell body exhibiting cell processes typical of activated
microglia (Figs. 8A, 8B). Semiquantitative analysis of the flat
mounts demonstrated that PS1 overexpression suppressed mi-
croglia activation by 1.1-fold in the retina and 2.7-fold in RPE/
choroid compared with CNV eyes treated with saline or con-
trol AAV2 (P � 0.05) (Figs. 8C, 8D).

DISCUSSION

Our results demonstrate that either �-secretase upregulation by
PEDF or PS1 overexpression suppress VEGF-induced angiogen-
esis in cultured cells and in the laser-induced CNV model.

Decreased angiogenesis was associated with a reduction in the
expression of angiogenic factors and reduced oxidative stress.
Furthermore, PS1 overexpression reduced proinflammatory
factors and microglial activation in eyes with CNV. By contrast,
angiogenesis was increased by inhibition of either PS1 or nica-
strin. Taken together these results indicate that PEDF inhibits
CNV via upregulation of �-secretase activity and that elevated
�-secretase or PS1 offer therapeutic modalities for the treat-
ment of CNV. In addition, results suggest that the use of
�-secretase inhibitors, currently a potential therapeutic option
for Alzheimer’s disease (AD),44 may actually exacerbate the
progression of CNV in these individuals. While clinical trials
using semagacestat (a �-secretase inhibitor) in AD patients did
not specifically assess increases in CNV, they were prematurely
stopped because of the detrimental cognitive and functional
effects of the drug.44

There is considerable evidence that �-secretase and its com-
ponent proteins have a potential role in angiogenesis.14 PS1
knockout mice exhibit abnormal blood vessel development45

and Aph1A knockout mice fail to develop an organized vascu-
lar system.46 PS1 regulates the growth and differentiation of
endothelial progenitor cells.47 The transcription factors Ets and
CREB are known to regulate expression of PS and these ele-
ments are themselves regulated by a variety of growth factors
including VEGF.48,49 Recently we demonstrated that �-secre-
tase is important for regulating VEGF-induced vascular perme-
ability.50 Furthermore, there is considerable evidence to sup-
port a critical role for Notch, which is cleaved by �-secretase in
developmental, adult, and pathologic angiogenesis.51,52 It has
also been proposed that �-secretase regulation of angiogenesis
may be VEGFR1-dependent rather than Notch-dependent,
however, there is crosstalk between Notch and VEGF recep-
tors and Notch is known to regulate both VEGF and VEGFR
expression in a variety of vascular and nonvascular cells.14

The mechanism by which �-secretase and/or PS1 regulate
angiogenesis is unclear especially given the ever increasing
number of substrates for �-secretase.14 Notch activation and

FIGURE 5. PS1 regulates the expres-
sion of the proangiogenic factors,
VEGF and angiogenin 1, in CNV. Eyes
had received subretinal AAV2 infec-
tion 3 weeks before receiving laser
burns. Saline alone acted as the con-
trol. Animals were euthanized 14
days post laser injury, eyes were
fixed, and transverse sections were
stained (red) for (A) VEGF and (B)
angiogenin 1. Sections were counter-
stained with DAPI to view nuclei
(blue). The representative micro-
graphs show that both VEGF and an-
giogenin 1 levels are decreased in
eyes overexpressing PS1.
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�-secretase are critical for cell-autonomous notch signaling
as they regulate endothelial cell branching and proliferation
during vascular tubulogenesis.53,54 Furthermore, activation
of Notch by Dll4 regulates the formation of tip cells to
control vessel sprouting and branching55 and recently, both
Notch and Dll4 have been shown to be important regulators
of choroidal neovascularization.56,57 An alternative pathway
that we have identified is via VEGFR1-mediated inhibition of
VEGF-induced angiogenesis.10,17,50 We have shown that
PEDF is a potent endogenous anti-angiogenic factor that can
inhibit VEGF-induced vascular permeability and angiogene-

sis due to �-secretase-dependent regulation of the cleavage
and translocation of VEGFR1, because PEDF action is
blocked by either pharmacological inhibition of �-secretase
or by siRNA �-secretase inhibition.14,50 It is possible that
other receptors or target proteins may influence angiogen-
esis because �-secretase is now reported to have over 50
different substrates.14 Furthermore, it has recently been
identified that PS1 can act separately from the �-secretase
complex, possibly as an adaptor molecule facilitating pro-
tein trafficking and protein-protein interactions although the
underlying mechanisms remain unclear.18 –20 Some consen-

FIGURE 6. PEDF and PS1 overex-
pression modulate superoxide pro-
duction and antioxidant enzyme ex-
pression. Eyes had either received
intravitreal injection of PEDF, DAPT,
or PEDF � DAPT at the time of laser,
or AAV2 infection 3 weeks before
receiving laser burns. Saline alone
acted as the control. Animals were
euthanized 14 days post laser injury.
(A) Quantification of the level of su-
peroxide in the posterior eye cup.
Relative fluorescence intensity was
calculated by normalizing to protein
concentration. PEDF and PS1 overex-
pression reduced superoxide in CNV
eyes. (B) For microscopic observa-
tions eyes treated with hydroethi-
dine were fixed in 4% paraformalde-
hyde and retinal flat mounts were
prepared. Tissues were examined by
fluorescence microscopy (excitation:
543 nm, emission: 610 nm) and all
images were acquired in the frame
scan mode with the same exposure
time. A low power image of a retinal
flat mount from a CNV eye and a
DAPI-stained flat mount are shown
on the left. (C) qRT-PCR of the pos-
terior cup demonstrated that SOD2 is
reduced in CNV eyes and that this
can be reversed by overexpression of
PS1 (mean � SEM, n � 12).
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sus exists that the mechanism involves the association be-
tween full length PS (Fl.PS1). In support of this, we recently
reported that Fl.PS1 acts as an adaptor to facilitate the
association of vascular endothelial-protein tyrosine phospha-
tase (VE-PTP) with VEGFR1, thus promoting VEGFR1 de-
phosphorylation.17 This would help explain how viral up-
regulation of FL.PS1 in this study was able to inhibit CNV.

It is important to note that �-secretase activity does not
necessarily fully correlate with siRNA knockdown of each its
components and that expression of each component of the
�-secretase complex is coordinately regulated and our data
would support this. Reciprocal regulation between NCT and
PS plays an important role in determining the activity of the
�-secretase complex.58 Downregulation of NCT destabilizes PS
and lowers levels of the �-secretase complex59 while PS1
knockdown is closely associated with downregulation of NCT

maturation.58 Thus it is not surprising that knockdown of NCT
or PS1 enhance laser-induced CNV. The ability of NCT knock-
down to cause a greater increase in CNV than PS1 knockdown
likely represents the fact that loss of NCT will reduce both
substrate recognition and �-secretase activity. It was surprising
that NCT had no significant effect on in vitro tubule formation.
Although highly reproducible we do not have a clear answer
for this and can only speculate it reflects a difference between
the in vitro model and the in vivo model or species variation.
PS1 or nicastrin knockdown have both been shown to result in
reduction of Pen-2 levels and there is some evidence that Pen-2
plays a role in PS1 endoproteolysis.60,61 In this study we have
targeted Aph-1�L because it has been suggested as the domi-
nant form of Aph-1 but recent studies reports that multiple
isoforms (�L, �S, and �) of Aph-1 can replace each other in the
�-secretase complex.62,63

FIGURE 7. PS1 regulates the expres-
sion of cytokines/proinflammatory
factors in vitro and in vivo. (A, B)
Cultured microvascular endothelial
cells were either infected with con-
trol AAV2 or AAV2 quadYF-PS1 and
after 24 hours were either exposed
to VEGF or vehicle control for 48
hours and total mRNA then extracted
for qRT-PCR. Overexpression of PS1
significantly reduced VEGF-induced
expression of NF�B (A) and IL-8 (B)
(mean � SEM, n � 3). (C, D) qRT-
PCR for NF�B (C) and MCP-1 (D) in
posterior eye cups of mice that had
received subretinal AAV2 infection 3
weeks before receiving laser burns.
Saline alone acted as the control. An-
imals were euthanized 14 days post
laser injury. Overexpression of PS1
significantly reduced expression of
NF�B and MCP-1 (mean � SEM, n �
6). (E, F) Western blot analysis from
mouse retinas in (C) and (D) show-
ing confirmation that overexpression
of PS1 reduced protein expression
of NF�B and MCP-1. (G) H&E and
immunohistochemical staining for
NF�B and the macrophage marker
F4/80 in eyes treated as described in
(C) showing decreased staining in
eyes overexpressing PS1 (mean �
SEM, n � 6).
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Overexpression of PS1 was specifically targeted to retinal
and choroidal vascular endothelial cells. It is well recognized
that endothelial cells are refractory to infection by the standard
available AAV serotypes and to overcome this it was necessary
to test different capsid mutations. We identified an AAV sero-
type 2 quadruple tyrosine to phenylalanine (Y-F) capsid mutant
(Y444F, Y500F, Y700F, and Y704F) as effective for the trans-
fection of endothelial cells. We packaged PS1 with a VE-cad-
herin promoter to ensure that PS1 expression was restricted to
vascular endothelial cells. This novel viral construct offers
great potential for the genetic manipulation of both ocular and
nonocular vasculature.

Oxidative stress and inflammation represent significant fea-
tures of CNV lesions and it has previously been demonstrated
that PEDF can prevent this.28,29 Our data confirm a role for
�-secretase in this process as inhibition of �-secretase blocked
the protective effect of PEDF. However, the mechanism by
which �-secretase, and PS1 alone, exert this effect is unclear. In
this study, the increase of VEGF and angiogenin 1 (factors
associated with AMD and implicated in oxidative stress and
inflammatory responses)37,38,64 accompanying laser-induced
CNV were ameliorated by upregulation of PS1. It is unclear
whether �-secretase is acting indirectly by modulating signal-
ing pathways that regulate oxidative stress and/or inflamma-

FIGURE 8. Overexpression of PS1
suppresses activation of microglia in
CNV. Eyes had received subretinal
AAV2 infection 3 weeks before re-
ceiving laser burns. Saline alone
acted as the control. Animals were
euthanized 14 days post laser injury,
eyes were fixed and retina (A) and
(B) or RPE/choroid (D) flat mounts
were stained for a microglial marker
(red) and DAPI (blue). (A) Low
power image of (B). The representa-
tive micrographs indicate microglial
activation in CNV eyes and this is
reduced in eyes overexpressing PS1.
(C) Quantitative analysis of fluores-
cence intensity in eight random
fields from six eyes per group treated
as described above. (D) Representa-
tive flat mounts of RPE/choroid
showing reduced microglial activa-
tion in CNV eyes overexpressing
PS1. (E) Semiquantitative analyses of
fluorescence intensity in eight ran-
dom fields from six eyes that confirm
the immunostaining in (D).
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tion or is acting directly on a critical substrate. Although
�-secretase has been most extensively studied in AD, its role
in oxidative stress and inflammation remains a matter for
debate. In contrast to our observations in the eye, �-secre-
tase inhibition has been reported to protect against oxida-
tive stress in AD.65,66 However, there are reports that PS1 is
upregulated in response to oxidative stress suggesting that it
may play a protective role.67,68 Progressive inflammation is
observed in PS knockout mice69 and there is an association
between �-secretase, inflammation, and the Notch path-
way.70,71 Furthermore, Notch has been shown to regulate
microglial activation.72

In conclusion, it is evident that �-secretase plays a critical
role in facilitating the antiangiogenic effect of PEDF and that
PS1 upregulation is sufficient to prevent CNV. However, al-
though this is associated with reduced oxidative stress and a
decreased inflammatory response the precise mechanism(s)
involved will require further elucidation.
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