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Wet age-related macular degeneration (AMD) attacks the
integrity of the retinal pigment epithelium (RPE) barrier system.
The pathogenic process was hypothesized to be mediated by
vascular endothelial growth factor (VEGF) and antagonized by
pigment epithelium-derived factor (PEDF). To dissect these
functional interactions, monolayer cultures of RPE cells were
established, and changes in transepithelial resistance were eval-
uated after administration of PEDF, placenta growth factor
(VEGF-R1 agonist), and VEGF-E (VEGF-R2 agonist). A recently
described mechanism of VEGF inhibition in endothelia
required the release of VEGF-R1 intracellular domain by
�-secretase. To evaluate this pathway in the RPE, cells were pre-
treatedwith inhibitorsDAPTor LY411575. Processing of VEGF
receptorswas assessedbyWesternblot analysis.Administration
of VEGF-E rapidly increased RPE permeability, and PEDF
inhibited the VEGF-E response dose-dependently. Both
�-secretase antagonists prevented the inhibitory effects of
PEDF. The co-administration of PEDF and VEGF-E depleted
the amount of VEGF-R2 in the membrane and increased the
amount of VEGF-R2 ectodomain in the media. Therefore, the
inhibitory effect of PEDF appears to be mediated via the proc-
essing of VEGF-R2 by �-secretase. �-Secretase generates the
amyloid-� (A�) peptide of Alzheimer disease from its precursor
(amyloid precursor protein). This peptide is also a component of
drusen in dry AMD. The results support the hypothesis that
misregulation of�-secretasemay not only lead toA�deposits in
dry AMDbut can also be damaging to RPE function by blocking
the protective effects of PEDF to prevent VEGF fromdriving the
dry to wet AMD transition.

Age-related macular degeneration (AMD)2 is often diag-
nosed by the appearance of subretinal fluid. This fluid causes a
local detachment of the retina in the macular area resulting in

decreased visual acuity in the center of the visual field (1).
The resulting macular edema can lead to complete vision
loss (2). Although the excessive fluid mainly comes from
capillaries in the inner retina, the removal of subretinal fluid
is dependent on the RPE. The maintenance of RPE barrier
function is essential for the efficient removal of the fluid (3),
and the disruption of the RPE barrier can eventually lead to
choroidal neovascularization.
Recent clinical studies have shown that intravitreally ad-

ministered anti-VEGF compounds are effective therapies for
choroidal neovascularization (4–6). Originally, VEGF was
described as an endothelial angiogenic and vasopermeability
factor. The leakage through the vessels of the inner retina
increases in response to VEGF (7, 8). However, the release of
VEGF also affects RPE function (9–11). We have recently
shown that RPE barrier integrity is modulated by VEGF
through apically oriented VEGF-R2 receptors (12). Thus, there
is a growing body of evidence that intraocular VEGF can
increase the permeability of both the inner and outer blood-
retina barriers, contributing to the accumulation of subretinal
fluid and macular edema.
Pigment epithelium-derived factor was initially identified as

a neurotrophic agent secreted by fetal human RPE cells (13).
Subsequent experiments have recognized that PEDF is an
endogenous antagonist of VEGF (14). In the eye, studies have
provided evidence that endothelial quiescence and barrier
function is achieved through a balance of VEGF and PEDF (15).
The PEDF secretion pattern from the RPE cells is predomi-
nantly apical, and the interphotoreceptor matrix around the
RPEmicrovilli is a major reservoir of PEDF (16, 17). Therefore,
we hypothesize that PEDF can antagonize the breakdown of
RPE function induced by the apical actions of VEGF.
Several schemes have been proposed for the anti-VEGF

activity of PEDF. A PEDF receptor has been identified, which
has phospholipase A2 activity (18). PEDF binding proteins
without clear receptor activity have also been found (19). In
endothelial cells, PEDF has also been shown to compete with
VEGF for binding at the VEGF-R2 receptor (20). PEDF was
found to regulate VEGF expression (20, 21) and decrease VEGF
receptor phosphorylation (14). A recent study in endothelia has
elucidated a novel inhibitory mechanism of VEGF signaling via
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the PEDF-induced intramembrane proteolysis of VEGF-R1
by �-secretase (22). The goal of our study is to determine if
PEDF acts as an anti-permeability agent in the RPE and to
begin to understand the cellular mechanism involved in this
response.

EXPERIMENTAL PROCEDURES

Tissue Culture—Culture conditions were similar to those
published previously (12). The ARPE-19 cells (American Type
Culture Collections,Manassas, VA) were cultured according to
the vendor’s instructions. Primary porcine RPE cultures were
established from porcine eyes obtained from a local abattoir
(Burbage Meats, Ravenel, SC). The primary cells were not pas-
saged. Both ARPE-19 and primary RPE cells were plated on
permeable-membrane inserts (Costar Clear Transwell, 0.4-�m
pore, Thermo Fisher Scientific, Fair Lawn, NJ) or culture dishes
(Corning Cellbind 60 mm, Fisher) containing Dulbecco’s mod-
ified Eagle’s medium/F-12/Ham (Sigma) with 1% fetal bovine
serum (AmershamBiosciences), 1.2 g/liter sodium bicarbonate
(Fisher), and 10 ml/liter L-glutamine-penicillin-G-streptomy-
cin (2 mM, 100 units/ml, 0.1 mg/ml, respectively, Sigma) in a
humidified incubator, kept at 37 °C in 5% CO2. The media was
changed every 2–3 days.
Barrier Function—Transepithelial resistance (TER) and inu-

lin permeability measurements assessed barrier function. TER
was monitored with an epithelial volt-ohmmeter (WPI, Sara-
sota, FL) equipped with an STX2 electrode (WPI). Resistance
values for individual wells were determined from four inde-
pendent measurements and corrected for the inherent resist-
ance of themembrane inserts. For each condition, at least three
independent experiments were performed. Values are
expressed as the mean � S.E. and compared by using Student’s
t test. A p value of�0.05was considered statistically significant.
Only confluent monolayer cultures with stable TER values
(reached within 3 weeks for ARPE 19 cells and 8 weeks for
primary RPE cells (12)) were used.
Cell Treatments—VEGF (human VEGF-A165, Sigma), pla-

centa growth factor (PlGF-1, Fitzgerald Industries Interna-
tional, Inc., Concord, MA), or VEGF-E (Fitzgerald) was admin-
istered to the apical or basal sides of membrane inserts with
confluent monolayers (50 pg/ml to 50 ng/ml) in the absence or
presence of PEDF (0.01–10 ng/ml, BioProducts, Middleton,
MD). Baseline transepithelial resistance was measured at �60
min, and immediately prior to agonist administration (t � 0).
Following this treatment, resistance was measured at 2 h. To
evaluate the actions of the �-secretase inhibitors, cultures were
pretreated 60 min prior to the above treatments with DAPT (1
nM to 10 �M, Peptide International, Louisville, KY), LY411575
(100 pM to 1 �M), or vehicle (0.1% dimethyl sulfoxide, Sigma).
To evaluate the phospholipase A2 action of the PEDF receptor,
cells were pretreated 60min prior to the above treatments with
25 �M BEL (Sigma) or vehicle (phosphate-buffered saline
(PBS)). Concentration-dependence curves were analyzed with
Prism 4.02 (GraphPad Software Inc., San Diego, CA).
Carboxyl-[14C]Inulin Permeability—The inulin permeability

was determined from the apical to basolateral movement of
inulin measured over 100 min using carboxyl-[14C]inulin (50
�Ci, 1.6 mCi/g, Moravek Biochemicals, Brea, CA). Aliquots of

radioactive inulin, containing 0.5 �Ci, were diluted with 100
times as much cold inulin (MP Biochemicals, Solon, OH) and
added to the apical chambers of membrane inserts with conflu-
ent ARPE-19 cell monolayers 5 h after treatment with apical
VEGF (10 ng/ml); apical VEGF (10 ng/ml) and apical PEDF (5
ng/ml); or vehicle (PBS). The 5-h delay between the VEGF and
inulin administrations ensured that inulin fluxwasmeasured in
steady state, because TER was previously found to change little
between 5 and 24 h after VEGF administration (12). Aliquots of
100 �l were removed from the basolateral chamber at the time
of inulin administration, and every 20 min afterward up to 100
min and replaced by equal amounts of media without inulin.
The samples were placed into 24-well microplates (Packard,
Meriden, CT), mixed with 900 �l of Microscint-20 scintillation
fluid (Packard), and counted in a scintillation chamber (Top-
Count, Packard). Values are expressed as the mean of six, inde-
pendent wells �S.E. and compared by the Student t test. Inulin
flux was determined from linear regression analysis of the
amount of inulin present in the basolateral chamber versus
elapsed time.
Immunohistochemistry—Porcine eyes were enucleated, and

their anterior segment was removed. Thereafter, the eyecups
were fixed in 2% paraformaldehyde (Mallinckrodt Baker, Phill-
ipsburg, NJ) in PBS overnight at 4 °C. The following day they
were washed three times in PBS at room temperature, and then
treated with 30% sucrose (Sigma) overnight at 4 °C. The next
day the eyecups were washed three times in PBS at room tem-
perature, embedded in Tissue-Tek optimal cutting tempera-
ture compound (Sakura Finetek, Torrence, CA) and frozen, and
12-�m slices were cut horizontally in an HM550 cryostat
(Microm, Walldorf, Germany). The slices were placed on
microscope slides, washed three times in PBS at room temper-
ature, and permeabilized by exposure to 0.2% Triton X-100
(VWR,West Chester, PA) in PBS for 30min at 4 °C. Thereafter,
the slices were washed in PBS (three times) at room tempera-
ture, and incubated with primary antibody (rabbit anti-VEGF-
R2, diluted 1:100, Chemicon, Temecula, CA) for 1 h at 4 °C
(negative controls were incubated with PBS only). The slides
were then washed three times in PBS again, and incubated with
secondary antibody (rhodamine-conjugated goat anti-rabbit,
diluted 1:50, Chemicon) for 30min at room temperature. The
slides were treated with nuclear stain (DRAQ5, Biostatus,
Shepshed, UK) and examined using a Leica SP2 confocal
microscope (Leica Microsystems, Wetzlar, Germany) and
software (LCS 2.6).
Immunoblots of Cell Media—Monolayers were grown to

confluence on membrane inserts. The apical and basolateral
media was replaced with fresh serum-free media (2 ml each),
and the cells were subjected to four different treatments
according to schedules described under “Cell Treat-
ments”: VEGF-E (5 ng/ml); PEDF (1 ng/ml); PEDF (1 ng/ml)
and VEGF-E (5 ng/ml); DAPT (1 �M) and PEDF (1 ng/ml) and
VEGF-E (5 ng/ml). At the close of the 2-h treatment, the apical
and basolateral media (2 ml each) was collected into individual
centrifuge tubes. To remove cell debris, the media was centri-
fuged for 5 min at 2800 � g, the supernatant was collected and
concentrated down to a volume of 130 �l with 30-min centri-
fugation at 2800 � g through a 50,000 Da cut-off Amicon filter
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(Millipore, Billerica, MA). Entire volumes of concentrated
media was separated on 7% Tris-acetate gels and analyzed by
Western blotting using an antibody against the ectodomain of
the VEGF-R2 receptor (Sigma) or VEGF-R1 receptor (Chemi-
con) to determine levels and fragmentation of the VEGF recep-
tors obtained through the individual treatments. Recombinant
human VEGF-R2 and VEGF-R1 (R&D Systems, Minneapolis,
MN) was used as positive control. The lanes were visualized
with a VersaDoc 5000 imager (Bio-Rad, Hercules, CA) after
treatment with chemiluminescent reagent (Amersham Bio-
sciences) and analyzed with the Quantity One 4.4.1 software.
For each condition, at least three, independent experiments

were performed. Values are
expressed as the mean � S.E. and
compared by using Student’s t test.
A p value of �0.05 was considered
significant.
Immunoblots of CellMembranes—

For these experiments, monolayers
were grown to confluence on
100-mm culture dishes. The cells
were incubated overnight with
serum-free media, and then the
media were replaced with fresh
serum-free media, and the cells
were subjected to four different
treatments according to schedules
described under “Cell Treatments”:
vehicle (0.1% DMSO); VEGF-E (5
ng/ml); DAPT (1 �M) and PEDF (1
ng/ml) and VEGF-E (5 ng/ml);
PEDF (1 ng/ml) and VEGF-E (5
ng/ml). At the close of the treat-
ment, the cultures were washed
with PBS and lysed with the addi-
tion of 1 ml of buffer (2.42 g/liter
Tris Base, 1 mM EGTA, 2.5 mM

EDTA, 5 mM dithiothreitol, 0.3 M

sucrose, 1 mMNa3VO4, 20 mMNaF,
1 complete mini protease in-
hibitor tablet, pH 7.5; the chemi-
cals were obtained from Sigma,
and the protease inhibitor was from
Roche Applied Science). The cells
were scraped, collected into centri-
fuge tubes, triturated with a
26-gauge needle syringe, and centri-
fuged for 5 min at 11,000 � g, and
the supernatant was collected.
Equal quantities of the various sam-
ples (determined by protein assay)
were separated on 7% Tris-acetate
gels and analyzed by antibodies
against the C terminus of VEGF-R2
and VEGF-R1 (both from Chemi-
con), or the amyloid precursor pro-
tein (APP, Genway, San Diego, CA).
For each condition, at least three

independent experiments were performed. Values are
expressed as the mean � S.E. and compared by using Student’s
t test. A p value of�0.05was considered statistically significant.

RESULTS

Functional Response of Polarized RPE Cells to PEDF—VEGF
has been shown to induce RPE barrier failure through apical
VEGF-R2 receptors (12). Thus, ARPE-19 and porcine primary
RPE cells were grown on permeable membrane filters and
treated with apical VEGF-E (5 ng/ml), and apical or basal PEDF
(5 ng/ml). Fig. 1 shows TER measurements on ARPE-19 (Fig.
1A) and porcine primary RPE cell monolayers (Fig. 1B). In both

FIGURE 1. PEDF inhibits the RPE response to VEGF-E. The RPE response and the inhibition are polarized and
VEGF-R2-dependent. Transepithelial resistance measurements on ARPE-19 (A) and porcine primary RPE cell
monolayers (B) grown on permeable membrane filters. The cells were treated with apical VEGF-E (5 ng/ml) and
apical or basal PEDF (5 ng/ml). The drop in resistance induced by VEGF-E was blocked by only apically admin-
istered PEDF. Values are means � S.E. of individual measurements normalized to the average TER at t � 0 (*, p �
0.01). C, inulin flux through ARPE-19 cell monolayers. The apical to basolateral movement of carboxyl-[14C]inu-
lin was assessed after treatment with apical VEGF (10 ng/ml); apical VEGF (10 ng/ml) and apical PEDF (5 ng/ml);
or vehicle. The inulin flux, determined from the slope of the regression analysis, was 570 �g/h for VEGF-PEDF
co-treatment, which compares to the 580 �g/h measured for vehicle-treated controls. Because the inulin flux
was 780 �g/h after VEGF treatment, these results mean that PEDF prevented the 36% reduction in barrier
function 5 h after VEGF administration.
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cultures, apically administered
VEGF-E reduced the paracellular
resistance. This TER drop was
blocked by the apical administra-
tion of PEDF. Basolateral adminis-
tration of PEDF did not significantly
alter the VEGF-E-induced drop in
TER in either culture type. No sig-
nificant change in resistance was
measured after apical treatment
with placenta growth factor (5
ng/ml) followed by either apical or
basal administration of PEDF (data
not shown).
The paracellular flux of carboxyl-

[14C]inulin in ARPE-19 cell mono-
layers is a direct measure of barrier
function (Fig. 1C). In vehicle-

treated (PBS) monolayers, mean inulin flux was 580 �g/h.
Administration of apical VEGF (10 ng/ml) produced a 36%
increase in inulin flux to 780 �g/h. On the other hand, co-
treatment of the monolayers with both apical VEGF (10 ng/ml)
and apical PEDF (5 ng/ml) resulted in a flux of 570 �g/h, which
was similar to the inulin flux in the vehicle-treated controls.
The results that only apical treatment with PEDF could

antagonize the apical VEGF-R2-dependent RPE cell response
(Fig. 1) and that PEDF could compete with VEGF for binding at
the VEGF-R2 receptor (20), favors a mechanism in which the
polarity of the VEGF and PEDF response is determined by
VEGF-R2 localization. Cross-sections of porcine eyecups (Fig.
2) were used to investigate the localization of VEGF-R2 in vivo.
The transmitted light layer of the image revealed the non-pig-
mented photoreceptor inner and outer segments, and the pig-
mented RPE/choroid. In the RPE, only the apical surface was
stained red indicating the presence of VEGF-R2 in relation to
the cell nuclei (blue stain). In control eyecups, processed with-
out the VEGF-R2 primary antibody, no staining was observed
in the RPE, although the blue cell nuclei were visible at the same
exciting light intensity.
PEDF Inhibits the VEGF-R2-dependent Reduction in TER—

In a cell-free system, PEDF at concentrations between 10�8 and
10�6 M competed with VEGF for binding at VEGF-R2 (20).
ARPE-19 and primary porcine RPE cell monolayers were
treated with VEGF-E (5 ng/ml) and various concentrations of
PEDF (0.01–10 ng/ml). To assess functional responses, Fig. 3A
shows the percent change inTER at 2 h relative to pretreatment
control values. In both culture systems, the TER decrease
induced by VEGF-E was dose-dependently inhibited by PEDF.
Log IC50 was �10.54 � 0.06 (IC50 � 29 pg/ml, 0.6 pM) for
ARPE-19 cells and �10.05 � 0.1 (IC50 � 89 pg/ml, 1.9 pM) for
porcine primary RPE cells. The Hill coefficients of the concen-
tration-response curves were not significantly different from 1.
This interaction was further studied by determining the

VEGF-E concentration-induced responses in ARPE-19 cells
under control conditions, and in the presence of two different
concentrations of PEDF (10 and 50 pg/ml). Fig. 3B shows the
drop in percent reduction in TER at 2 h in the presence and
absence of PEDF. Gaddum-Schild analysis of these responses

FIGURE 2. Immunohistochemical localization of VEGF-R2 in sections of porcine eyecups. A–C, images are over-
lays of simultaneous VEGF-R2 (red, rhodamine-conjugated secondary antibody), nuclear stain (blue), and transmit-
ted-light microscopy photos. Only the apical surface of the RPE is stained for VEGF-R2, but VEGF-R2 staining is
abundant in all layers of the neural retina, as seen in A. B, enlargement of the RPE and photoreceptors, to show
VEGF-R2 localization in the RPE. C, negative staining control without the anti-VEGF-R2 primary antibody.

FIGURE 3. Concentration-dependent PEDF response. A, the VEGF-E-induced
RPE barrier breakdown depends on the concentration of apical PEDF. ARPE-19
and primary porcine RPE cell monolayers were simultaneously treated with
VEGF-E (5 ng/ml) and various concentrations of PEDF (10 pg/ml to 10 ng/ml). The
figure shows the percent resistance drop at 2 h relative to the resistance before
the treatments. Log IC50 � �10.54 � 0.06 (29 pg/ml) for ARPE-19 cells and
�10.05 � 0.1 (89 pg/ml) for primary porcine RPE cell monolayers. The Hill coeffi-
cients were not significantly different from 1.0. B, Gaddum/Schild competitive
model for the interaction of VEGF and PEDF in ARPE-19 cells. Monolayers were
treated with various concentrations of VEGF-E (50 pg/ml to 50 ng/ml) and PEDF
(0–50 pg/ml). The figure shows the percent resistance drop at 2 h relative to the
resistance before the treatments. The data were analyzed with the Gaddum/
Schild competitive inhibition model of the entire family of curves resulting in
pA2 � 11.85 � 0.30 and SchildSlope � 1.03 � 0.22. Thus, PEDF is a competitive
inhibitor of VEGF-R2 with Kb �1.4�0.7 pg/ml in ARPE-19 cell monolayers. Values
are the mean � S.E. normalized to the average resistance at t � 0.
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revealed a pA2 value (the negative logarithm of the concentra-
tion of an antagonist required to cause a two-fold rightward
shift of the agonist dose-response curve) of 11.85 � 0.30 and a
slope 1.03 � 0.22 of for PEDF. Thus, the pharmacologic
responses to PEDF are consistent with a competitive inhibitor
and the calculated binding affinity was Kb � 1.4 � 0.7 pg/ml.
The concentration-response data showed that 1 ng/ml PEDF
induced a maximal inhibition of the VEGF-induced TER
decrease. Therefore, in subsequent mechanistic experiments,
we used 1 ng/ml concentration of PEDF.

�-Secretase Inhibitors Reverse the Effect of PEDF on RPE Bar-
rier Function—The Gaddum-Schild analysis revealed that the
actions of PEDF are consistent with a competitive VEGF-R2
antagonist.However, theVEGF responsewas reversed by PEDF
at concentrations 100–1000 times lower than required to
inhibit VEGF binding to VEGF-R2. Recent studies in endothe-
lial cells have provided evidence that PEDF induces shedding of
VEGF-R1 via the activation of �-secretase (22). Because shed
receptors may act as competitive blockers sequestering VEGF,
we evaluated whether �-secretase activation was needed for
PEDF to suppress VEGF actions in RPE cells.
Monolayers of ARPE-19 (Fig. 4A) and primary porcine (Fig.

4B) RPE cells were pretreated with the �-secretase inhibitor
DAPT (1 �M) or vehicle (0.1% DMSO) 1 h prior to treatment
with PEDF (1 ng/ml) and/or VEGF-E (5 ng/ml). Pretreatment
with DAPT prevented PEDF from blocking the VEGF-E-in-
duced reduction in TER. Neither PEDF nor DAPT alone could
significantly alter the resistance readout. To confirm these
results, monolayer cultures of ARPE-19 cells were pretreated
with various concentrations of DAPT or LY411575 1 h prior to
treatment with PEDF (1 ng/ml) and VEGF-E (5 ng/ml).
LY411575 is a �-secretase inhibitor more potent than DAPT
(23). As shown in Fig. 4C both antagonists reversed the inhibi-
tory action of PEDF on the VEGF-induced barrier breakdown
in a concentration-dependent manner. However, the response
for LY411575 (EC50 � 4 nM) was left shifted when compared
with DAPT (EC50 � 29 nM).
Protease Activity in Response to Treatment with PEDF and

VEGF-E—The activity of �-secretase was quantitated by meas-
uring APP processing (24). APP is cleaved by �-secretase to
produce the soluble sAPP� and themembrane-boundC-termi-
nal fragment (CTF�), which is further processed by�-secretase.
Thus, the activity of �-secretase is inversely proportional to the
amount of CTF�. Confluent ARPE-19 cell monolayers were
pretreated with DAPT (1 �M) or vehicle (0.1% DMSO) 60 min
prior to treatment with VEGF-E (5 ng/ml) and/or PEDF (1
ng/ml). Fig. 5 (A and B) shows that the addition of VEGF-E
alone produced a small but not significant increase in �-secre-
tase activity. Co-administration of PEDF and VEGF-E for 2 h

FIGURE 4. �-Secretase mediates the PEDF-induced reversal of the RPE
response to VEGF. ARPE-19 (A) and primary porcine RPE (B) cell monolayers
were pretreated with DAPT (1 �M) or vehicle (0.1% DMSO) 1 h prior to simul-
taneous PEDF (1 ng/ml) and VEGF-E (5 ng/ml) treatments. VEGF-E (5 ng/ml),
PEDF (1 ng/ml), and DAPT (1 �M) were used as controls. The �-secretase inhib-
itor, DAPT, prevented PEDF from blocking the VEGF-E-induced TER drop. The

controls did not significantly change the resistance. Values are the mean �
S.E. of individual measurements normalized to the TER at t � �60 min (*, p �
0.01). C, the reversal of the effect of PEDF is concentration-dependent.
�-Secretase antagonists, DAPT and LY411575, were utilized in various con-
centrations (100 pM to 10 �M) to reverse the inhibitory effects of PEDF on RPE
barrier breakdown. The figure shows the percent resistance drop at 2 h relative to
the resistance before the treatments. Log EC50 was�8.41�0.12 (EC50 �4 nM) for
LY411575 and �7.54 � 0.12 (IC50 � 29 nM) for DAPT, as LY411575 is a more
potent inhibitor than DAPT. The Hill coefficients calculated from the concentra-
tion response curves were 0.97 for LY411575 and 0.78 for DAPT.
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increased �-secretase activity by 24%, in agreement with the
results of Cai et al. (22) extrapolated for this short time period.
Pretreatment with DAPT blocked �-secretase activity and

caused an accumulation of CTF�, as
expected. Similar to Cai et al. (22),
PEDF did not significantly change
�-secretase activity in 2 h (data not
shown). Fig. 5C confirms that the
expression of the catalytic subunit of
�-secretase, presenilin-1, did not sig-
nificantly change during the incuba-
tion period.
To assess whether the activation

of a recently reported PEDF recep-
tor (18) is required to antagonize
RPE barrier failure, monolayer cul-
tures of ARPE-19 cells were pre-
treated with BEL, a phospholipase
A2 inhibitor. Phospholipase A2
activity has been a measure of
receptor stimulation (18). Fig. 5D
indicates that 1-h pretreatment
with BEL (25�M) prior to treatment
with PEDF (1 ng/ml) and/or
VEGF-E (5 ng/ml) did not signifi-
cantly alter the ability of PEDF to
inhibit the TER decrease induced by
VEGF-E.
PEDF and VEGF-E Induce VEGF-

R2 Shedding—Reported �-secretase
substrates are generally first pro-
cessed close to the cell surface to shed
their ectodomain. Then, the mem-
brane-bound C-terminal fragment is
processed by �-secretase to release
the intracellular domain (25).
Our physiological data pro-

vided evidence that, in RPE cells,
VEGF-R2 can be a target of �-secre-
tase. To begin to understand this
process, we studied the release of
VEGF-R2 ectodomain into the
media of the membrane inserts in
response to 2-h treatments with
PEDF (1 ng/ml) and VEGF-E (5
ng/ml) and 1-h pretreatment with
DAPT (1 �M) or vehicle (0.1%
DMSO). Fig. 6A shows representa-
tive Western blot bands obtained
with an antibody against the ectodo-
main of VEGF-R2 in the apical
media. A broad band at 160 kDa is
shown consistently with a previous
report for soluble VEGF-R2 (26).
Fig. 6B presents the quantitation of
data obtained in three independent
experiments normalized to the
levels found in the VEGF-E-

treated controls. The amount of VEGF-R2 ectodomain was
not significantly different after vehicle treatment (data not
shown). Co-treatment with PEDF and VEGF-E led to an

FIGURE 5. Co-administration of VEGF and PEDF induces �-secretase activity. A, �-secretase activity was
probed with a C-terminal APP antibody against the membrane fraction from confluent ARPE-19 cell monolay-
ers. The cells were pretreated with DAPT (1 �M) or vehicle (0.1% DMSO) 1 h prior to PEDF (1 ng/ml) or VEGF-E
(5 ng/ml) treatment for 2 h. The lanes represent individual cultures treated by 1, 0.1% DMSO (vehicle); 2, VEGF-E
(5 ng/ml); 3, PEDF (1 ng/ml) and VEGF-E (5 ng/ml) and DAPT (1 �M); and 4, PEDF (1 ng/ml) and VEGF-E (5 ng/ml).
The gel micrograph shows bands for the full-length APP protein (78 kDa), and the CTF� fragment (11 kDa).
B, summary of the �-secretase activity data. Six independent experiments were performed similar to panel A,
and the densities for the APP and CTF� bands were analyzed. The activity of �-secretase is inversely propor-
tional to the amount of CTF� present. DAPT antagonized �-secretase activity (lane 3). The PEDF and VEGF-E
treatments alone did not significantly change �-secretase activity from vehicle-treated controls, however,
PEDF and VEGF-E together induced a 24% increase in �-secretase activity. Values are the mean � S.E. of
individual measurements (*, p � 0.05 compared with VEGF treatment). C, the expression of presenilin-1 (PS1)
did not significantly change in response to the above treatments. The gel micrograph shows the bands for
full-length presenilin-1 (46 kDa). D, the effects of PEDF are not mediated by the catalytic activity of the PEDF
receptor. ARPE-19 cell monolayers were pretreated with 25 �M bromoenol lactone (BEL) 1 h prior to PEDF (1
ng/ml), VEGF-E (5 ng/ml), or simultaneous PEDF (1 ng/ml) and VEGF-E (5 ng/ml) treatments. BEL is an inhibitor
of the catalytic phospholipase A2 activity of the PEDF receptor in the RPE. The responses to VEGF and/or PEDF
are not significantly different from cultures that were not pretreated with BEL. Values are the mean � S.E. of
individual measurements normalized to the TER at t � �60 min (*, p � 0.01).
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increase in the levels of VEGF-R2 ectodomain. This increase
was blocked by 1-h pretreatment with DAPT. The basolat-
eral media did not contain VEGF-R2 ectodomain (data not
shown).
To confirm that VEGF-R2 is released from RPE membranes

we examined the levels of VEGF-R2 in cellular membrane
extracts using a C-terminal VEGF-R2 antibody. ARPE-19 cells
were treated with PEDF (1 ng/ml) and VEGF-E (5 ng/ml) sim-
ilar to the above experiments (Fig. 6A). Fig. 6D shows repre-

sentative Western blot bands, and
Fig. 6E quantitates the obtained
data. Full-length VEGF-R2 at 220
kDawas observed in all lanes. VEGF
or PEDF treatment alone did not
change the expression of VEGF-R2
in the membrane. However, in sam-
ples co-treated with PEDF and
VEGF-E, the band was significantly
depleted. 1-h pretreatment with
DAPT (1 �M) prevented the
decrease in full-length VEGF-R2.
Although changes in TER were

not observed with the VEGF-R1
agonist placenta growth factor,
VEGF receptors can form het-
erodimers between VEGF-R1 and
VEGF-R2 (27). Therefore, the possi-
bility existed that VEGF-R1 recep-
tor is processed after VEGF-E bind-
ing to VEGF-R2. To investigate this,
VEGF-R1 ectodomain levels were
determined in the apical media fol-
lowing treatment with VEGF-E,
PEDF, and DAPT (concentrations
same as above). A 170-kDa band
corresponding to the ectodomain of
VEGF-R1 was present in all the
samples. However, the level of the
band did not change in response
to co-treatment with PEDF and
VEGF-E or when pretreated with
DAPT (Fig. 6C). Moreover, no
release of VEGF-R1 from the mem-
branes was observed with antibody
against the VEGF-R1 C terminus.
The full-length VEGF-R1 (250 kDa
band) was not affected by the vari-
ous treatments (Fig. 6F). Therefore,
it appears that VEGF-R2 and not
VEGF-R1 is the target of �-secre-
tase-mediated proteolytic process-
ing in the RPE.

DISCUSSION

Previous in vitro and in vivo
experiments have shown that in
normal conditions VEGF secretion
from RPE cells occurs predomi-

nantly at the basolateral side (16, 28) and is required for chorio-
capillaris development (28, 29). However, the secretion of
PEDF from the RPE is primarily apical (16, 17). Therefore,
PEDF was originally thought to be a neurotrophic factor in the
retina. Subsequent studies demonstrated that PEDF is an
anti-VEGF agent in the retinal vasculature (14). More recent
experiments have provided evidence that VEGF secretion
across the apical RPE membrane can occur under oxidative
stress (30, 31). These data along with our results (VEGF

FIGURE 6. VEGF-R2 receptor shedding after co-administration of VEGF and PEDF. VEGF-R2 ectodomain
appears in the apical media of RPE cells after simultaneous PEDF and VEGF-E treatments. A, Western blot of
apical media from ARPE-19 cell monolayers pretreated with DAPT (1 �M) or vehicle (0.1% DMSO) 1 h prior to
PEDF (1 ng/ml) or VEGF-E (5 ng/ml) treatments for 2 h and probed with an N-terminal VEGF-R2 antibody. One
band was observed at 160 kDa. The lanes represent individual cultures and were treated by 1, VEGF-E (5 ng/ml);
2, PEDF (1 ng/ml); 3, PEDF (1 ng/ml) and VEGF-E (5 ng/ml) and DAPT (1 �M); and 4, PEDF (1 ng/ml) and VEGF-E
(5 ng/ml). B, summary of the VEGF-R2 immunoblots. Three independent experiments were performed similar
to panel A, and the density for the band (at 160 kDa) was analyzed. PEDF and VEGF-E together induced an
increase in VEGF-R2 bands in the media versus the VEGF-E treatment. Pretreatment with DAPT reversed the
combined effect of PEDF and VEGF. The values are the mean � S.E. of individual measurements (*, p � 0.05
compared with control). C, Western blot of apical media from ARPE-19 cell monolayers with an N-terminal
VEGF-R1 antibody. One band was observed at 170 kDa. The lanes represent individual cultures and were
treated similar to panel A. There was no significant difference between the four treatments, demonstrating that
the ectodomain of the VEGF-R1 receptor is not processed after VEGF-E and PEDF treatments. On the other
hand, VEGF-R2 is also processed in the cell membranes. D, the cell membranes of ARPE-19 cells (treated similar
to panel A) were collected and probed with a C-terminal VEGF-R2 antibody. One band was observed at 220 kDa
for the full-length receptor. E, summary of VEGF-R2 immunoblots from the cell membranes. Three independent
experiments were performed similarly to panel A, and the density for the band at 220 kDa was analyzed. PEDF
and VEGF-E together induced a significant decrease in the VEGF-R2 band. Pretreatment with DAPT reversed
the combined effect of PEDF and VEGF. The values are the mean � S.E. of individual measurements (*, p � 0.05
compared with control). F, Western blot of ARPE-19 cell membranes probed with a C-terminal VEGF-R1 anti-
body. One band was observed at 250 kDa for the full-length receptor. VEGF-R1 was unaffected by the treat-
ments, demonstrating that it did not mediate the combined effects of VEGF and PEDF.
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receptors are restricted to the apical surface and their acti-
vation leads to RPE barrier breakdown; apical VEGF is
released in H2O2 treatment of RPE monolayers) (12, 32), led
to the hypothesis that PEDF can play an essential autocrine
role in maintaining RPE barrier function during oxidative
stress.
The results of the current study demonstrate that PEDF is

highly effective in preventing the VEGF-induced increases in
RPE permeability in both ARPE-19 and primary porcine RPE
cell monolayers (Figs. 1 and 2). The analysis of the concentra-
tion-response curves revealed that RPE cells are 10- to 100-
times more sensitive to PEDF (Kb � 1.4 � 0.7 pg/ml, or
IC50 � 29 pg/ml) than to VEGF (EC50 � 502 pg/ml (12)),
agreeing with the idea that PEDF can efficiently defend the
RPE against VEGF-induced loss of function. Moreover,
the Schild analysis of these functional data revealed that the
actions of PEDF are consistent with those of a competitive
inhibitor of VEGF-R2 (Fig. 3). However, the Kb obtained
from our studies is two to three orders of magnitude lower
than the concentration of PEDF required for the inhibition
of VEGF binding to the VEGF-R2 receptor (20). This sub-
stantial enhancement in the potency of PEDF in our studies
indicates that PEDF antagonized the VEGF responses by a
mechanism other than direct competition for the VEGF-R2
receptor. Fig. 4 shows that �-secretase is required for the
inhibitory action of PEDF.

�-Secretase was initially recognized, because the muta-
tions of its presenilin subunit cause Alzheimer disease (33).
The protein is responsible for the final step in processing
APP into A� (34), aggregated forms of which accumulate in

Alzheimer disease. Functionally,
�-secretase is an endopeptidase,
which can digest the membrane-
spanning region of any type-1
integral membrane protein, after
the ectodomain has been removed
(35, 36). Thus, �-secretase is seen
as the “proteasome” of cell mem-
branes (37, 38). It is known to
process a series of membrane
receptors into signaling molecules
that can thereafter translocate
(35). In the RPE, it was known to
take part in the trafficking and
processing of tyrosinase enzymes,
responsible for normal pigmenta-
tion (39). The data presented in
our report provide evidence for
the first time that PEDF inhibits
VEGF-induced barrier breakdown
of RPE cell monolayers through
the activation of �-secretase. In
endothelial cells, the direct target
of �-secretase was VEGF-R1 (22).
In the RPE cells, however, the pro-
teolysis of VEGF-R1 was not
required (Fig. 6, C and F).
Although our results support the

idea that an activated form of VEGF-R2 is the direct target of
�-secretase in the RPE, it cannot entirely be excluded at this
time that �-secretase action is mediated by the cleavage of a
third, yet unknown protein or receptor, the activity of which
is regulated by PEDF. But, our experiments provided con-
vincing evidence that both VEGF-E and PEDF are required
to expose sites on VEGF-R2 where secretases (which have a
high constitutive activity (Fig. 5)) can cleave the receptor.
Details of the proposed mechanism of how �-secretase is
involved with the regulation of VEGF-R2 signaling are
shown in Fig. 7.
In light of the involvement of �-secretase, it is quite sur-

prising that the dose-response calculations show PEDF as a
competitive inhibitor of the VEGF-R2-dependent TER
decrease. But this apparent paradox can be explained,
because �-secretase cleavage requires the primary action of
an �-secretase. �-Secretases (such as ADAM10) have been
identified in other epithelial tissues (40), and matrix metal-
loproteinases (which are collectively referred to as ADAMs)
are known to be expressed by RPE cells (41). But the expres-
sion of ADAMs, their targets, and the regulation of their
activities in the RPE have not been described. In a recent
report, ADAM17 has been shown to be the enzyme respon-
sible for the VEGF-induced shedding of VEGF-R2 ectodo-
main in COS-7 cells (42). Our data of increased VEGF-R2
ectodomain in the apical media when both VEGF-E and
PEDF were present (Fig. 6) can be attributed to a yet
unknown protease. But the released ectodomain of VEGF-R2
can bind VEGF-R2 agonists, acting as an effective competi-
tive inhibitor. In fact, the VEGF-R2 ectodomain (soluble

FIGURE 7. The proposed mechanism of VEGF-R2 processing. The combined action of PEDF and VEGF acti-
vates a yet unknown �-secretase and the known �-secretase to shed the VEGF-R2 ectodomain and to rapidly
clear the receptor from the RPE cell membrane, which eliminates the VEGF-R2-induced permeability increase.
The binding of VEGF-E to the released VEGF-R2 ectodomain is responsible for the high affinity competitive
inhibition. DAPT blocks �-secretase; therefore, VEGF-R2 receptor signaling is maintained against the combined
actions of PEDF and VEGF. Moreover, the �-secretase inhibition has a negative feedback on the ectodomain
shedding.
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VEGF-R2) has been used with similar reasoning to inhibit
tumor angiogenesis in vivo (43). Moreover, soluble VEGF-R2
has been identified in media of endothelial cells as well as
from the plasma (26). Our data show that the soluble VEGF-
R2, hypothesized to be a significant angiogenesis regulator,
can be a result of PEDF-induced proteolysis of VEGF-R2.
The involvement of �-secretase in the maintenance of RPE

barrier function is an interesting development, because A�
(the best known product of �-secretase) is a component of
drusen deposited in dry AMD (44–46). Our results show
that if PEDF and VEGF are both present, the processing of
APP CTF� is slightly accelerated; supporting the idea that
PEDF- and VEGF-induced �-secretase action may contrib-
ute to the buildup of drusen over a long time period. This
implies that similar mechanisms may be responsible for
plaque formation in Alzheimer disease and drusen forma-
tion in dry AMD. These results are consistent with the
hypothesis that A� is associated with the pathogenesis of
AMD (47).
In conclusion, our physiological, histochemical, and bio-

chemical data have provided new evidence that PEDF can
maintain RPE barrier function in the presence of activated
VEGF-R2 receptors. The functional response of RPE cells to
PEDF is polarized to the apical side, where the VEGF-R2 recep-
tors are located, and is mediated by �-secretase. Thus, in con-
ditions where apical VEGF is present, PEDF allows normal RPE
barrier function through inducing the proteolysis of VEGF-R2
and other membrane proteins (such as APP), contributing to
the symptoms of dry AMD.Moreover, it seems that the tran-
sition from dry to wet AMD occurs when the PEDF-stimu-
lated proteolysis of VEGF-R2 by �-secretase is reduced,
allowing unregulated VEGF signaling in the RPE. Work is
ongoing in our laboratories to understand the details of the
biochemical mechanism of VEGF-R2 processing by the
PEDF-�-secretase system.
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