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Pigment epithelium–derived factor (PEDF) is a serine
proteinase inhibitor with antiangiogenic activities. To
investigate whether PEDF overexpression has an im-
pact on ocular neovascularization in vivo, we gener-
ated PEDF transgenic (PEDF-Tg) mice that ubiqui-
tously express human PEDF driven by the �-actin
promoter. The PEDF-Tg mice under normal condi-
tions did not show any abnormalities in retinal his-
tologic findings or visual function. In contrast,
PEDF-Tg animals with oxygen-induced retinopathy
(OIR) developed significantly less severe retinal
neovascularization compared with wild-type (Wt)
mice with OIR. In addition, PEDF-Tg mice with OIR
had significantly lower vascular leakage in the ret-
ina but higher occludin levels than the Wt mice with
OIR, suggesting a protective effect on the blood-
retinal barrier. Furthermore, retinal levels of pro-
inflammatory factors were significantly lower in
PEDF-Tg mice with OIR than in the Wt mice with
OIR. In the laser-induced choroidal neovasculariza-
tion (CNV) model, the CNV area was significantly
smaller in the PEDF-Tg mice than in the Wt mice.
Also, the laser burn–induced overexpression of
proangiogenic and inflammatory factors was ob-
served in the retina and retinal pigment epithelium
of Wt mice but not in PEDF-Tg mice. Taken together,
these results suggest that overexpression of PEDF
inhibits retinal inflammation and neovasculariza-
tion in both the OIR and laser-induced CNV models.
The PEDF-Tg mice provide a useful model for study-
ing the roles of angiogenic inhibitors in neovascu-
lar disorders such as diabetic retinopathy. (Am J
Pathol 2011, 178:688–698; DOI: 10.1016/j.ajpath.2010.10.014)
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Pigment epithelium–derived factor (PEDF) is a 50-kDa
secreted glycoprotein that belongs to the serine protei-
nase inhibitor superfamily.1 PEDF was originally identified
as a neurotrophic factor, inducing neuron differentiation
and promoting neuron survival under stress condi-
tions.2,3 In addition to its neurotrophic activities, PEDF
also inhibits angiogenesis.4 In the eye, it has been re-
ported that PEDF functions as a major angiogenic inhib-
itor in both the retina and vitreous body, counterbalanc-
ing the proangiogenic factor vascular endothelial growth
factor (VEGF).5 Interestingly, PEDF has been shown to be
a multifunctional protein because it displays antivasoper-
meability,6 anti-inflammatory,7 antifibrosis,8 and antican-
cer9,10 activities.

Decreased ocular levels of PEDF have been associ-
ated with abnormal angiogenesis in some ocular dis-
eases, such as proliferative diabetic retinopathy and neo-
vascular age-related macular degeneration.11,12 It has
been suggested that an age-related decline of PEDF in
the aqueous humor may account for less PEDF-mediated
neurotrophic and antiangiogenic activities, predisposing
the aging eye to ocular diseases.13 In db/db mice, a
mouse model of type 2 diabetes mellitus,14 lower vitreous
levels of PEDF are associated with early-onset diabetic
retinopathy.15 In the oxygen-induced retinopathy (OIR)
model, decreased protein levels of PEDF in the retina are
associated with ischemia-induced retinal neovasculariza-
tion.16 Several groups have shown that intravitreal injec-
tion of either an adenovirus expressing human PEDF or a
purified recombinant PEDF protein inhibited retinal neo-
vascularization in different animal models.17–20 Also, a
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recent study reported that PEDF knockout mice are more
susceptible to OIR-mediated retinal vessel obliteration
and excessive VEGF expression under hyperoxic condi-
tions.21

To further study the role of PEDF in angiogenesis, we
generated a transgenic mouse model that overexpresses
PEDF (PEDF-Tg). The effects of high levels of endoge-
nous PEDF on ischemia-induced retinal neovasculariza-
tion and laser-induced choroidal neovascularization
(CNV), as well as its impact on normal retinal vascular
development, were studied.

Materials and Methods

Cell Culture and Treatment

Human retinal endothelial cells (HRECs) were purchased
from Cell Science (Canton, MA) and cultivated as de-
scribed by the supplier. The cells were used in low pas-
sages (up to the fourth passage). Cells were grown on
culture dishes precoated with 0.2% gelatin (Sigma, St.
Louis, MO). The cells were exposed to hypoxia and
treated with various concentrations of PEDF for 48 hours
and then harvested and lysed in RIPA buffer (150 mmol/L
NaCl, 1% NP-40, 0.1% SDS, 50 mmol/L Tris-HCl, pH 8.0,
1 mmol/L EDTA, and 1 mmol/L phenylmethylsulfonyl flu-
oride). For induction of hypoxia by using CoCl2 (Sigma),
HRECs were cultured overnight in 6-well plates and in-
cubated with 200 �mol/L of CoCl2 and different concen-
trations of PEDF for 4 hours.

Construction of the PEDF Transgene and
Generation of the PEDF-Tg Mice

Care and use of all animals in this study were in strict
agreement with the guidelines in the Use of Animals in
Ophthalmic and Vision Research and approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of Oklahoma. All of the animal experiments were
performed in compliance with the Association for Re-
search in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. For
the generation of PEDF-Tg mice, the full-length coding
region of the human PEDF cDNA, driven by the chicken
�-actin promoter and flanked at the 3= end by a SV40
T-antigen polyadenylation signal, was cloned into the
pTriEx-1.1 vector (EMD Chemical, Gibbstown, NJ). Ex-
pression of the PEDF transgene was first confirmed in
cultured cells, and then the transgene was injected into
fertilized C57BL6/J mouse oocytes at the Molecular
Biology Core Facility at the Oklahoma Medical Re-
search Foundation (Oklahoma City, OK). Founders
were screened by genotyping with PCR using a for-
ward primer specific to the chicken �-actin promoter
(5=-CCGGGACCTTTAATTCAACCCAAC-3=) and a re-
verse primer specific for exon 1 of the PEDF cDNA (5=-
TCCAATGCAGAGGAGTAGCACCA-3=). The PCR condi-
tions were 95°C for 4 minutes, followed by 35 cycles of
95°C for 30 seconds, 53°C for 30 seconds, and 72°C for

40 seconds, and then 1 cycle of 72°C for 10 minutes.
Human PEDF expression in the PEDF-Tg mice was veri-
fied by Western blot analysis using tail tissue.

Western Blot Analysis

For ocular samples, free-floating retinas or eyecups were
homogenized in 150 �L of ice-cold tissue lysis buffer (50
mmol/L Tris-HCl, pH 7.8, 0.1 M NaCl, 5 mmol/L EDTA,
0.1% SDS, 0.1% Triton X-100, 2.5% glycerol, and 1
mmol/L phenylmethylsulfonyl fluoride). The homogenates
were cleared by centrifugation at 12,000 � g for 20 min-
utes at 4°C, and then the protein concentration of the
lysates was determined using the Bradford assay. Equal
amounts of retinal or eyecup proteins from each mouse or
cell lysates were resolved by SDS–polyacrylamide gel
electrophoresis using 8% to 12% denaturing gels and
transferred onto nitrocellulose membranes. Immunoblot-
ting and signal detection by electrochemoluminescence
(Pierce, Rockford, IL) were performed as described pre-
viously.22 The primary antibodies were used at the fol-
lowing dilutions: polyclonal anti-PEDF antibody (Upstate,
Billerica, MA) at 1:2000, rabbit anti-VEGF antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) at 1:1000, goat
anti–intercellular adhesion molecule 1 (ICAM-1) antibody
(Santa Cruz Biotechnology) at 1:4000, goat anti–connec-
tive tissue growth factor (CTGF) antibody (Santa Cruz
Biotechnology) at 1:1000, rabbit antioccludin antibody
(Abcam, Cambridge, MA) at 1:2000, goat antialbumin
antibody (Bethyl, Montgomery, TX) at 1:1000, a goat anti–
ICAM-1 antibody at 1:500 (Santa Cruz Biotechnology),
and mouse anti–�-actin (Abcam) at 1:2000. Antibody di-
lutions were made in a solution of 5% nonfat milk powder/
Tris-buffered saline Tween-20 (0.1%). The signal intensity
was quantified with a densitometer (GeneTool software;
SynGene, Frederick, MD).

For measurement of PEDF levels, plasma and various
tissues were collected from 4 PEDF-Tg and 4 age-
matched wild-type (Wt) mice. PEDF levels in the plasma
were determined by Western blot analysis using 40 �g of
proteins and the anti-PEDF antibody (Upstate, Billerica,
MA). Ponceau S staining (Sigma) was performed to verify
equal protein loading. For tissue lysates, sliced tissues
were homogenized in 250 �L of the ice-cold tissue lysis
buffer. The homogenates were cleared by centrifugation
at 12,000 � g for 20 minutes at 4°C, and the protein
concentration of the supernatant was determined using
the Bradford assay. The soluble proteins from the tissues
were subjected to Western blot analysis.

Retinal Histology and Immunofluorescence
Staining

Four-month-old PEDF-Tg and Wt control mice were anes-
thetized and perfused transcardially with PBS. The eyes
were immersion fixed in 4% paraformaldehyde for 2
hours and stored in 75% ethanol. After fixation, the eyes
were embedded and cross-sectioned vertically through
the center of the cornea and optic nerve.

For histologic analyses, ocular and retinal structures

were analyzed on 5-�m H&E-stained sections following a
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documented protocol.22 Digitized images were captured
using a CKK41 digital imaging system (Olympus Amer-
ica, Center Valley, PA) at 20� magnification.

Immunofluorescence staining was performed as de-
scribed previously.22 In brief, deparaffinized and rehy-
drated ocular sections were exposed to hydrogen perox-
ide to eliminate endogenous peroxide activity. The
sections were then permeabilized for 30 minutes using
PBS/0.4% Triton X-100 followed by blocking in PBS/3%
BSA/10% goat serum for 30 minutes. After 3 � 10 min-
utes washes with PBS, the sections were incubated with
a rabbit polyclonal antibody to PEDF (diluted 1:250 in
PBS; Upstate) for 2 hours at 4°C. The sections were then
rinsed in PBS/0.2% Triton X-100 and incubated with a
Cy5-conjugated anti-rabbit IgG (diluted 1:500; Jackson
Immunoresearch Lab. Inc, West Grove, PA) for 1 hour.
The stained sections were rinsed again and mounted in a
mounting medium containing DAPI. The slides were
viewed with a CKK41 fluorescence microscope.

Electroretinogram Recordings

For scotopic electroretinograms (ERGs), 2-month-old
PEDF-Tg and Wt mice were dark-adapted overnight be-
fore ERG recording. The mice were anesthetized, and the
pupils dilated with topical application of 2.5% phenyleph-
rine and 1% tropicamide (Sigma). The ERG responses
were recorded with a silver chloride needle electrode
placed on the surface of the cornea after topical ap-
plication of 1% tetracaine anesthesia (Sigma). A refer-
ence electrode was positioned at the nasal fornix and a
ground electrode on the tail. The ERG system consisted
of a Ganzfeld bowl, a DC amplifier, a computer-based
control, and a recording unit.22 The ERG responses
were recorded from both eyes simultaneously after the
mice were placed in the Ganzfeld bowl and exposed to
a 10-millisecond light stimulus. The bandpass filter
cutoff frequencies were 0.3 and 500 Hz for single-flash
or flicker-stimulus recordings, respectively. Single-flash
responses were recorded under both dark-adapted (sco-
topic) and light-adapted (photopic) conditions. Fourteen
scotopic responses were recorded and averaged, with
flash intervals of 20 milliseconds. Immediately after sco-
topic ERGs, mice were exposed to a background light of
60 candela m�2 for 10 minutes. Photopic ERGs were then
recorded by averaging the responses to 14 single
flashes. For quantitative analysis, the B-wave amplitude
was measured from the A-wave trough to the B-wave
peak.

Mouse Model of OIR

C57BL/6 mice from the Jackson Laboratory (Bar Harbor,
ME) and PEDF-Tg mice were used for the OIR model
following an established protocol.23 Wt and PEDF-Tg
mice (along with their nursing mothers) were exposed to
75% oxygen from postnatal days 7 to 12 in a Plexiglass
chamber connected to an oxygen regulator (Pro-Ox,
model 110; Reming Bioinstruments, Redfield, NY). At

postnatal day 12, the animals were returned to room air.
The mice were sacrificed at postnatal day 16 for Western
blot analysis or sacrificed at postnatal day 12 for nonper-
fusion area measurement and at postnatal day 18 for
retinal neovascularization examination.

Fluorescein Retinal Angiography and
Quantification of Preretinal Vascular Cells

Retinal angiography was performed as previously de-
scribed.22,23 Briefly, mice were anesthetized and perfused
via ventricle with 50-mg/ml high-molecular-weight (2 � 106)
fluorescein isothiocyanate-dextran (Sigma). The mice were
immediately sacrificed, and the eyes enucleated and fixed
in 4% paraformaldehyde for 3 hours. The retina was flat-
mounted on a gelatin-coated slide. The avascular area was
measured in the retina using SPOT software (Diagnostic
Instruments, Sterling Heights, MI).

For quantification of preretinal vascular cells, the
mouse eyes were fixed, sectioned, and stained with H&E
as described previously.22 The preretinal vascular nuclei
were counted in 8 discontinuous sections per eye and
compared between the PEDF-Tg and Wt mice with OIR
using Student’s t-test.

Laser-Induced CNV

All mice were used for the CNV model following an es-
tablished protocol.24 Laser-induced CNV reflects the pa-
thology of inflammation-related CNV seen in AMD. CNV in
the PEDF-Tg and Wt mice was induced by laser photo-
coagulation.24,25 Briefly, 2-month-old Wt and PEDF-Tg
mice were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg) and their pupils dilated with 1% tropi-
camide. For generating laser burns, a red diode laser
(810-nm wavelength; Keeler Multilase 1500, Windsor, Eng-
land, and Iris Medical Oculight SLX, Mountain View, CA)
was used under a Fison indirect ophthalmoscope for Gen-
esis-Df fluorescein angiography (Kowa Optimed, Inc,
Japan) to induce CNV by rupturing Bruch’s membrane.
Laser parameters were set to a 150-�m spot size, 100-
millisecond exposure time, and 275-mW power. A series of
four laser lesions was placed around the optic discs of both
eyes. Only the eyes with visible bubble formations were
included in the study. CNV was monitored using fundu-
scope and analyzed in the flat-mounted retinal pigment
epithelium (RPE)–choroid complex. Images were captured
with an Olympus (Center Valley, PA) CKX41 digital still cam-
era, and image analysis SPOT software (Diagnostic Instru-
ments) was used to measure the total area of CNV.

Real-Time RT-PCR

Total RNA was extracted from eyecups using TRIzol re-
agent (Invitrogen, Carlsbad, CA). The cDNA was synthe-
sized from 1 �g of total RNA using TaqMan reverse
transcription reagents according to the manufacturer’s
protocol (Applied Biosystems, Foster City, CA), and the
reaction product was subjected to PCR amplification us-
ing a MyiQ Bio-Rad thermal cycler (Bio-Rad, Hercules,

CA). The following primers were used for the PCR: for
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VEGF, 5=-ATGAACTTTCTGCTGTCTTGGGTG-3= (for-
ward) and 5=-TCACCGCCTCGGCTTGTCACA-3= (reverse);
for CTGF, 5=-GTTGTTCATTAGCGCACAGTG-3= (forward)
and 5=-TAGAGCAGGTCTGTCAAGCAT-3= (reverse); for
ICAM-1, 5=-TGCGTTTTGGAGCTAGCGGACCA-3= (for-
ward) and 5=-CGAGGACCATACAGCACGTGCCAG-3=
(reverse); for tumor necrosis factor-� (TNF-�), 5=-
ACAAGGCTGCCCCGACTAT-3= and 5=-CTCCTGG-
TATGAAGTGGCAAATC-3= (reverse); for transforming
growth factor-� (TGF-�), 5=-AAACGGAAGCGCATC-
GAA-3= (forward) and 5=-GGGACTGGCGAGCCCT-
TAGTT-3= (reverse); for monocyte chemotactic protein-1
(MCP-1), 5=-TGGCAAGATGATCCCAATGA-3= (forward)
and 5=-GCAGCACTGTTCGTCACTTCA-3= (reverse); and
for glyceraldehyde-3-phosphate dehydrogenase, 5=-
ATGGTGAAGGTCGGTGTGAAC-3= (forward) and 5=-GT-
GCCGTTGAATTTGCCGTGA-3= (reverse).

Statistical Analysis

Student’s t-test (two-tailed) was used for all of the statis-
tical analysis. Statistical difference was considered sig-
nificant at P � 0.05.

Results

Generation of Transgenic Mice That
Overexpress PEDF Ubiquitously

The chicken �-actin promoter is commonly used for driv-

Figure 1. Generation of the PEDF-tg mice. A: Diagram of the human PEDF
transgene. B: Genotyping of Wt (n � 11) and individual PEDF-Tg mice (n �
12). Each lane represents an individual mouse. C: Western blot analysis to
confirm overexpression of PEDF. The same amounts of ear protein (50 �g)
from F4 to F8 generations of PEDF-Tg and Wt mice were blotted with an
anti-PEDF antibody and with �-actin as a loading control. D: High PEDF
levels in the serum of PEDF-Tg mice. Total serum proteins (40 �g) from each
mouse were analyzed by Western blot analysis using a PEDF-specific anti-
body and reblotted with an antialbumin antibody. The blot shows results
from two representative Wt and PEDF-Tg mice. E: Western blot analysis of
PEDF in various tissues from Wt and PEDF-Tg mice. Equal amounts of total
proteins from each tissue were blotted with the anti-PEDF antibody.
ing ubiquitous transgene expression in transgenic
mice.26,27 In this study, the PEDF transgene contained
the human full-length PEDF cDNA under the control of
the chicken �-actin promoter (Figure 1A). PCR of
PEDF-Tg genomic DNA identified the PEDF transgene
in four independent lines (Figure 1B). As shown by
Western blot analysis, PEDF was stably overexpressed
in PEDF-Tg mice in all of the eight generations ana-
lyzed (Figure 1C). Furthermore, Western blot analysis
of the serum from PEDF-Tg mice showed substantially
higher circulating PEDF levels than in age-matched Wt
mice (Figure 1D). Similarly, compared with the Wt
mice, PEDF-Tg mice showed substantially higher PEDF
levels in all of the tissues analyzed, including the liver,
heart, brain, spleen, lung, skeletal muscle, and eye
(Figure 1E). Taken together, these results demon-
strated that PEDF is ubiquitously and stably expressed
in PEDF-Tg mice.

Overexpression of the PEDF Transgene in the
Retina of PEDF-Tg Mice

To determine whether the PEDF transgene is expressed
in the retina of PEDF-Tg mice, the retinal homogenates
from 4-month-old Wt and PEDF-Tg mice were examined.
Western blot analysis showed that PEDF levels were sub-
stantially higher in the PEDF-Tg mouse retina than in the
Wt mouse retina (Figure 2A). Furthermore, immunostain-
ing of retinal sections revealed PEDF signals in all of the
retinal layers of the PEDF-Tg mice, with an intense signal
in the inner retina (Figure 2B). Compared with the Wt
retina, PEDF expression levels were higher in all of the
retinal layers of PEDF-Tg mice.

Figure 2. Overexpression of PEDF in the retina of PEDF-Tg mice. A: The same
amount of retinal proteins (50 �g) from each mouse was blotted sequentially
with the anti-PEDF and anti–�-actin antibodies. The blot shows results from two
representative Wt and PEDF-Tg mice (n � 8). B: Immunohistochemical analysis
of the PEDF-Tg retina. Retinas obtained from Wt and PEDF-Tg mice were
immunostained with an antibody for PEDF (Ba and Bd), and the nuclei were
counterstained with DAPI (Bb and Be). The images are representatives from two
independent experiments in Wt and PEDF-Tg mice (n � 8). GCL, ganglion cell

layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment
epithelium.
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Histologic Structure of the Retina and Visual
Function of PEDF-Tg Mice

To determine whether PEDF overexpression in the ret-
ina affects ocular and retinal structure, ocular sections
from Wt and PEDF-Tg mice were examined histologi-
cally. At 4 months of age, there was no detectable
difference in the ocular structure or the nuclear layers
of the retina between Wt and PEDF-Tg mice (Figure 3,
A and B). Furthermore, the visual function of the
PEDF-Tg mice was evaluated by ERG recording. Anal-
ysis of the dark-adapted (scotopic or rod-associated)
and light-adapted (photopic or cone-associated) ERG
waveforms revealed that there was not a significant
difference in the retinal function between Wt and
PEDF-Tg mice (Figure 3, C and D; P � 0.05). Taken
together, these results suggest that PEDF-Tg mice do
not have structural or functional defects in the retina
under normal conditions.

Effects of PEDF Overexpression on
Ischemia-Induced Retinal Neovascularization

The impact of PEDF overexpression on ischemia-in-
duced retinal neovascularization was evaluated in the
OIR model, which develops ischemia-induced retinal
neovascularization.23 After exposure to 75% oxygen
from postnatal day 7 to 12, the retinal vasculature of the
PEDF-Tg and Wt mice with OIR was examined at post-

Figure 3. The ocular and retinal structure and visual function of Wt and
PEDF-Tg mice. A and B: The H&E-stained eye sections from 8-week-old Wt
and PEDF-Tg mice. A: Ocular sections, 4�; scale bars � 200 �m. B: Retinal
structure, 20�. The images were representatives from five mice of each type.
C and D: ERG amplitudes of Wt and PEDF-Tg mice. Dark-adapted (scotopic/
rod-associated) and light-adapted (photopic/cone-associated) ERGs were
recorded from Wt and PEDF-Tg mice and the amplitudes of the A and B

waves compared (mean � SD, n � 6). GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
natal day 18. To determine whether overexpression of
PEDF suppresses the ischemia-induced retinal neo-
vascularization, we examined the retinal vasculature
using fluorescein angiography in retinal flat mounts.
The results revealed significant neovascularization in
the flat-mounted retina of Wt mice with OIR at postnatal
day 18 (Figure 4C). In contrast, the retina in PEDF-Tg
mice with OIR developed less severe neovascular tufts
in the perfusion area at the same age (Figure 4D).
Normal control PEDF-Tg and Wt mice maintained in
constant room air had no apparent difference in retinal
vasculature (Figure 4, A and B). The retinal neovascu-
larization was quantified by measuring areas of neo-
vascular tufts in retinal whole mounts, which showed
that the retinas from PEDF-Tg mice with OIR have
significantly smaller retinal neovascular areas, approx-
imately 47% of those in Wt mice with OIR (Figure 4E).
To further determine the extent of vessel obliteration in
the early phase of OIR,28,29 we measured the nonper-
fused areas in the central retina at postnatal day 12,
which has been shown to correlate with the severity of
retinopathy in the OIR model.23 In the PEDF-Tg mice

Figure 4. The inhibitory effect of PEDF overexpression on retinal neovas-
cularization in the OIR model. PEDF-Tg and Wt mice were exposed to 75%
oxygen from postnatal day 7 to 12. The Wt and PEDF-Tg mice with OIR were
perfused with fluorescein-dextran at postnatal day 18 and the retina flat
mounted. A–D: Representative retinal angiographs from the eyes of Wt and
PEDF-Tg mice with OIR (C and D) and Wt and PEDF-Tg mice in the room air
(A and B) as a control. C and D: The white arrows indicate neovascular tufts
in the peripheral retina. The white dotted line represents avascular area in
the central retina. All of the images were from the peripheral retina (no optic
nerve included). E: Quantification of the neovascularization in the retinas
from Wt and PEDF-Tg mice with OIR. Retinal neovascularization was semi-
quantified by measuring the ratio of the neovascular tuft area to the total
retinal area using the advanced SPOT software (mean � SD, n � 8,
***P � 0.001).
with OIR, the nonperfusion area was significantly
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smaller than that in Wt mice with OIR (see Supplemen-
tal Figure S1 at http://ajp.amjpathol.org). Taken to-
gether, these results suggest that PEDF overexpres-
sion ameliorates hyperoxia-mediated vessel lost and
ischemia-induced retinal neovascularization.

Reduced Preretinal Neovascularization in
PEDF-Tg Mice With OIR

To further confirm the effect of PEDF overexpression on
retinal neovascularization, we quantified preretinal neo-
vascular cells, a characteristic feature of the OIR model
and human proliferative diabetic retinopathy.23,30,31 The
preretinal neovascular cells growing into the vitreous
space were counted on eight noncontinuous cross-sec-
tions from each eye following an established method.22,23

As shown in Figure 5, the number of preretinal neovas-
cular cells in the retina of PEDF-Tg mice with OIR (n � 13)
was approximately twofold lower than that in the retina of
Wt mice with OIR (P � 0.05, n � 13), confirming the
antineovascularization effect of PEDF overexpression in
the retina.

Effect of PEDF Overexpression on Ischemia-Induced
Retinal Inflammation and Vascular Leakage

Previous studies have shown that the blood-retinal barrier
(BRB) breakdown and inflammation are important fea-
tures of OIR and human diabetic retinopathy.32,33 To

Figure 5. The effect of PEDF overexpression on preretinal neovasculariza-
tion in mice with OIR. At postnatal day 18, the eyes of PEDF-Tg and Wt mice
with OIR were fixed, sectioned, and stained with H&E. A–D: Preretinal
vascular cells were counted in eight noncontinuous sections per eye and
averaged. A: Representative retinal sections from Wt mice under normoxia.
B: PEDF-Tg mice under normoxia. C: Wt mice with OIR. D: PEDF-Tg mice
with OIR. Arrows indicate preretinal vascular cells. E: The average numbers

of preretinal vascular cells (mean � SD, n � 13) were compared between the
eyes from Wt and PEDF-Tg mice with OIR using Student’s t-test. *P � 0.05.
examine the PEDF-Tg retina for inflammation, the retinal
levels of inflammatory factors in the retinas of Wt mice
and PEDF-Tg with OIR were compared. Retinal levels of
VEGF, a major angiogenic, permeability, and inflamma-
tory factor, were elevated 5.4-fold in the retinas of Wt
mice with OIR over those in normal Wt mice maintained
under constant room air (Figure 6, A and B). In contrast,
the retinas in PEDF-Tg mice with OIR showed signifi-
cantly less VEGF overexpression (less than twofold over
room air control), compared with the retina of Wt mice
with OIR. Likewise, Western blot analysis showed that
ICAM-1, which can cause leukocyte adhesion in diabetic
retinopathy, was significantly up-regulated in the retina of
Wt mice with OIR but not in the retina of PEDF-Tg mice
with OIR (Figure 6, A and C). As an indicator of retinal
vascular leakage and BRB breakdown, retinal albumin
levels (after perfusion to remove the blood in the retinal
vasculature) were increased in the Wt mice with OIR but
not in the PEDF-Tg mice with OIR (Figure 6, A and D).
This result suggests that vascular leakage in the OIR model
was attenuated by PEDF overexpression. Consistent with
retinal vascular leakage, levels of occludin, one of the tight
junction proteins, were decreased in the retina of Wt mice
with OIR (Figure 6, A and E). In the retina of PEDF-Tg mice
with OIR, however, the decrease in occludin levels was
largely attenuated, suggesting a PEDF-mediated protective

Figure 6. The effects of PEDF overexpression on retinal levels of VEGF,
ICAM-1, albumin, and occludin in OIR mice. PEDF-Tg and Wt mice were
exposed to 75% oxygen from postnatal day 7 to 12. Another group of Wt and
PEDF-Tg mice were maintained in constant room air as normoxic controls. At
postnatal day 16, the mice were euthanized, perfused, and total retinal
protein isolated. A: Retinal levels of VEGF, ICAM-1, albumin, occludin, and
�-actin were measured by Western blot analysis. B–E: The expression levels
of each protein were quantified by densitometry, normalized to �-actin
levels, and expressed as percentages of the respective normoxic control
(mean � SD, n � 3, **P � 0.01, ***P � 0.001).
effect on the BRB (Figure 6, A and E).
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PEDF Overexpression Inhibits
Laser-Induced CNV

Laser-induced CNV is a commonly used model for wet
AMD because it develops subretinal neovasculariza-
tion.34,35 As shown by angiography on retina-choroidal
flat mounts 2 weeks after laser burn, Wt mice with CNV
developed apparently larger CNV lesions compared with
the PEDF-Tg mice with CNV (Figure 7, A and B). Further-
more, the mean area of laser-induced CNV was signifi-
cantly smaller in the PEDF-Tg mice with CNV than in the
Wt controls with CNV (P � 0.01, Figure 7C).

Overexpression of PEDF Suppresses
Overproduction of Proangiogenic and
Inflammatory Factors in the Laser-Induced
CNV Model

Laser-induced CNV is associated with the overproduc-
tion of angiogenic, inflammatory, and fibrogenic fac-
tors in the retina and RPE.36 – 41 To investigate the
inhibitory mechanism of PEDF overexpression on CNV,
we compared the expression levels of representative
angiogenic, inflammatory, and fibrogenic factors. As
shown by Western blot analysis, protein levels of VEGF,
CTGF, ICAM-1, and TGF-� were significantly increased
in the retina and RPE of Wt mice with CNV compared
with those in normal mice (Figure 8A). However, levels
of these proteins were not increased in the retinas of
PEDF-Tg mice with CNV and RPE (Figure 8A). More-
over, real-time PCR showed that mRNA levels of VEGF,
ICAM-1, MCP-1, TGF-�, TNF-�, and CTGF were signif-
icantly lower in the retina and RPE of the PEDF-Tg mice
with CNV compared with the Wt mice with CNV (Figure
8, B–G). Taken together, these results suggest that
PEDF overexpression has an inhibitory effect on CNV,
inflammation, and fibrosis in the laser-induced CNV

Figure 7. An inhibitory effect of PEDF overexpression on laser-induced CN
visualized by fluorescein angiography 2 weeks after the laser burn. A a
retina-choroid complex from Wt mice (A) (n � 7) and PEDF-Tg mice (B) (n �
Wt and PEDF-Tg mice (mean � SD, n � 6, ***P � 0.001).
model.
Discussion

PEDF is believed to be a major angiogenic inhibitor in the
eye.4 Previous studies showed that PEDF levels are de-
creased in the vitreous of diabetic retinopathy patients,42

in the aging aqueous humor and choroid,13 and in the
eyes of patients with AMD.43 Furthermore, db/db mice
and OIR rats showed decreased levels of PEDF in the
retina.11,15 These findings suggest that decreased PEDF
levels may contribute to a disturbed balance in angio-
genic control in the eye, leading to ocular neovascular-
ization.

It has been reported that intravitreal gene delivery of
PEDF suppresses retinal and choroidal neovasculariza-
tion.17,44 In addition, purified recombinant PEDF sup-
pressed retinal neovascularization after OIR.18,45 The pres-
ent study presents the first evidence suggesting that
overexpression of a PEDF transgene in the retina attenuates
ischemia-induced retinal neovascularization and laser-in-
duced CNV. Moreover, PEDF overexpression ameliorates
retinal inflammation and vascular leakage. These observa-
tions indicate that PEDF functions as both an antiangiogenic
and anti-inflammatory factor in the retina.

To evaluate the in vivo effect of PEDF overexpression
on ocular neovascularization, we established a trans-
genic mouse model that ubiquitously overexpresses
PEDF (Figures 1 and 2). Under normoxic conditions, the
PEDF-Tg retina displayed no overt behavioral or devel-
opmental abnormalities (Figure 3). Furthermore, overex-
pression of PEDF in the retina did not affect retinal struc-
ture and function, suggesting that high levels of PEDF do
not affect normal vascular development. However, under
pathogenic conditions, overexpression of PEDF attenu-
ated pathological neovascularization. The mechanism(s)
for these differential effects of PEDF on normal vascular
formation and pathological neovascularization remains to
be investigated.

OIR is a commonly used model of ischemia-induced
retinal neovascularization.23,30 Previous studies showed
that this model has decreased PEDF levels and in-

Wt and PEDF-Tg mice were used for laser-induced CNV, and the CNV was
epresentative fluorescein angiographs showing CNV in the flat-mounted
reas of CNV were measured with the SPOT software and compared between
V. Adult
nd B: R
creased VEGF levels at postnatal day 16, leading to the
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disturbed balance between VEGF and PEDF. The in-
creased VEGF:PEDF ratio correlates with retinal neovas-
cularization.46,47 To evaluate the effect of PEDF overex-
pression on retinal neovascularization in the OIR mouse
model, we used fluorescein angiography on retinal whole
mounts. The results showed that the ischemia-mediated
neovascularization, as quantified by both neovascular
tufts and preretinal vascular cells, is suppressed in the
PEDF-Tg mice with OIR compared with that in the Wt
mice with OIR. This observation supports our previous
notion that decreased PEDF levels contribute to retinal
neovascularization in the OIR model.11–13,15,16

In the laser-induced CNV model, it was shown that
CNV represents a wound healing response.48,49 Previous
studies have reported a significant decrease in PEDF
immunoreactivity in the choroid from AMD human donors
and rats with laser-induced CNV.12,43,50 Interestingly,
periocular injection of a PEDF-expressing adenovirus has
been shown to suppress laser-induced CNV.51 Further-
more, intravitreal injection of the adenovirus expressing
PEDF regresses CNV in VEGF transgenic mice overex-
pressing VEGF in photoreceptors driven by the rhodop-
sin promoter (Rho/VEGF), which is a well-characterized

Figure 8. Overexpression of PEDF prevented the overexpression of angio
weeks after laser burn, PEDF-Tg and Wt mice with CNV were perfused thor
blot analysis of VEGF, CTGF, TGF-�, ICAM-1, and �-actin. A: Representativ
CNV, PEDF-Tg mice, and PEDF-Tg mice with CNV. Each lane represents a sin
Real-time RT-PCR analysis of VEGF, ICAM-1, MCP-1, TGF-�, TNF-�, and CT
SD, n � 7, *P � 0.05, **P � 0.01, ***P � 0.001).
model in which neovascularization sprouts from the deep
capillary bed of the retina and invades the photoreceptor
layer and subretinal space.17,20,52 Our results showed
that endogenous overexpression of PEDF in the retina
results in a significantly decreased CNV area compared
with Wt mice. This observation suggests that PEDF over-
expression blocks not only neovascularization in the OIR
model but also CNV induced by laser burn.

Breakdown of the BRB and vascular leakage are sug-
gested to play a causative role in diabetic macular
edema, the most common cause of vision loss in diabetic
patients.53–55 Several studies have shown that PEDF is a
major angiogenic inhibitor in the eye and counterbal-
ances the proangiogenic and inflammatory factor, VEGF.
Previous evidence suggests that a disturbed balance
between VEGF and PEDF levels is associated with those
neovascular conditions in the eye of diabetic retinopa-
thy.56,57 Therefore, VEGF has been widely recognized as
a major pathogenic factor in the BRB breakdown.53,58,59

Previous studies have shown that injection of PEDF pro-
tein or adeno-associated virus expressing the PEDF gene
reduces vascular leakage in the retina of streptozotocin-
induced diabetic retinopathy or ischemia-induced reti-
nopathy.7,19 Our results demonstrated that PEDF overex-

nflammatory, and fibrogenic factors in the laser-induced CNV model. Two
The same amount of protein from the retina and RPE was used for Western
f VEGF, CTGF, TGF-�, and ICAM-1 levels from the Wt mice, Wt mice with
se. The blots are representatives from three independent experiments. B–G:
A levels in the retina and RPE of Wt and PEDF-Tg mice with CNV (mean �
genic, i
oughly.
e blots o
gle mou
pression significantly reduces leakage of albumin into the
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retina in both the OIR (Figure 6) and laser-induced CNV
models (data not shown). The BRB in the inner retina
resides on the tight junction between endothelial cells;
down-regulation of tight junction proteins is known to
contribute to retinal vascular leakage. Our results showed
that PEDF overexpression in PEDF-Tg mice or in HRECs
(see Supplemental Figure S2B at http://ajp.amjpathol.org)
is associated with the down-regulation of a tight junction
protein induced by ischemia using the CoCl2, possibly
contributing to its inhibitory effect on vascular leakage.
Taken together, these results suggest a protective effect
of PEDF on the BRB.

Inflammation is an important pathological feature in
both diabetic retinopathy and AMD.60,61 In both the OIR
and CNV models, PEDF overexpression attenuated the
overexpression of inflammatory factors in the retina and
eyecup in the OIR and CNV models, respectively. In
cultured cells, PEDF suppressed the hypoxia-induced
inflammatory factor expression in HRECs (see Supple-
mental Figure S2A at http://ajp.amjpathol.org). These re-
sults suggest that PEDF also plays an important role in
regulation of inflammatory responses. Although PEDF
has been suggested as antiangiogenic, antivasoperme-
ability, and anti-inflammatory properties in the eye,4,7,62

the precise mechanism underlying its broad effects re-
mains uncertain. Most importantly, previous evidence
suggests that PEDF may exert its antiangiogenesis and
anti-inflammatory activities via multiple pathways. Cai et
al reported that PEDF inhibits phosphorylation of VEGF
receptor-1 through increasing �-secretase activity and
inducing VEGF receptor-1 cleavage.63 In addition, Zhang
et al showed that PEDF effectively inhibited VEGF via
competing with VEGF for binding to the VEGF receptor.64

Recently, the overactivation of the canonical Wnt signal-
ing pathway has been found to mediate retinal neo-
vascularization, inflammation, and fibrosis in diabetic
retinopathy.65–69 PEDF exerts its function through inter-
actions with the Wnt pathway. However, the molecular
mechanism by which PEDF regulates activity of VEGF
and inflammatory cytokines in the eye remains to be
elucidated.

In summary, this study established a transgenic model
that ubiquitously overexpresses PEDF without any detect-
able defect in eye development or visual function. Further-
more, overexpression of PEDF attenuated pathological oc-
ular neovascularization. The PEDF-Tg mice provide a useful
model for studying the pathogenic mechanism for neovas-
cularization in diabetic retinopathy, age-related macular de-
generation and other neovascular disorders.
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