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Aberrant blood vessel growth in the retina that underlies the
pathology of proliferative diabetic retinopathy and retinopathy of
prematurity is the result of the ischemia-driven disruption of the
normally antiangiogenic environment of the retina. In this study,
we show that a potent inhibitor of angiogenesis found naturally in
the normal eye, pigment epithelium-derived growth factor (PEDF),
inhibits such aberrant blood vessel growth in a murine model of
ischemia-induced retinopathy. Inhibition was proportional to dose
and systemic delivery of recombinant protein at daily doses as low
as 2.2 mgykg could prevent aberrant endothelial cells from crossing
the inner limiting membrane. PEDF appeared to inhibit angiogen-
esis by causing apoptosis of activated endothelial cells, because it
induced apoptosis in cultured endothelial cells and an 8-fold
increase in apoptotic endothelial cells could be detected in situ
when the ischemic retinas of PEDF-treated animals were compared
with vehicle-treated controls. The ability of low doses of PEDF to
curtail aberrant growth of ocular endothelial cells without overt
harm to retinal morphology suggests that this natural protein may
be beneficial in the treatment of a variety of retinal vasculopathies.

The pathological growth of new blood vessels in the eye and
the leaks and tissue disruption it causes are responsible for

most cases of vision loss in the developed world. Abnormal
vessels can originate from the choroid circulation in diseases like
macular degeneration. It is not known what induces their growth.
Abnormal vasculature can also develop from vessels within the
retina. It is known that these irregular vessels are stimulated by
ischemia and give rise to retinopathies that threaten sight in
premature infants and many diabetic patients.

Ischemic retinopathies are often thought to be driven primar-
ily by a rise in vascular endothelial cell growth factor (VEGF),
a potent inducer of both neovascularization and vessel leakage,
whose secretion by a variety of cells is stimulated by low oxygen
(1). High levels of VEGF have been documented in the vitreous
of human retinopathies (2, 3) and in animal models of ophthal-
mologic diseases involving neovascularization (4–7). But a
change in VEGF seems unlikely to be the sole cause of retinop-
athies. Increases in VEGF can occur in the absence of retinop-
athy; decreases in the severity of retinopathies can occur without
any change in VEGF levels (8, 9); and drugs that prevent a rise
in VEGF can vary in their effects on retinopathy (10). In
addition, therapies designed to interfere with the action of
VEGF have not been able to completely halt vessel growth in a
murine model of ischemia-induced retinopathy (11, 12). These
discontinuities suggest that additional stimulatory angiogenic
factors andyor natural inhibitors are also playing key roles in this
disease process.

The major natural inhibitor in the vitreous and cornea of the
eye is pigment epithelium-derived factor (PEDF; refs. 13 and
14), a protein produced by retinal pigment epithelial cells and
found at high concentrations within the retina as well as in the
vitreous, where it is responsible for the antiangiogenic activity of
this f luid (14). PEDF is an exceptionally potent antiangiogenic

factor that is regulated by oxygen in a pattern reciprocal to that
of stimulatory VEGF in that it rises when oxygen is plentiful and
falls when it is limiting (14, ¶). In this study, we use a well
characterized mouse model of ischemic retinopathy to demon-
strate the ability of this natural ocular inhibitor to control retinal
neovascularization.

The elevation of a myriad of inducers of angiogenesis have
been documented in the vitreous of eyes with proliferative
diabetic retinopathy including VEGF (2, 3), bFGF (15), IGF-1
(16, 17), IL-8 (18, 19), angiogenin (20), placental growth factor
(21), and hepatocyte growth factor (22). An advantage of natural
inhibitors of angiogenesis like PEDF over those that specifically
target single inducers or single classes of receptors is that they
can prevent angiogenesis induced by any one of a wide variety of
different stimulators (14). To suggest a mechanism by which
PEDF might be preventing endothelial cells from responding to
multiple inducers, we show that it stimulates apoptosis in vitro
when given to cultured endothelial cells that are under stress and
that it has similar effects on endothelial cells forming new vessels
in situ in mice with retinopathy.

Methods
PEDF Purification. A mammalian expression construct for full-
length PEDF mRNA and six histidine residues at its carboxy
terminus was engineered into pCEP4 (Invitrogen), and trans-
fected into human embryonic kidney cells (14). Recombinant
PEDF was purified from media conditioned by these cells by
using the Xpress Protein Purification System (Invitrogen), dia-
lyzed against PBS, filter-sterilized, and quantified by using a
Coomassie protein reagent (Pierce). Purified PEDF ran as a
single band on a silver stained SDS-polyacrylamide gel. Its
antiangiogenic activity was verified by using the in vitro inhibition
of endothelial cell migration (14).

Care and Treatment of Mice. A previously described murine model
of ischemia-induced retinopathy (23) was set up by using dams
and neonatal C57yBL6J mice (The Jackson Laboratory). Mice
in the normoxia group were maintained in room air throughout
the experiment. Mice in the hyperoxia group were exposed with
their nursing dams to 75% oxygeny25% nitrogen from postnatal
day 7 (P7) to P12, then removed to room air and injected i.p. each
day from P12 through P16 with 100 ml of PBS (PBS vehicle) or

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: PEDF, pigment epithelium-derived factor; VEGF, vascular endothelial
growth factor; P, postnatal day; TUNEL, terminal deoxynucleotidyltransferase-mediated
UTP end labeling.

See commentary on page 2122.

§To whom reprint requests should be addressed. E-mail: n-bouck@nwu.edu.

¶Miller, A. D., Robinson, G. S., Smith, L. E. H. & Becerra, S. P. (2000) Invest. Ophthalmol. Visual
Sci. 41, 4619 (abstr.).

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.orgycgiydoiy10.1073ypnas.031252398 PNAS u February 27, 2001 u vol. 98 u no. 5 u 2593–2597

M
ED

IC
A

L
SC

IE
N

CE
S



PBS containing PEDF (P1 is the date of birth). At P17, all pups
were weighed, killed, and perfused with 1 ml of fixative (4%
paraformaldehydey8% sucroseysodium phosphate buffer, pH
7.2) through the left ventricle of the heart. Eyes were enucleated
and placed in fixative. Four to five pups were treated at each dose
in each experiment. All animals were treated according to
Association for Research in Vision and Ophthalmology and
National Institutes of Health guidelines for animal care and use,
and protocols were approved by the Animal Care and Use
Committee Northwestern University and Veterans Affairs Hos-
pitals Chicago Health Care System–Lakeside Division.

Endothelial Cell Nuclei Counts. Fixed tissues, identified only by
code, were paraffin-embedded, 4-mm sagittal sections were cut,
and slides were stained with hematoxylin-phloxine-saffron
(HPS). Step sections of each eye were prepared and six consec-
utive sections at each of three levels spanning up to 75 microns
were examined for a total of 18 sections per eye. One represen-
tative section that contained cornea, lens, and optic nerve and
retina was chosen from each animal by a blinded investigator and
all endothelial cell nuclei that crossed or extended beyond the
internal limiting membrane were counted. In our hands, a very
vigorous neovascularization response was induced by hyperoxia.
This fact, along with our selection of sections from individual
animals that traversed the globe at similar central points, made
it possible to obtain highly significant data counting only a single
slide from each animal. To validate this method, data derived
from counting a single slide per animal were compared with
those derived from counting five slides per pup. For the four
experimental and four control animals examined in this way, no
significant difference was seen. Tissues from PBS-treated con-
trols and from normoxic controls were evaluated identically.
Statistical analysis used the Student’s t test and standard errors
of the mean are reported.

In Situ Detection of Apoptotic Endothelial Cells. Apoptotic cells were
morphologically distinguished by nuclear fragmentation in HPS-
stained tissue sections and quantified by terminal deoxynucle-
otidyltransferase-mediated UTP end labeling (TUNEL) staining
as described (24). Briefly, a minimum of three sections of each
eye were deparaffinized, rehydrated, blocked with 1% normal
serum for 20 min, and incubated 60 min in 1% blocking solution
with goat antibody against mouse CD 31 (PECAM-1, Santa Cruz
Biotechnology). After three 5-min washes with PBS, secondary
antibodies were applied for 60 min at room temperature by using
a 1:20 dilution of sheep antibody against mouse IgG conjugated
with R-phycoerythrin (Sigma). An ApopTag kit (Intergen, Pur-
chase, NY) was used according to the manufacturer’s instruc-
tions. Slides were rinsed briefly in PBS, mounted with Prolong
Antifade (Molecular Probes), and viewed with an Olympus
Fluoview Confocal Laser Scanning Microscope. Slides were
assigned a code and the number of apoptotic vascular endothe-
lial cells per total endothelial cells in one representative sagittal
section of the retina were counted in a blinded fashion. The
range of total endothelial cells in the PBS group (n 5 4) was
155–268, and in the PEDF-treated group (n 5 4) was 78–94.

In Vitro Apoptosis Assay. Human dermal microvascular endothe-
lial cells (Clonetics, San Diego) were maintained in EGM-MV
media (endothelial basal media plus additives) (BioWhittaker)
and used between passages 4 and 10. Cells were seeded onto
coverslips in wells of a 24-well plate at 5 3 104 cellsywell, allowed
to attach overnight, and refed with endothelial basal media
containing 0.5% FCS with or without PEDF. Although apopto-
sis was also induced by PEDF when cells were incubated in 2%
FCS, the lowest serum concentration compatible with good
survival of untreated controls was routinely used in an effort to
more closely approximate the plasma that endothelial cells are

exposed to as a rule in vivo. A time course measuring apoptosis
induced after treatment of endothelial cells with 10 nM PEDF
for 6, 12, 18, 24, and 30 h showed that maximal apoptosis was
reached by 18 h. Although this maximal level was also observed
at 24 and 30 h, at later time points apoptosis also increased in
untreated cells. Thus, in the experiments reported here, after
18 h an equal volume of 4% paraformaldehyde was added to the
media to fix the cells. Apoptotic cells were detected by TUNEL
using Apoptosis Detection kit (Intergen) and counterstained
with propidium iodide. Three to five random fields ranging from
90–300 cells per field were counted for each treatment group.

Results
A murine model of ischemia-induced retinopathy (23) was used
to determine whether treatment with recombinant PEDF could
inhibit pathological retinal angiogenesis. In this well character-
ized model, neonatal mice are exposed to hyperoxic conditions
for 5 days from P7 to P12 during the time their retinal vasculature
is developing. As a result, many vessels are obliterated as the
vasculature accommodates to high oxygen levels. When the mice
are returned to the lower oxygen of room air at P12, the retina
becomes ischemic and in response extensive neovascularization
occurs in all animals. By P17, vessels have proliferated and
crossed the internal limiting membrane into the vitreous, cre-
ating a retinopathy that is similar to that seen in human
retinopathy of prematurity and also shares many of the features
of diabetic retinopathy.

To test the effect of PEDF on such retinopathy, mice were
exposed to hyperoxia, returned to room air, and injected i.p.
once a day from P12 through P16 with various doses of recom-
binant PEDF. On P17, eyes were harvested. In two separate
experiments, each using independently purified recombinant
PEDF protein, the treated pups displayed no gross signs of
toxicity and their body weights were similar to those of their
vehicle-treated littermates (6.76 6 0.16 g vs. 6.73 6 0.28 g,
respectively, for the highest dose). Retinopathy with clear vas-
cular tufts extending into the vitreous was observed in all pups
exposed to hyperoxia that had been treated with PBS vehicle
(Fig. 1 Aa–Ad). This was in sharp contrast to the retinas of
PEDF-treated pups, in which vascular tufts were reduced or not
observed (Fig. 1 Ae–Ah).

To quantify the retinopathy, the number of endothelial nuclei
at or beyond the retina’s internal limiting membrane was
counted in sections of eyes that included the cornea, lens, and
optic nerve. In mice not exposed to hyperoxia, PEDF had no
effect on endothelial cell counts (Fig. 2). The constant back-
ground level of endothelial cells seen in these control animals
represents endothelial cells present in vessels that normally enter
the retina along the optic nerve and cross the internal limiting
membrane before spreading under it. In mice exposed to hy-
peroxia, a clear dose-dependent inhibition of angiogenesis was
seen (Fig. 2). At the two highest doses of PEDF used, 11.2
mgyday and 22.4 mgyday, complete inhibition of aberrant retinal
angiogenesis was achieved, resulting in numbers of endothelial
cells in the vitreous cavity that were not significantly different
from those observed in age-matched pups that were housed at
ambient oxygen levels. In a third experiment performed to
compare native PEDF protein (kindly provided by Pat Becerra,
National Eye Institute) with that made in our laboratory that
contained a histidine tag, no difference between the two prep-
arations was detected in vitro or in vivo. Pups treated with the
highest dose of either PEDF showed 67% inhibition of the
induced neovascularization (data not shown).

Seeking a mechanism by which PEDF might act on endothelial
cells to prevent their responding to ischemic signals that stim-
ulate angiogenesis, cultured human endothelial cells were put
under mild stress by transferring them to low serum and the
effect of PEDF on their apoptotic rate was measured. Increasing
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doses of PEDF increased the number of TUNEL-positive apo-
ptotic cells (Fig. 3). PEDF also induced apoptosis in ischemic
retinas in vivo. The endothelial cells undergoing apoptosis in situ
were easily seen as their morphology changed from a slender,
elongated form characteristic of the normal endothelial cell to
the more rounded shape of an apoptotic cell and often expanded
into the lumen of the vessel. Apoptotic endothelial cells were
relatively rare in retinas of animals exposed to hyperoxia and
treated with PBS, whereas they were common in the retinas of
littermates that had been treated with PEDF (Fig. 1B; Table 1).
Fig. 1B depicts tissue taken from a retina where PEDF had
successfully inhibited aberrant endothelial cell growth so apo-
ptotic endothelial cells are found only within the retina. These
cells are presumably in the process of being attracted toward the
vitreous, but have been pushed by the PEDF into apoptosis. At
PEDF doses that are only partially effective at preventing
retinopathy, many apoptosing endothelial cells that breached the
inner limiting membrane were seen (data not shown).

Discussion
In this study, we show that systemic treatment with a natural
angiogenesis inhibitor found in the normal eye can block the
development of the aberrant vasculature that develops in re-
sponse to an ischemic stimulus within the retina. In the normal
adult eye, PEDF is found at high, antiangiogenic concentrations
in the interphotoreceptor matrix, and is also present in the
vitreous and the cornea (13), where depletion studies show it is
the primary antiangiogenic factor (14). But it is not detectable
in unperturbed neonatal mice retinas during the establishment

Fig. 1. In situ angiogenesis and apoptosis of endothelial cells in PEDF-treated retinas. (A) Examples shown at low (Left) and high (Right) power of retinas of
mice exposed to hyperoxia and subsequently treated with vehicle (Aa–Ad), with 11.2 mgyday PEDF (Ae and Af ) or with 22.4 mgyday PEDF (Ag and Ah). (B) Sections
of retinas from mice treated with vehicle (Ba) or with 11.2 mgyday PEDF (Bb) were stained with PECAM-1 to detect endothelial cells (Ba1 and Bb1) and with TUNEL
to detect apoptotic cells (Ba2 and Bb2), and the images merged (Ba3 and Bb3). L indicates the position of the lens. Solid arrows are reference points within each
retina. The open arrowhead in panel Ba1–Ba3 points to a vascular tuft of predominantly TUNEL-negative endothelial cells. Note that the retinal pigment
epithelial layer autofluoresces.

Fig. 2. Effect of PEDF treatment on hyperoxia-induced retinal neovascular-
ization. Mice exposed to hyperoxia to induce retinopathy (experiment 1,
circles; experiment 2, triangles) and control mice maintained in ambient room
air (squares) were treated systemically for 5 days with PEDF, and the endo-
thelial cells at or beyond the internal limiting membrane (ILM) counted. (Error
bars, SEM.)
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of retinal vessels (25, 26), becoming visible by immunohisto-
chemistry by P21 (14). However, in the model used here, PEDF
is prematurely induced in the retina by high oxygen by P12 (14)
and may be partially responsible for the paucity of vessels that
cause the retina to become ischemia when such mice return to
ambient conditions where oxygen is lower.

We were able to prevent the formation of aberrant vessels
induced by this ischemia with a relatively low systemic dose of
PEDF. If the lowest completely effective dose partitioned evenly
in the mouse it would result in a maximum level of 44.8 nM
PEDF, which is less than the roughly 90 nM found in the normal
adult mouse vitreous (O. Volpert, personal communication).
This suggests that during ischemic retinopathy, the effective
PEDF level in the eye does indeed fall, as might be expected in
light of the fact that its production decreases in low oxygen (14,
¶). It remains to be determined whether a fall in PEDF is
essential for ischemic retinopathy to proceed.

The effective systemic dose of PEDF expressed in mgykg per
day (2.2 mgykg per day is equivalent to 11.2 mgy5 g mouse per
day), is low when compared with amounts of other antiangio-
genic factors needed to halt experimental neovascularization in
other models. It requires 100 mgykg per day of systemic an-
giostatin and 150 mgykg of 2-methoxyestradiol to see some
inhibition of angiogenesis in the cornea micropocket assay (27,
28), whereas only 2.8 mgykg per day of PEDF is needed (O.
Volpert and N.B., unpublished data). The high in vivo activity of
PEDF is in keeping with its exceptional potency when compared
with other antiangiogenic agents using in vitro tests (14).

PEDF appears to have blocked abnormal neovascularization
without overt harm to established retinal vessels, because even

the highest doses of PEDF did not reduce the number of
endothelial cells at the inner limiting membrane below the values
seen in the retinas of age-matched control pups maintained in
room air. In addition, retinas of normoxic animals that had been
treated with PEDF were histologically similar to and had num-
bers of endothelial cells similar to vehicle-treated littermates
suggesting that it is vessels undergoing pathological neovascu-
larization that are harmed by PEDF. Other antiangiogenic
agents have been used in this model, including those interfering
with VEGF (11, 12), with integrins (29–31) or intracellular
signaling via NF-kB (32), as well as more broadly acting phar-
macological agents, such as dexamethsone (33), indomethacin
(34), or the calcium channel blocker Diltiazem (35); but none of
these were able to completely inhibit aberrant vessel growth.
Only the tyrosine kinase inhibitors, CGP 441251 (36) and
PTK787 (37), have been as effective as PEDF. But 50–600
mgykg per day were required, and these doses also resulted in the
absence of endothelial cells in inner retinal layers, suggesting
that, in contrast to PEDF, these drugs may be toxic to the retinal
vascular development.

Data presented here indicate that PEDF acts to halt angio-
genesis by inducing apoptosis in endothelial cells cultured in vitro
or undergoing pathological neovascularization in vivo. In vitro, it
is not possible to determine whether PEDF is initiating apoptosis
or enhancing a tendency already present, because the cells are in
the unnatural environment of a culture dish where some back-
ground level of TUNEL-positive cells is always present. In vivo
endothelial cells in established vessels seem immune to PEDF,
suggesting that some destabilization, possibly associated with
activation, may be a prerequisite for sensitivity to PEDF. Several
other natural, broad-acting inhibitors have similar activities in
vitro, including thrombospondin-1 (24, 38), angiostatin (39, 40),
endostatin (41), and 2-methoxyestradiol (42). Throm-
bospondin-1 also induces apoptosis in developing tumor vessels
in vivo (24). This mechanism helps to explain why PEDF, as well
as these other inhibitors, can antagonize a variety of inducers.
The fact that many inducers are also survival factors for endo-
thelial cells raises the possibility that an endothelial cell weighs
how it will respond to the conflicting signals it receives simul-
taneously from natural inducers and inhibitors by using its
apoptotic machinery. The relative level of pro- and anti-
apoptotic mediators within the cell would then determine
whether it survives to respond to inducers or dies in response to
the inhibitors.

Our finding that PEDF induced apoptosis in endothelial cells
indicates that the response to PEDF treatment must vary with
cell type. When PEDF is applied at concentrations similar to
those used here to neuronal cells, it blocks rather than induces
apoptosis (43–45). The PEDF survival signal to cerebellar
granule cells appears to be mediated by an 80-kDa receptor (46).
PEDF’s action on endothelial cells is also likely to be receptor-
mediated, but perhaps by way of a different receptor.

Just as multiple inducers of angiogenesis may contribute to
ocular angiogenesis, factors in addition to PEDF may counter-
balance these inducers. Two additional proteins with inhibitory
activity have been reported in the vitreous, thrombospondin-1
(47), and IP-10 (19). Thrombospondin-1 seems likely to play
some role in the control of ocular vessels, because the 17-day-old
thrombospondin-1 null mice have aberrant vessels in their eye
that extend beyond the internal limiting membrane of the retina
(48) and in adult rats thrombospondin-1 can be down-regulated
by high glucose (47). Recently, thrombospondin-1 has been
reported to inhibit angiogenesis by about 50% in a rat model of
retinal ischemia (49). However, it is not yet possible to sort out
the direct effects of thrombospondin-1 on endothelial cells from
the indirect effects it may have by virtue of its ability to activate
latent TGF-b (50).

Fig. 3. PEDF induction of endothelial cell apoptosis in vitro. Increasing
concentrations of PEDF were added to human microvascular endothelial cells
and the proportion of apoptotic cells scored 18 h later. (Error bars, SEM.)

Table 1. Quantification of in vivo endothelial cell apoptosis in
retinas of mice with ischemic retinopathy

Treatment n % Apoptotic endothelial cells*

PBS 4 3.3 6 0.4
PEDF (11.2 mgyday) 4 26.7 6 1.5†

*Proportion of TUNEL positive endothelial cells in the retina in one represen-
tative sagittal section. Range of total endothelial cells in PBS group was
155–268 and in PEDF group was 78–94.

†P , 0.000005.
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Current therapies for retinopathy include laser photoco-
agulation or cryoablation that kill small areas of cells and
slow the deterioration of vision, but both therapies result
in limited vision loss due to the nature of the treatment (51).
In addition, their effectiveness is reduced by the recurrence
of abnormal neovascularization. PEDF, as well as the many
additional antiangiogenic compounds becoming available, of-
fers the hope of making current treatment more effective, and

the possibility of providing primary therapy without attendant
vision loss.
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