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Objective: To determine the effects of oxygen fluctuations on pigment epithelial-derived factor (PEDF) and vascular
endothelial growth factor (VEGF)/PEDF ratios in a relevant rat model of retinopathy of prematurity (ROP).

Methods: The expression of retinal PEDF mRNA and of VEGF and PEDF protein were determined using real-time
polymerase chain reaction or enzyme-linked immunosorbent assays at different postnatal day ages for rat pups raised in
room air (RA) or in a rat model mimicking ROP. Statistical outcomes were determined with factorial analyses of variance.
Mean VEGF and PEDF protein levels were determined at different ages for rats in the ROP model and for RA-raised rats,
and the ratio of VEGF/PEDF protein versus age was plotted. At postnatal day (P) 14, inner retinal plexus vascularization
had extended to the ora serrata in pups raised in RA. In the ROP model, avascular retina persisted at P14 and intravitreous
neovascularization developed at P18. Therefore, VEGF and PEDF expression was determined in the ROP model and in
RA-raised rat pups at P14 and P18.

Results: Older age was associated with increased PEDF mRNA (p<0.001), PEDF protein (p=0.005), and VEGF protein
(p=0.005), and VEGF protein (p<0.0001). Exposure to fluctuations of oxygen in the 50/10 oxygen-induced retinopathy
model compared to RA was associated with increased PEDF mRNA (p=0.0185), PEDF protein (p<0.0001), or VEGF
protein (p<0.0001). The VEGF/PEDF ratio favored angiogenic inhibition (<1.0) before but not on P14, when avascular
retina persisted in the ROP model but not in RA. The VEGF/PEDF ratio favored angiogenesis (>1.0) at P14 and P 18
when intravitreous neovascularization occurred in the ROP model.

Conclusions: Increased expression levels of VEGF and PEDF are associated with older postnatal day age or with exposure
to fluctuations in oxygen in the 50/10 oxygen-induced retinopathy model compared to RA. PEDF protein more closely
associates with avascular retinal features and neovascularization than does VEGF protein or the VEGF/PEDF in the ROP
model. Although PEDF has been proposed as a potential treatment in ROP, interventional studies using PEDF in an ROP
model to potentially reduce intravitreous neovascularization are required to determine timing, efficacy, and dose of

PEDF.

Retinopathy of prematurity (ROP), first reported in 1941
[1], reached epidemic status over the following decades,
blinding many preterm infants. At that time, ROP was
associated with high, unregulated oxygen delivery [2,3].
When inspired oxygen levels were reduced, ROP was
virtually eliminated. Advances in neonatal care and
technology have since led to increased survival of very low
birthweight infants of young gestational age [4] and ROP has
re-emerged [5]. High oxygen at birth is now avoided in
countries that have implemented the technology to monitor
and regulate oxygen and thus may not be a cause of most cases
of ROP [6]. Rather, other factors have been associated with
severe ROP, including poor postnatal weight gain [7] and
oxygen stresses apart from high oxygen at birth, including
fluctuations in transcutaneous oxygen levels [8]. Investigators
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have suggested that lower inspired oxygen concentrations and
perhaps fewer fluctuations in oxygen are associated with the
reduced incidence of ROP [9]. However, a recent large-scale
prospective clinical trial compared 85%-89% oxygen
saturation to 91%—-95% oxygen saturation and found the lower
oxygen saturation range to be associated with a reduced
incidence of ROP, but also with increased infant mortality
[10]. Therefore, more detailed investigation is needed
regarding the effects of oxygen levels on severe ROP features
and retinal development in preterm infants. Such knowledge
would also aid in finding therapeutic agents for infant ROP.
Michaelson, Ashton, and Patz [2,3,11] developed a
hypothesis about how severe ROP occurred. It was believed
that high oxygen at birth led to avascular retinal areas that
became hypoxic when infants were weaned to room air (RA).
The retinal hypoxia stimulated the production of an
angiogenic factor or factors [2,3,11]. Of numerous angiogenic
factors studied since the early hypothesis, vascular endothelial
growth factor (VEGF) has been recognized as one of the most
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important in retinal diseases [12]. VEGF is increased in
models of oxygen-induced retinopathy (OIR) with hypoxia-
induced angiogenesis following high constant oxygen-
induced constriction [13] and in human ROP [14]. Excessive
signaling of VEGF through VEGF receptor 2 (VEGFR2) has
been found to disrupt developmental angiogenesis [15].
Conversely, inhibition of VEGF signaling through VEGFR2
has reduced pathologic intravitreous neovascularization
[16-20] without interfering with ongoing retinal vascular
development [16,18,19]. VEGF mRNA was detected in an
infant retina that had severe ROP [21], and infants operated
on for progressive stage 4 ROP had elevated ocular VEGF
protein compared to control infants undergoing congenital
cataract surgery [22]. Finally, intravitreous injections of anti-
VEGF agents have been reported to reduce vascularly active
features, such as intravitreous neovascularization in severe
ROP [23]. However, later retinal detachment has been
reported in some infants treated with anti-VEGF agents [24]
Concerns also exist about using anti-VEGF agents in preterm
infants because VEGF is involved in angiogenesis and
neuroprotection, both important in developing preterm
infants. Therefore, other treatments must be considered.

One such treatment is pigment epithelial-derived factor
(PEDF), which is a potent angiogenic inhibitor [25].
Exogenous  administration of  PEDF  decreased
neovascularization in OIR models of hypoxia-induced
angiogenesis following high constant oxygen-induced
capillary constriction [26,27] or in models of laser-induced
injury [28]. In some studies, decreased levels of PEDF have
been associated with proliferative diabetic retinopathy and
age-related macular degeneration (AMD) [29,30], whereas
increased levels have been shown to reduce morbidity in
neovascular AMD [31]. PEDF is believed to regulate
angiogenesis through multiple mechanisms, including
downregulation of VEGF expression [32]. A ratio of VEGF/
PEDF of less than 1.0 has been associated with reduced
angiogenesis in some models of OIR [33-35]. However, these
models may not reflect the severe ROP that occurs in infants
in neonatal units that monitor and regulate oxygen for preterm
infants. We became interested in PEDF as a potential
treatment in ROP because it is neuroprotective [25] and anti-
inflammatory [36], potentially may regulate VEGF-induced
pathologic angiogenesis, and has been safely tolerated in a
human clinical trial [31].

Much of what has been learned about proposed
mechanisms in ROP has been discovered using models of high
oxygen to induce capillary constriction followed by relative
hypoxia-induced angiogenesis [34,37,38]. These models of
OIR with hypoxia-induced angiogenesis following high
constant oxygen [13] may be relevant to human ROP
described in the 1940s that was associated with high
unregulated oxygen [39]. We use a model developed by John
Penn [40], in which Sprague-Dawley pups and their dams are
placed into a controlled environment where the oxygen
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fluctuates between 50% and 10%. The model uses oxygen
levels relevant to ROP in that it yields rat arterial oxygen
concentrations similar to transcutaneous oxygen levels
reported in infants with severe ROP [40]. The model also
produces a characteristic appearance of severe ROP with
peripheral avascular retina similar to zone 11 ROP [40,41],
followed by retinal tortuosity similar to plus disease [42], and
then intravitreous neovascularization at the junctions of
vascular and avascular retina, similar to stage 3 ROP [41,43].
The model uses fluctuations in oxygen, a risk factor for severe
ROP [8]. Further, abnormalities in photoreceptor and post-
receptor responses in electroretinograms of pups exposed to
this model share similarities with those found in human
preterm infants with severe ROP [44]. For these reasons, the
Penn 50/10 model is described as the ROP model [42]. We
and others have used this model to study the effects of oxygen
and other stresses on the development of severe ROP features
[18,19] and the relationships between features and angiogenic
growth factor signaling pathways [45-49]. In this study, as a
first, step to determine whether PEDF might be a therapeutic
agent to safely prevent severe ROP, we sought to determine
the effect of relevant oxygen levels on the regulation of VEGF
and PEDF in association with severe ROP features using the
Penn rat model of ROP.

METHODS

ROP model: All animal studies were approved by the
University of North Carolina’s Institute for Laboratory
Animal Research (Guide for the Care and Use of Laboratory
Animals) and the University of Utah’s Institute of Animal
Care and Use Committee, and complied with the ARVO
Statement for the Use of Animals in Ophthalmic and Visual
Research. Within 4 h of birth at postnatal day (P) 0, litters of
16 newborn Sprague-Dawley rat pups with their dams
(Charles River, Wilmington, MA) were placed in an
Oxycycler incubator (Biospherix, New York, NY) to cycle
inspired oxygen between 50% oxygen and 10% oxygen every
24 h. Pups from other litters were used to supplement deficient
litters. To maintain the reproducibility of the ROP model,
litters were never depleted below 12 pups. Often, this required
that whole litters be used for individual postnatal day
measurements. After seven cycles of oxygen fluctuations at
P14, pups were then placed into RA for 4 days [40]. Oxygen
levels were monitored daily and recalibrated as needed.
Carbon dioxide in the cage was also monitored daily and was
flushed from the system by maintaining sufficient gas flow
and by adding soda lime, if needed.

We analyzed retinas from pups of several postnatal day
ages preceding and including P14 when full vascularization
of the inner retinal plexus occurred in RA-raised pups, but
persistent avascular retina was present in the ROP model. We
also analyzed pups at P18 when intravitreous
neovascularization occurred in the ROP model. Postnatal day
0 was analyzed as the baseline value. In the ROP model, P8,
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P12, and P14 occurred immediately following a hypoxic
session (10% inspired O:) and P11 and P13 following a
hyperoxic session (50% inspired O:). Following P14, pups
were placed into an RA environment (21% FiO).

Dissection of retinal tissue for mRNA and protein analyses:
Animals were euthanized with pentobarbital (80 mg/kg
intraperitoneal injection) at the beginning of the change in
inspired oxygen level. Eyes were placed into phosphate
buffered saline (PBS) after the hyaloid vessels and remaining
vitreous were removed. For fresh tissue, retinas were
dissected without ora serratas. The retina was removed from
the eyecup and frozen in modified radioimmunoprecipitation
assay (RIPA) buffer (20 mM Tris base, 120 mM NacCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), and 10% glycerol) with a protease
inhibitor cocktail (1:100; Sigma, St. Louis, MO) and 1 M
orthovanadate (1:100; Sigma), then stored at —80 °C for
protein or in RNA later (Applied Biosystems, Carlsbad, CA)
for RNA until analysis.

Dissection of retinal tissue for retinal flat mounts: For flat
mounts, following enucleation, eyes were fixed in 2%
paraformaldehyde for 2 h. Retinas were isolated as described
previously [50], but with ora serratas intact, and placed into
PBS after the hyaloid vessels and remaining vitreous were
removed. By making four incisions 90 degrees apart, the
retinas were flattened and then placed onto microscope slides.

Tissue staining and analysis of flat mounts: To stain the
vasculature, the flattened retinas were first permeabilized in
ice-cold 70% v/v ethanol for 20 min, then in PBS/1% Triton
X-100 for 30 min, and then incubated with Alexa Fluor 568
conjugated G. simplicifolia (Bandeiraea) isolectin B4 (5 pg/
ml; Molecular Probes, Carlsbad, CA) in PBS overnight at
4 °C, as previously described [18]. Images of the retinal blood
vessels were captured using a Nikon 80i Research Upright
Microscope, Melville, NY with Surveyor/Turboscan software
and digitally stored for analysis.

Real time quantitative PCR: Total RNA was extracted using
the RNAeasy Mini Kit (Qiagen, Valencia CA). Assays were
performed using the Applied Biosystems 7500 Real-Time
PCR System. Briefly, 1 pg of total RNA was reverse-
transcribed into cDNA using a High Capacity cDNA Kit
(Applied Biosystems), according to the manufacturer’s
protocol. Each TagMan reaction (16 pl) contained 20 ng of
cDNA, 8 ul of TagMan PCR MasterMix (Applied
Biosystems) and 1 uM forward primer, 1 uM reverse primer,
and 1 uM probe. Primers were specific for rat (annealing
temperature 60 °C) PEDF: forward 5'-CCA ACT CTT TGC
AGG ACA TG-3', reverse 5'-TCA CAG GTT TGC CGG
TAA TC-3', and probe 5’ -ACA GTC CTT GTT TGA GTC
CCC TGA C —3'. Primers and probes were made by UNCs
Oligonucleotide Core Facility. Each sample was run in
duplicate, and each experiment included three non-template
control wells. The 7500 System Software calculates cycle
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threshold (Ct) automatically for each well and each value was
normalized to rat B-actin (Actb). Rat Actb was chosen as the
control gene because its expression had previously been found
to be stable under various oxygen stresses. Primers for rat
Actb were forward 5'-TGC CTG ACG GTC AGG TCA-3¢,
reverse 5'-CAG GAA GGA AGG CTG GAA G-3°, and probe
5'-CAC TAT CGG CAA TGA GCG GTT CCG-3°. Postnatal
day age 0 indicated retinal tissue harvested within 4 h of birth
and was used in analysis for both the ROP and RA groups.
For graphical representation of PEDF mRNA, this value was
scaled to 1.0 and used as the standard against which fold
changes in mRNA expression were compared. However, for
statistical analysis, raw data were used as described below.

Protein analysis: Retinal samples, which were stored in RIPA
buffer at —80 °C, were thawed, homogenized, and centrifuged
(16,000% g, 10 min, 4 °C). Total protein was quantified with
a Bicinchoninic Acid (BCA) Protein Assay Kit (Bio-Rad,
Hercules, CA, modified from the Lowry assay) [51].
Supernatants were assayed without dilution in duplicate using
commercially available ELISA kits, raised against rat VEGF
(R&D Systems, Rochester MN) or human PEDF
(BioProducts, Middletown, MD). The VEGF ELISA
measures all VEGF splice variants, with the most prevalent
splice variant, VEGF 64, representing the greatest percentage
of'the ELISA value [52]. The mean minimum detectable dose
for VEGF was 6.4 pg/mL. For the PEDF ELISA, the
manufacturer estimates a 10-50x reduced affinity for rat
PEDF; however, our results met criteria for test validity and
fell within the standard curve. To take into account potential
reduced affinity, we compared retinal values from rat pups in
the 50/10 OIR to rat pups in control RA taken at the same
postnatal day ages.

Calculation of VEGF/PEDF ratios: For each postnatal day
age, the mean values of VEGF or PEDF protein determined
for the ROP model were normalized to the respective mean
RA values of growth factors at the same postnatal day ages.
These normalized values were then used to form a VEGF to
PEDF ratio under the two conditions.

Insitu hybridization: Whole eyes were fresh frozen in Optimal
Cutting Temperature (OCT) compound and stored at —80 °C.
Serial 14-um-thick sections were cut for in situ hybridization,
which was performed at the University of North Carolina’s In
Situ Hybridization Core Facility. Mouse PEDF cDNA [53]
(1374 bp, GenBank AF017055) was kindly supplied by
Joshua Barnett (Vanderbilt University, Nashville, TN).
PEDF cDNA was subcloned into the pBluescript SK vector
(Stratagene, La Jolla, CA) and linearized with HindIII and
Xbal to produce templates for in vitro transcription of
antisense and sense riboprobes. This transcription was
performed using a DIG RNA Labeling Kit (Roche
Diagnostics, Indianapolis, IN) to produce a single stranded
digoxigenin-11-uridine-triphosphate-labeled probe.
Hybridization with a sense strand riboprobe was performed
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Figure 1. Retinal flat mounts at P14 and P18 in the ROP model and at P18 in RA samples. Representative lectin-stained flat mounts from rat
pups in the ROP model or RA conditions. In the ROP model, avascular retina remains at P14 (A), while in RA, intraretinal vascularization is
complete at P14 (C). In the ROP model, after seven cycles of oxygen fluctuations by P14, pups are then moved into RA for 4 days. At P18,

intravitreous neovascularization occurs at the junction of vascularized and avascular retina (B).

under identical conditions to a negative control. A digoxigenin
probe was localized in tissue using an alkaline-phosphatase-
conjugated anti-digoxigenin antibody and visualized using
NBT/BCIP solution (Roche Diagnostics, Mannheim
Germany). PEDF in situ hybridization was imaged using an
Olympus DSU-IX81 spinning disc confocal microscope.
Immunostaining for PEDF: Immunostaining was done using
mouse anti-PEDF (Millipore, Temecula CA) as primary
antibody and visualized using Alexa-Fluor 588-conjugated
goat anti-mouse secondary antibodies (Invitrogen, Carlsbad
CA) using an Olympus (Tokyo, Japan) DSU-IX81 spinning
disc confocal microscope. No primary antibody was used in
the controls.
Statistical analysis: For each postnatal day age, at least five
retinas from different pups taken from at least two different
litters were analyzed. The mean fold changes relative to beta-
actin are graphically represented, with error bars representing
standard errors. While these normalized ratios were used for
graphical representation in the figures, to avoid bias, the raw
data were used for statistical analysis as described below.
Initially, Actb was analyzed by regression analysis of the
ratio of each Actb/VEGF splice variant or PEDF mRNA for
the Ctl value against respective Actb/ VEGF splice variants or
PEDF mRNA for the Ct2 value, and the slope was found to
be indistinguishable from 1.0, the ideal value [54]. The
geometric means of the product of the two ratios were then
determined for each postnatal day age and treatment, and this
was the outcome analyzed. For the analysis of VEGF and
PEDF protein by ELISA, the protein concentration was the
outcome analyzed. A factorial ANOVA with a completely
randomized treatment arrangement was used to determine the
significance of the factors, postnatal day age, and treatment
(RA versus 50/10 OIR model). Post-hoc testing of the
treatment and increasing postnatal day age by treatment
interaction means was accomplished using protected #-tests on

least-squares means, with alpha level adjustment for multiple
comparisons among means accomplished using a method of
simulation [55].

RESULTS

ROP model: Figure 1 shows representative flat mounts of
retinas from an RA-raised pup at P14 (Figure 1C), and from
pups in the ROP model at P14 (Figure 1A) and P18 (Figure
1B). In the ROP model at P14, avascular retina comprised
32.8+10.6% of the total retinal area, whereas in RA pups, there
was no avascular retina present [52]. At P18, avascular retina
comprised 23.1+£6.2% of the total retina and intravitreous
neovascularization was present in approximately eight clock
hours of all retinas in the ROP model [52], making up
2.29+0.68% of the total retinal area. Numbers are mean+SEM.

PEDF tissue localization: To determine the localization of
PEDF mRNA within the retina of the ROP model, we first
performed in situ hybridization on P14 retinal sections from
pups in the ROP model. At this postnatal day age, retinal
vascularization is restricted to 70%—75% of the retina in the
ROP model [52], as shown in Figure 1. PEDF mRNA was
detected in ganglion cells and cells throughout the inner and
outer nuclear layers (Figure 2). Sense labeled sections of P14
ROP retinas were blank (Figure 2).

We then localized PEDF protein in retinal cryosections
of P14 pups in the ROP model and found labeling in inner and
outer plexiform layers and in the inner nuclear layer. A lower
level of PEDF immunostaining was also seen in the outer
nuclear layer (Figure 2E). Figure 2F shows nonspecific
staining of the secondary antibody.

PEDF mRNA quantification: To quantify the expression of
PEDF mRNA, real time PCR was performed on retinal lysates
of RA-raised pups and those in the ROP model at postnatal
day ages between PO and P18. The relative PEDF mRNA level
was similar for the PO and P8 time points and increased from
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Figure 2. Tissue labeling of PEDF mRNA and protein in rat ROP model at P14. Sections of P14 rat retina in ROP model labeled by in situ
hybridization for PEDF mRNA showing message in the ganglion cell layer (GCL), and in the inner and outer nuclear layers (INL, ONL; A,
C). Control using sense probe showed no signal (B, D). Immunostaining for PEDF protein in P14 ROP model showed labeling in the inner
and outer plexiform layers and inner and outer nuclear layers (E). No primary control showed nonspecific staining in the ganglion cell layer
(F). Magnification calibration bars are 100 um (A, B) and 50 pm (C-F).
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Figure 3. Quantification of PEDF
mRNA in ROP model at different
postnatal day ages. Real time
polymerase chain reaction values for
PEDF expression in the retina of rat
pups from selected postnatal days (P) 0
through P18 in RA or the ROP model.
Increased PEDF expression associated
with  older  developmental age
(p=0.0001) or with the ROP model
compared to RA (ANOVA, p=0.0185).
*Post-hoc testing revealed increased
PEDF mRNA at P11 in the ROP model
compared to RA samples (p=0.0017).
Error bars represent standard errors.
Each time point had at least five retinas
from different pups taken from at least

) ﬂ
L N
PO P8 P11

P12 P13

Postnatal age, p

two different litters. mRNA indicates

P14 P18 mRNA.

P11 to P18 in rats raised in RA (Figure 3). In the ROP model,
retinal PEDF expression was higher compared to RA
counterparts at most time points and appeared to be expressed
to a greater extent than in RA pups at earlier postnatal day
ages. Within the model, the pattern of PEDF mRNA
expression level fluctuated in association with oxygen
concentration in the ROP model. It tended to increase
following hyperoxia at P11 and P13 and decrease following
hypoxia at P§, P12, and P14. Based on statistical analysis,
increased fold expression of PEDF was significantly
associated with older postnatal day age (ANOVA, p=0.0001)
or with the ROP model compared to RA (ANOVA,
p=0.0185). Post-hoc testing revealed only a significantly
increased fold expression in PEDF mRNA at P11 in the ROP
model compared to the RA group (p=0.0017).

PEDF protein concentration in RA and ROP models: PEDF
protein was measured in retinal lysates taken at the same
postnatal day ages as mRNA from rats raised in RA or exposed
to the ROP model. PEDF protein increased with older
postnatal day age in retinas from RA-raised rats (Figure 4).
For rats in the ROP model compared to those raised in RA,
the pattern of PEDF increased before and on P14 when
avascular retina persisted in the ROP model, but not in RA
samples. However, at P18 when neovascularization was
present in the ROP model, the protein levels of PEDF and RA
samples were similar. Compared to that with PEDF mRNA,
the pattern of PEDF protein concentration was less closely
associated with changes in oxygen concentration in the model.
Statistical analysis revealed increased PEDF in association
with older developmental age (ANOVA, p=0.005) or with
exposure to the ROP model compared to RA samples
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(ANOVA, p<0.0001). Based on post-hoc testing, PEDF was
significantly increased in the ROP model compared to RA
samples at P11 and P13, each following a 24 h exposure to
hyperoxia (p=0.0041, p=0.0022, respectively).

VEGF protein concentration in RA samples and in the ROP
model: According to previously published studies, the
VEGF ¢4 isoform is the most prevalent during RA retinal
development and in the ROP model [52,56]. It was also shown
that VEGF mRNA and protein increased with older postnatal
day age and in the ROP model [56]. In agreement with this,
VEGF protein (Figure 5) was significantly increased in

association with older postnatal day age (ANOVA, p<0.0001)
or with exposure to the ROP model compared to RA samples
(ANOVA, p<0.0001). Based on post-hoc testing, there were
significant increases in VEGF protein in the ROP model
compared to RA samples at P8, P12, P14, and P18 (p=0.0002,
p<0.0001, p<0.0001, p=0.0117). In the ROP model, VEGF
was significantly greater following hypoxic compared to
hyperoxic cycles (P12 versus P11 [p=0.0014], P12 versus
P13, and P14 versus P13; p<0.0001, each).

VEGF/PEDF ratios: To compare VEGF and PEDF, we first
developed ratios of the ROP to RA mean retinal protein values
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Figure 6. Ratio of VEGF/PEDF protein
in ROP model normalized to RA values.
The ratio of mean VEGF/PEDF in the
ROP model normalized to respective
RA means at selected postnatal day
ages. A ratio >1.0 favors angiogenesis
(P8, P12, P14, P18) and a ratio <1.0
favors angiogenic inhibition (P11 and
P13).

p14 p18

for VEGF and PEDF at each postnatal day age tested. We then
created a ratio between VEGF and PEDF at each postnatal day
age and graphically represented these (Figure 6). This is
similar to methods used in previous reports [35]. At P14,
retinal vascularization of the inner plexus is complete in RA
controls, whereas avascular retina persists in the ROP model
[52] (Figure 1). At P11 and P13, the VEGF/PEDF ratio
favored angiogenic inhibition (ratio less than 1.0). However,
at P14, the VEGF/PEDF protein ratio favored angiogenic
stimulation (greater than 1.0). The ratios were approximately
3.0 at P14 and P18 in the ROP model.

DISCUSSION

Normal development of the retinal vasculature depends on the
integration of several signaling events influenced by a delicate
balance of angiogenic agonists and inhibitors. Of many
factors, two important ones in retinal development are VEGF
[57,58] and PEDF [59]. VEGF is an angiogenic agonist,
upregulated in hypoxia [60], whereas PEDF is an angiogenic
antagonist, upregulated by hyperoxia [59]. Using a model of
ROP, we studied the effects of oxygen stresses, relevant to
preterm infants with ROP, on PEDF expression and the
relative differences in the VEGF/PEDF ratio in comparison
to control rat pups raised in RA. Compared to RA, we found
that retinal PEDF was increased in association with avascular
retina in the ROP model.

The interaction of VEGF and PEDF has been explored in
other models. Oxidative stress increased the angiogenic
potential of cultured RPE cells in association with an
increased fold expression of VEGF to PEDF [33]. Using a
model of high oxygen-induced retinopathy (OIR) in rats, the
fold expression of VEGF was reduced during hyperoxia but
increased during relative hypoxia-induced endothelial
proliferation [35]. Previously, using the ROP model, PEDF
was found to approach levels of that in RA samples at P18

[61], and the VEGF/PEDF ratio favored angiogenesis in
association with the development of intravitreous
neovascularization in the ROP model at P18. We had similar
findings in our study. However, we also studied younger
postnatal day ages before the development of intravitreous
neovascularization at P18. Earlier ages in the model may
relate to the preterm infant retina before the development of
severe ROP. We found that the pattern of the VEGF/PEDF
ratio of retina in the ROP model normalized to RA was similar
to that of VEGF protein, favoring angiogenic stimulation
following a hypoxic cycle (10% O2) and favoring inhibition
following a hyperoxic cycle (50% 02). The VEGF/PEDF
ratio favored angiogenic inhibition before but not at P14,
when avascular retina persisted in the ROP model but
vascularization of the inner plexus was complete in RA pup
retinas. The VEGF/PEDF ratio, PEDF, and VEGF protein
favored angiogenesis at P18 when intravitreous
neovascularization occurred. The PEDF protein level
appeared more closely associated with features of the ROP
model than did VEGF or the VEGF/PEDF ratio.

Most reports that studied young postnatal day ages in
models of OIR did not use relevant animal models such as the
Penn ROP model. Gao et al. [62] examined the effect of high
constant oxygen in rats and found that the ratio of VEGF/
PEDF corresponded to the degree of intravitreous
neovascularization. The investigators also found a difference
according to the strain of rat, in that Brown Norway rats had
more severe neovascularization than did Sprague-Dawley
rats, suggesting a genetic component to oxygen sensitivity.
Based on a verbal communication, no differences in the extent
of intravitreous neovascularization were found between the
two rat strains subjected to oxygen fluctuations. However, it
is not clear what the extremes in inspired oxygen were.

PEDF might be considered as a therapy to prevent severe
ROP in human preterm infants, potentially as an intravitreal
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injection like anti-VEGF agents currently used for adults
[23]. The reasons to consider PEDF are that it inhibits
angiogenesis [27], in part by promoting apoptosis [26,63], it
mitigates inflammation, and it is neuroprotective [64].
Therefore, it would potentially be safer than anti-VEGF
agents. In addition, it was reported that overexpression of
PEDF with an adenovirus associated vector was not shown to
adversely affect the radial expansion of retinal vessels in wild
type mice raised in RA, suggesting that retinal vascular
development can proceed in conditions of overexpressed
PEDF [65]. Additional evidence of potential protective effects
of PEDF was shown in PEDF™~ mice that were found to be
more susceptible to hyperoxia-mediated retinal vascular
constriction and retraction compared to PEDF'* mice
subjected to the same conditions. This occurred even though
retinal VEGF protein was increased in PEDF ™~ compared to
PEDF** [66]. These data suggest the presence of PEDF may
even benefit the development of intraretinal vascularization,
at least in the condition of high oxygen.

The findings in this manuscript are associations and are
not causative, and further study is warranted to address the
question of whether exogenous PEDF delivered early when
the VEGF/PEDF ratio is less than 1.0 would lead to
persistence of the avascular retina, an unwanted outcome in
ROP. Our findings may be relevant to ROP currently because
the Penn ROP model more closely reflects oxygen levels and
the appearance of ROP in current neonatal units than earlier
models of OIR that were developed to mimic the ROP of the
1940s.

Changes in the patterns of PEDF concentrations based on
the exposure to hypoxia or hyperoxia were best appreciated
in fold expressions of mRNA, and less so in protein. As
anticipated [59], PEDF mRNA was upregulated following
periods of hyperoxia at P11 and P13. The PEDF antibody
recognizes human PEDF but is estimated by the manufacturer
to have a lower affinity for rat PEDF. For this reason, we
normalized mean values of PEDF and VEGF protein to
respective RA means. PEDF protein expression may also be
less sensitive to fluctuating oxygen levels than mRNA
because of the time required for protein translation, post-
translational modification, and possibly sequestration of
growth factors in extracellular matrix.

In summary, we found that compared to RA counterparts,
both VEGF and PEDF were significantly increased in the rat
ROP model at early and late postnatal day ages. However, we
found the relative expression level of VEGF to PEDF protein
favored angiogenic inhibition before but not at P14 when
avascular retina persisted in the model but vascularization of
the inner retinal plexus was complete in RA. Evidence
suggests that PEDF can be released in response to several
stresses and have beneficial effects as a neuroprotectant and
anti-inflammatory agent. Further study is needed to determine
the timing and type of delivery of PEDF in the ROP model.

© 2011 Molecular Vision

In this study, the relative expression of PEDF protein was
more closely associated with early features in the ROP model,
i.e., avascular retina, than was the VEGF or the VEGF/PEDF
ratio.

ACKNOWLEDGMENTS
Grant support: M.E.H. PI for ROl EY015130 and ROl
EY017011; March of Dimes (M.E.H.: PI), American Heart
Association, and Research to Prevent Blindness

REFERENCES

1. Terry TL. Extreme prematurity and fibroblastic overgrowth of
persistent vascular sheath behind each crystalline lens:(1)
Preliminary report. Am J Ophthalmol 1942; 25:203-4.

2. Ashton N, Ward B, Serpell G. Effect of oxygen on developing
retinal vessels with particular reference to the problem of
retrolental fibroplasia. Br J Ophthalmol 1954; 38:397-432.
[PMID: 13172417]

3. Patz A, Eastham A, Higginbotham DH, Kleh T. Oxygen studies
in retrolental fibroplasia. Am J Ophthalmol 1953;
36:1511-22. [PMID: 13104558]

4. Allen MC, Donohue PK, Dusman AE. The limit of viability—
neonatal outcome of infants born at 22 to 25 weeks' gestation.
N Engl J Med 1993; 329:1597-601. [PMID: 8179651]

5. Phelps DL. Retinopathy of prematurity: an estimate of vision
loss in the United States—1979. Pediatrics 1981; 67:924-5.
[PMID: 6894488]

6. Gallo JE, Jacobsen L, Broberger U. Perinatal factors associated
with retinopathy of prematurity. Acta Paediatr 1993;
82:829-34. [PMID: 8241640]

7. Hellstrom A, Hard AL, Engstrom E, Niklasson A, Andersson
E, Smith L, Lofqvist C. Early Weight Gain Predicts
Retinopathy in Preterm Infants: New, Simple, Efficient
Approach to Screening. Pediatrics 2009; 123:¢638-45.
[PMID: 19289449]

8. Cunningham S, Fleck BW, Elton RA, Mclntosh N.
Transcutaneous oxygen levels in retinopathy of prematurity.
Lancet 1995; 346:1464-5. [PMID: 7490994]

9. Chow LC, Wright KW, Sola A. Can changes in clinical practice
decrease the incidence of severe retinopathy of prematurity in
very low birth weight infants? Pediatrics 2003; 111:339-45.
[PMID: 12563061]

10. SUPPORT Study Group of the Eunice Kennedy Shriver
NICHD Neonatal Research Network. Target Ranges of
Oxygen Saturation in Extremely Preterm Infants. N Engl J
Med 2010; 362:1959-69. [PMID: 20472937]

11. Michaelson IC. The mode of development of the vascular
system of the retina. With some observations on its
significance for certain retinal diseases. Trans Ophthalmol
Soc U K 1948; 68:137-80.

12. Ferrara N. Role of vascular endothelial growth factor in the
regulation of angiogenesis. Kidney Int 1999; 56:794-814.
[PMID: 10469350]

13. Pierce EA, Avery RL, Foley ED, Aiello LP, Smith LEH.
Vascular endothelial growth factor/vascular permeability
factor expression in a mouse model of retinal
neovascularization. Proc Natl Acad Sci USA 1995;
92:905-9. [PMID: 7846076]

1584


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=13172417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=13172417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=13104558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8179651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6894488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=6894488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8241640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19289449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19289449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7490994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12563061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12563061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20472937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10469350
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10469350
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7846076
http://www.molvis.org/molvis/v17/a176

Molecular Vision 2011; 17:1577-1587 <http://www.molvis.org/molvis/v17/al76>

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Penn JS, Tolman BL, Lowery LA. Variable oxygen exposure
causes preretinal neovascularisation in the newborn rat. Invest
Ophthalmol Vis Sci 1993; 34:576-85. [PMID: 8449677]

Zeng G, Taylor SM, McColm JR, Kappas NC, Kearney JB,
Williams LH, Hartnett ME, Bautch VL. Orientation of
endothelial cell division is regulated by VEGF signaling
during blood vessel formation. Blood 2007; 109:1345-52.
[PMID: 17068148]

Sone H, Kawakami Y, Segawa T, Okuda Y, Sekine Y, Honmura
S, Segawa T, Suzuki H, Yamashita K, Yamada N. Effects of
intraocular or systemic administration of neutralizing
antibody against vascular endothelial growth factor on the
murine experimental model of retinopathy. Life Sci 1999;
65:2573-80. [PMID: 10619365]

Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J,
Gragoudas ES, Michaud NA, Li W, Connolly E, O'Neill CA,
Miller JW. Prevention of experimental choroidal
neovascularization with intravitreal anti-vascular endothelial
growth factor antibody fragment. Arch Ophthalmol 2002;
120:338-46. [PMID: 11879138]

Budd S, Byfield G, Martiniuk D, Geisen P, Hartnett ME.
Reduction in endothelial tip cell filopodia corresponds to
reduced intravitreous but not intraretinal vascularization in a
model of ROP. Exp Eye Res 2009; 89:718-27. [PMID:
19576214]

Geisen P, Peterson L, Martiniuk D, Uppal A, Saito Y, Hartnett
M. Neutralizing antibody to VEGF reduces intravitreous
neovascularization and does not interfere with vascularization
of avascular retina in an ROP model. Mol Vis 2008;
14:345-57. [PMID: 18334951]

Robinson GS, Pierce EA, Rook SL, Foley E, Webb R, Smith
LEH. Oligodeoxynucleotides inhibit retinal
neovascularization in a murine model of proliferative
retinopathy. Proc Natl Acad Sci USA 1996; 93:4851-6.
[PMID: 8643492]

Young TL, Anthony DC, Pierce E, Foley E, Smith LEH.
Histopathology and vascular endothelial growth factor in
untreated and diode laser-treated retinopathy of prematurity.
J AAPOS 1997; 1:105-10. [PMID: 10875087]

Sonmez K, Drenser KA, Capone A Jr, Trese MT. Vitreous
Levels of Stromal Cell-Derived Factor 1 and Vascular
Endothelial Growth Factor in Patients with Retinopathy of
Prematurity. Ophthalmology 2008; 115:1065-70. [PMID:
18031819]

Mintz-Hittner HA, Kuffel RR. Jr. Intravitreal injection of
bevacizumab (avastin) for treatment of stage 3 retinopathy of
prematurity in zone I or posterior zone II. Retina 2008;
28:831-8. [PMID: 18536599]

Jang SY, Choi KS, Lee SJ. Delayed-onset retinal detachment
after an intravitreal injection of ranibizumab for zone 1 plus
retinopathy of prematurity. Journal of American Association
for Pediatric Ophthalmology and Strabismus 2010;
14:457-9. [PMID: 21035077]

Tombran-Tink J, Barnstable CJ. PEDF: A multifacted
neurotrophic factor. Nat Rev Neurosci 2003; 4:628-36.
[PMID: 12894238]

Stellmach V, Crawford SE, Zhou W, Bouck N. Prevention of
ischemia-induced retinopathy by the natural ocular
antiangiogenic agent pigment epithelium-derived factor. Proc
Natl Acad Sci USA 2001; 98:2593-7. [PMID: 11226284]

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1585

© 2011 Molecular Vision

. Duh EJ, Yang HS, Suzuma I, Miyagi M, Youngman E, Mori K,

Katai M, Yan L, Suzuma K, West K, Davarya S, Tong P,
Gehlbach P, Pearlman J, Crabb JW, Aiello LP, Campochiaro
PA, Zack DJ. Pigment epithelium-derived factor suppresses
ischemia-induced retinal neovascularization and VEGF-
induced migration and growth. Invest Ophthalmol Vis Sci
2002; 43:821-9. [PMID: 11867604]

Apte RS, Barreiro RA, Duh E, Volpert O, Ferguson TA.
Stimulation of Neovascularization by the Anti-angiogenic
Factor PEDF. Invest Ophthalmol Vis Sci 2004; 45:4491-7.
[PMID: 15557459]

Bhutto IA, McLeod DS, Hasegawa T, Kim SY, Merges C, Tong
P, Lutty GA. Pigment epithelium-derived factor (PEDF) and
vascular endothelial growth factor (VEGF) in aged human
choroid and eyes with age-related macular degeneration. Exp
Eye Res 2006; 82:99-110. [PMID: 16019000]

Ogata N, Nishikawa M, Nishimura T, Mitsuma Y, Matsumura
M. Unbalanced vitreous levels of pigment epithelium-derived
factor and vascular endothelial growth factor in diabetic
retinopathy. Am J Ophthalmol 2002; 134:348-53. [PMID:
12208245]

Campochiaro PA, Nguyen QD, Shah SM, Klein ML, Holz E,
Frank RN, Saperstein DA, Gupta A, Stout JT, Macko J,
DiBartolomeo R, Wei LL. Adenoviral vector-delivered
pigment epithelium-derived factor for neovascular age-
related macular degeneration: results of a phase I clinical trial.
Hum Gene Ther 2006; 17:167-76. [PMID: 16454650]

Zhang SX, Wang JJ, Gao G, Parke K, Ma J. Pigment epithelium-
derived factor downregulates vascular endothelial growth
factor (VEGF) expression and inhibits VEGF-VEGF receptor
2 binding in diabetic retinopathy. J Mol Endocrinol 2006;
37:1-12. [PMID: 16901919]

Ohno-Matsui K, Morita I, Tombran-Tink J, Mrazek D, Onodera
M, Uetama T, Hayano M, Murota SI, Mochizuki M. Novel
mechanism for age-related macular degeneration: An
equilibrium shift between the angiogenesis factors VEGF and
PEDF. J Cell Physiol 2001; 189:323-33. [PMID: 11748590]

Gao G, LiY, Fant J, Crosson CE, Becerra SP, Ma J. Difference
in ischemic regulation of vascular endothelial growth factor
and pigment epithelium-derived factor in Brown Norway and
Sprague Dawley rats contributing to different susceptibilities
to retinal neovascularization. Diabetes 2002; 51:1218-25.
[PMID: 11916948]

Gao G, Li Y, Zhang D, Gee S, Crosson C, Ma J. Unbalanced
expression of VEGF and PEDF in ischemia-induced retinal
neovascularization. FEBS Lett 2001; 489:270-6. [PMID:
11165263]

Zhang SX, Wang JJ, Dashti A, Wilson K, Zou MH, Szweda L,
Ma JX, Lyons TJ. Pigment epithelium-derived factor
mitigates inflammation and oxidative stress in retinal
pericytes exposed to oxidized low-density lipoprotein. J Mol
Endocrinol 2008; 41:135-43. [PMID: 18586837]

Gao G, Li Y, Zhang D, Gee S, Crosson C, Ma J. Unbalanced
expression of VEGF and PEDF in ischemia-induced retinal
neovascularization. FEBS Lett 2001; 489:270-6. [PMID:
11165263]

Smith LE, Wesolowski E, McLellan A, Kostyk SK, D'Amato
R, Sullivan R, D'Amore PA. Oxygen induced retinopathy in
the mouse. Invest Ophthalmol Vis Sci 1994; 35:101-11.
[PMID: 7507904]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8449677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17068148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17068148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10619365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11879138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19576214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19576214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18334951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8643492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8643492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10875087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18031819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18031819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18536599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21035077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12894238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12894238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11226284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11867604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15557459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15557459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16019000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12208245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12208245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16454650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16901919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11748590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11916948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11916948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11165263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11165263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18586837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11165263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11165263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7507904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7507904
http://www.molvis.org/molvis/v17/a176

Molecular Vision 2011; 17:1577-1587 <http://www.molvis.org/molvis/v17/al76>

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hartnett ME. Studies on the Pathogenesis of Avascular Retina
and Neovascularization into the Vitreous in Peripheral Severe
Retinopathy of Prematurity (An American Ophthalmological
Society Thesis). Trans Am Ophthalmol Soc 2010;
108:96-119. [PMID: 21212851]

Penn JS, Henry MM, Tolman BL. Exposure to alternating
hypoxia and hyperoxia causes severe proliferative
retinopathy in the newborn rat. Pediatr Res 1994;
36:724-31. [PMID: 7898981]

Hartnett ME, Martiniuk DJ, Saito Y, Geisen P, Peterson LJ,
McColm JR. Triamcinolone Reduces Neovascularization,
Capillary Density and IGF-1 Receptor Phosphorylation in a
Model of Oxygen-Induced Retinopathy. Invest Ophthalmol
Vis Sci 2006; 47:4975-82. [PMID: 17065516]

Liu K, Akula JD, Falk C, Hansen RM, Fulton AB. The Retinal
Vasculature and Function of the Neural Retina in a Rat Model
of Retinopathy of Prematurity. Invest Ophthalmol Vis Sci
2006; 47:2639-47. [PMID: 16723481]

Penn JS, Tolman BL, Henry MM. Oxygen-induced retinopathy
in the rat: Relationship of retinal nonperfusion to subsequent
neovascularization. Invest Ophthalmol Vis Sci 1994;
35:3429-35. [PMID: 8056518]

Fulton AB, Hansen RM, Moskowitz A, Akula JD. The
neurovascular retina in retinopathy of prematurity. Prog Retin
Eye Res 2009; 28:452-82. [PMID: 19563909]

Byfield G, Budd S, Hartnett ME. The role of supplemental
oxygen and JAK/STAT signaling in intravitreous
neovascularization in a ROP rat model. Invest Ophthalmol
Vis Sci 2009; 50:3360-5. [PMID: 19264880]

Saito Y, Uppal A, Byfield G, Budd S, Hartnett ME. Activated
NAD(P)H Oxidase from Supplemental Oxygen Induces
Neovascularization Independent of VEGF in Retinopathy of
Prematurity Model. Invest Ophthalmol Vis Sci 2008;
49:1591-8. [PMID: 18385079]

Werdich XQ, Penn JS. Specific Involvement of Src Family
Kinase Activation in the Pathogenesis of Retinal
Neovascularization. Invest Ophthalmol Vis Sci 2006;
47:5047-56. [PMID: 17065526]

Barnett JM, McCollum GW, Penn JS. Role of Cytosolic
Phospholipase A2 in Retinal Neovascularization. Invest
Ophthalmol Vis Sci 2010; 51:1136-42. [PMID: 19661235]

Yanni SE, Barnett JM, Clark ML, Penn JS. The Role of PGE2
Receptor EP4 in Pathologic Ocular Angiogenesis. Invest
Ophthalmol Vis Sci 2009; 50:5479-86. [PMID: 19494202]

Chan-Ling T. Glial, vascular and neuronal cytogenesis in
whole-mounted cat retina. Microsc Res Tech 1997; 36:1-16.
[PMID: 9031257]

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the folin phenol reagent. J Biol Chem
1951; 193:265-75. [PMID: 14907713]

McColm JR, Geisen P, Hartnett ME. VEGF isoforms and their
expression after a single episode of hypoxia or repeated
fluctuations between hyperoxia and hypoxia: Relevance to
clinical ROP. Mol Vis 2004; 10:512-20. [PMID: 15303088]

Penn JS, McCollum GW, Barnett JM, Werdich XQ, Koepke
KA, Rajaratnam VS. Angiostatic Effect of Penetrating Ocular
Injury: Role of Pigment Epithelium-Derived Factor. Invest
Ophthalmol Vis Sci 2006; 47:405-14. [PMID: 16384991]

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N,
De Paepe A, Speleman F. Accurate normalization of real-time

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

1586

© 2011 Molecular Vision

quantitative RT-PCR data by geometric averaging of multiple
internal ~ control  genes. Genome  Biol  2002;
3:RESEARCHO0034. [PMID: 12184808]

Edwards D, Berry JJ. The efficiency of simulation-based
multiple comparisons. Biometrics 1987; 43:913-28. [PMID:
3427176]

Budd SJ, Thompson H, Hartnett ME. Association of Retinal
Vascular Endothelial Growth Factor With Avascular Retina
in a Rat Model of Retinopathy of Prematurity. Arch
Ophthalmol 2010; 128:1014-21. [PMID: 20697002]

Chan-Ling T, Gock B, Stone J. The effect of oxygen on
vasoformative cell division: Evidence that 'physiological
hypoxia' is the stimulus for normal retinal vasculogenesis.
Invest Ophthalmol Vis Sci 1995; 36:1201-14. [PMID:
7775098]

Stone J, Itin A, Alon T, Pe'er J, Gnessin H, Chan-Ling T, Keshet
E. Development of retinal vasculature is mediated by
hypoxia-induced vascular endothelial growth factor (VEGF)
expression by neuroglia. J Neurosci 1995; 15:4738-47.
[PMID: 7623107]

Dawson DW, Volpert OV, Gillis P, Crawford SE, Xu H,
Benedict W, Bouck NP. Pigment epithelium-derived factor:
a potent inhibitor of angiogenesis. Science 1999; 285:245-8.
[PMID: 10398599]

Ferrara N, Gerber HP, Lecouter J. The biology of VEGF and its
receptors. Nat Med 2003; 9:669-76. [PMID: 12778165]

Werdich XQ, McCollum GW, Rajaratnam VS, Penn JS.
Variable oxygen and retinal VEGF levels: correlation with
incidence and severity of pathology in a rat model of oxygen-
induced retinopathy. Exp Eye Res 2004; 79:623-30. [PMID:
15500821]

Lutty GA, Chan-Ling T, Phelps DL, Adamis AP, Berns KI,
Chan CK, Cole CH, D'Amore PA, Das A, Deng WT, Dobson
V, Flynn JT, Friedlander M, Fulton A, Good WV, Grant MB,
Hansen R, Hauswirth WW, Hardy RJ, Hinton DR, Hughes S,
McLeod DS, Palmer EA, Patz A, Penn JS, Raisler BJ, Repka
MX, Saint-Geniez M, Shaw LC, Shima DT, Smith BT, Smith
LE, Tahija SG, Tasman W, Trese MT. Proceedings of the
Third International Symposium on Retinopathy of
Prematurity: an update on ROP from the lab to the nursery
(November 2003, Anaheim, California). Mol Vis 2006;
12:532-80. [PMID: 16735995]

Volpert OV, Zaichuk T, Zhou W, Reiher F, Ferguson TA, Stuart
PM, Amin M, Bouck NP. Inducer-stimulated Fas targets
activated endothelium for destruction by anti-angiogenic
thrombospondin-1 and pigment epithelium-derived factor.
Nat Med 2002; 8:349-57. [PMID: 11927940]

Zhang SX, Wang JJ, Dashti A, Wilson K, Zou MH, Szweda L,
Ma JX, Lyons TJ. Pigment epithelium-derived factor
mitigates inflammation and oxidative stress in retinal
pericytes exposed to oxidized low-density lipoprotein. J Mol
Endocrinol 2008; 41:135-43. [PMID: 18586837]

Wong WT, Rex TS, Auricchio A, Maguire AM, Chung D, Tang
W, Bennett J. Effect of over-expression of pigment epithelium
derived factor (PEDF) on developing retinal vasculature in
the mouse. Mol Vis 2004; 10:837-44. [PMID: 15547489]

Huang Q, Wang S, Sorenson CM, Sheibani N. PEDF-deficient
mice exhibit an enhanced rate of retinal vascular expansion
and are more sensitive to hyperoxia-mediated vessel


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=21212851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7898981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17065516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16723481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8056518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19563909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19264880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18385079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17065526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19661235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19494202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9031257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9031257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14907713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15303088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16384991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12184808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3427176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=3427176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20697002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7775098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7775098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7623107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7623107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10398599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10398599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12778165
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15500821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15500821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16735995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11927940
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18586837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15547489
http://www.molvis.org/molvis/v17/a176

Molecular Vision 2011; 17:1577-1587 <http://www.molvis.org/molvis/v17/al76> © 2011 Molecular Vision

obliteration. Exp Eye Res 2008; 87:226-41. [PMID:
18602915]

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 6 June 2011. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1587


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18602915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18602915
http://www.molvis.org/molvis/v17/a176

