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Hyperoxia Causes Regression of Vitreous
Neovascularization by Downregulating VEGF/VEGFR2
Pathway
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PURPOSE. Neovascularization (NV) is a sight-threatening com-
plication of retinal ischemia in diabetes, retinal vein occlusion,
and retinopathy of prematurity. Current treatment modalities,
including laser photocoagulation and repeated intraocular
injection of VEGF antagonists, are invasive and not always
effective, and may carry side effects. We studied the use of
hyperoxia as an alternative therapeutic strategy for regressing
established vitreous NV in a mouse model of oxygen-induced
ischemic retinopathy.

METHODS. Hyperoxia treatment (HT, 75% oxygen) was initiated
on postnatal day (P)17 after the onset of vitreous NV.
Immunohistochemistry and quantitative PCR were used to
assess retinal vascular changes in relation to apoptosis, and
expression of VEGFR2 and inflammatory molecules. Effects of
intravitreal injections of VEGF-A, VEGF-E, PlGF-1, and VEGF
trap were also studied.

RESULTS. HT selectively reduced NV by 70% within 24 hours. It
robustly increased the level of cleaved caspase-3 in the vitreous
NV between 6 and 18 hours and promoted infiltration of
macrophage/microglial cells. The HT-induced apoptosis was
preceded by a significant reduction in VEGFR2 expression
within the NV and an increase in VEGFR2 within the
surrounding neural tissue. Intravitreal VEGF-A and VEGF-E

(VEGFR2 agonist) but not PlGF-1 (VEGFR1 agonist) prevented
HT-induced apoptosis and regression of NV. In contrast, VEGF
trap and VEGFR2 blockers mimicked the effect of HT.
However, intravitreal VEGF trap induced increases in inflam-
matory molecules while HT did not have such unwanted
effect.

CONCLUSIONS. HT may be clinically useful to specifically treat
proliferative NV in ischemic retinopathy. (Invest Ophthalmol

Vis Sci. 2013;54:918–931) DOI:10.1167/iovs.12-11291

Ischemic retinopathy is the leading cause of blindness in
persons under 60 years of age in the United States. It is a

sight-threatening complication of diabetes, retinal vein occlu-
sion, and retinopathy of prematurity. Retinal structure and
function are compromised by cellular ischemia, increased
vascular permeability and exudation, and pathological neovas-
cularization (NV) of the vitreous, leading to hemorrhage,
fibrosis, and retinal detachment. The NV is a consequence of
several pathophysiological responses to ischemia, including
the expression of hypoxia-induced angiogenic cytokines,
inflammation, and breakdown of the limiting membrane that
separates the neural retina from vitreous.

Laser photocoagulation is the most commonly employed
therapy for proliferative retinopathy. However, this method
destroys retinal neurons and causes side effects such as
reduced visual acuity and impaired night vision.1 Anti-VEGF
agents are now in widespread use for treatment of subretinal
neovascularization associated with age-related macular degen-
eration and are being investigated in clinical trials for diabetic
retinopathy.2 Although anti-VEGF therapy is not destructive
and the majority of patients experience no adverse events, it is
not always effective and there are concerns about the long-
term safety of VEGF antagonism.3 Suppression of VEGF-
mediated cell survival pathways in neurons and Müller cells
could impair their survival and/or alter their function.4,5

Specifically eliminating VEGF in retinal pigmented epithelial
cells leads to loss of the choriocapillaris, dysfunction of cone
photoreceptors, and vision loss.3 Further, the delivery of
antiangiogenic agents by intravitreal injection also carries a
significant risk of iatrogenic complications, including endoph-
thalmitis, hemorrhage, and cataract.6,7 Therefore, there is a
need to develop an alternative approach to treat NV in
ischemic retinopathy either by itself or in combination with
anti-VEGF therapy in order to maximize the effectiveness while
minimizing the side effects.

The therapeutic use of oxygen has been extensively studied
as a strategy for improving wound healing,8 especially in
clinical situations where tissue perfusion is compromised by
arterial insufficiency,9 diabetes,10,11 or prior radiation treat-
ment for neoplasia.12 Numerous studies support the use of
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hyperbaric oxygen as adjunctive treatment for nonhealing
lower extremity wounds in diabetics,10,11 compromised tissue
flaps and grafts,13 and radiation-induced ischemic osteonecro-
sis.14 Experiments in various animal models of ischemia have
suggested that supplemental oxygen can improve the rate of
wound healing as well as reduce apoptosis in the affected
tissue.8

The therapeutic effects of oxygen supplementation in
ischemic retinopathy have not been well characterized.
However, it has been shown that hyperoxia treatment
preserves retinal neuronal function during retinal arterial
occlusion15 and reduces breakdown of the blood-retinal barrier
in streptozotocin-induced diabetic rats.16 Supplemental oxygen
prior to the development of NV has been shown to markedly
reduce the subsequent development of pathological NV in
animal models of oxygen-induced retinopathy.17–19 In humans,
small case series have suggested that normobaric supplemental
oxygen can reduce vascular permeability and retinal thickness
in diabetic macular edema20 and central retinal vein occlu-
sion.21,22 These clinical and scientific studies support the
potential value of oxygen therapy as a primary or adjunctive
treatment for vision-threatening ischemic retinopathies.

Because vitreous NV is the major course of blindness in
ischemic retinopathy, in this study we investigated whether
supplemental oxygen would be effective in eliminating
established NV. Our experiments in a murine model of ischemic
retinopathy demonstrate that hyperoxia therapy (HT) causes
rapid apoptosis and regression of vitreous NV, but without any
apparent adverse side effects. This contrasted with the use of
VEGF-trap, which also caused rapid apoptosis of NV, but
induced a retinal inflammatory response. Our study further
indicates that the beneficial effect of HT on NV is mediated by
downregulation of signaling through the VEGFR2 pathway.

METHODS

Treatment of Animals

All procedures with animals were performed in accordance with the

ARVO Statement for the Use of Animals in Ophthalmic and Vision

Research and were approved by the institutional animal care and use

committee (Animal Welfare Assurance no. A3307-01). A mouse model

of oxygen-induced retinopathy (OIR) was induced as previously

described.23 In brief, at postnatal day (P)7, mouse pups along with

nursing mothers were placed in 75% oxygen. At P12, they were

returned to room air (21% oxygen) for 5 days until P17. This is a model

of ischemic retinopathy because obliteration of the immature retinal

vessels is induced during the exposure to 75% oxygen from P7 through

P12. Immediately upon return to room air, the avascular central retina

becomes hypoxic, leading to significant vitreous NV that peaks at P17.

To investigate the effect of HT, OIR mice were exposed to 75% oxygen

for 3 to 24 hours at P17 (HT groups) or kept in room air as room air

controls (RA). At the end of treatment, the mice were sacrificed and

their eyes or retinas were prepared for morphology or molecular

biology studies.

Intravitreal Injection

Mice were anesthetized by intraperitoneal injection of avertin (625 mg/

kg). Intravitreal injections were performed by delivering 0.5 lL PBS

containing 20 to 200 ng mouse VEGF-A (VEGFR1/2 agonist); 300 ng

human PlGF-1 (VEGFR1 agonist); 2 lg VEGF trap (VEGFR1/Fc, VEGF

blocker; R&D systems, Minneapolis, MN); 300 ng VEGF-E (VEGFR2

agonist; Cell Sciences, Canton, MA); 25 lg VEGFR2 inhibitory peptide

(VEGFR2 blocker; AnaSpec, Fremont, CA); 50 pmol VEGFR2 siRNA (to

reduce VEGFR2 expression) or 50 pmol control siRNA (Santa Cruz

Biotechnology, Santa Cruz, CA); or vehicle (PBS) with only a 35-gauge

needle mounted to a 10-lL Hamilton syringe. The tip of the needle was

inserted under the guidance of a dissecting microscope (Leica Wild

M650; Leica, Bannockburn, IL) through the dorsal limbus of the eye.

Injections were performed slowly over a period of 2 minutes.

Immunostaining of Whole-Mount Retinas

Immunostaining was performed as previously described.19 Briefly, eyes

were removed at indicated time points and fixed in 4% paraformalde-

hyde overnight. The cornea, sclera, lens, vitreous, and hyaloid vessels

were removed and radial incisions were made along the retinal edge at

equal intervals. Subsequently retinas were blocked and permeabilized

in PBS containing 5% donkey serum and 0.3% Triton-X-100 (1 hour).

Primary antibodies (cleaved caspase-3 [1:200; Cell Signaling Technol-

ogy, Danvers, MA]); NG2 (1:200; Millipore, Billerica, MA); VEGFR2

(1:200; R&D systems) were co-stained with Alex594-labeled isolectin

B4 (Griffonia simplicifolia, 1:200; Invitrogen, Carlsbad, CA). Retinas

were flatmounted in mounting medium (Vectashield; Vector Laborato-

ries, Burlingame, CA) and examined by fluorescence microscopy

(Axiophot; Carl Zeiss, Thornwood, NY) and by confocal microscopy

(Zeiss 510; Carl Zeiss). Areas of vasoobliteration and vitreoretinal

neovascular tufts were quantified using an analysis of digital images

(ImageJ; National Institutes of Health, Bethesda, MD) of retinal

flatmounts stained with isolectin B4 as previously reported.24

Immunostaining on Retinal Sections

Eyes were fixed in 4% paraformaldehyde, equilibrated in 30% sucrose,

embedded in optimal cutting temperature (OCT) compound, frozen in

liquid nitrogen, and cut into 10-lm sections. Retina sections were

permeabilized with PBS containing 1% Triton X-100 (30 minutes) and

blocked with 3% normal donkey serum (30 minutes). Sections were

incubated overnight at 48C with goat anti-VEGFR2 antibody and biotin-

labeled isolectin B4. After washing in PBS, sections were incubated

with Alexa 488-conjugated donkey anti-goat antibody at 1:400

(Invitrogen) and AMCA-labeled avidin (Vectashield, 1 hour), washed

with PBS, covered in mounting medium under a coverslip, and

examined by fluorescence microscopy (Carl Zeiss).

Isolation of Retinal Vessels

Retinal vessels were selectively isolated from other components of the

retina using a procedure modified from the those described

previously.25,26 Briefly, retinas were dissected and incubated in ice-

cold sterile water (1 hour, 48C). The preparation was then transferred

to a 60-mm dish containing 500 U DNase I (Worthington Biochemical

Corp.) in 4 mL distilled water for 10 minutes. During the incubation,

the DNase solution was gently and repeatedly pipetted on the tissue

until the preparation looked transparent. The preparation was

transferred back to water and microvascular networks were separated

from debris. The purity of the isolated vessels was assessed by

microscopic examination after staining the vessels with periodic acid-

schiff and hematoxylin.

RNA Isolation and Quantitative qPCR

Total RNA was extracted from mouse whole retinas or retinal vasculature

using an RNA purification kit (RNAqueous-4PCR; Invitrogen), and

reverse-transcribed with M-MLV reverse transcriptase (Invitrogen) to

generate cDNA.19 Quantitative PCR was performed using a real-time PCR

system (StepOne PCR; Applied Biosystems) with Power SYBR Green.

The relative difference in various transcripts was calculated by the CT

method using Hprt as the internal control. After PCR, a melting curve

was constructed in the range of 608C to 958C to evaluate the specificity

of the amplification products. Primer sequences for mouse transcripts

were as follows: Hprt For-50-GAA AGA CTT GCT CGA GAT GTC ATG-30;

Hprt Rev-50-CAC ACA GAG GGC CAC AAT GT-30; MCP-1 For-50-GGC TCA

GCC AGA TGC AGT TAA-30; MCP-1 Rev-50-CCT ACT CAT TGG GAT CAT
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CTT GCT-30; TNF-a For-50-GGT CCC CAA AGG GAT GAG AA-30; TNF-a

Rev-50-TGA GGG TCT GGG CCA TAG AA �30; CD11b For-50-AAA CCA

CAG TCC CGC AGA GA-30; CD11b Rev-50-CGT GTT CAC CAG CTG GCT

TA-30; ICAM-1 For-50 -CAG TCC GCT GTG CTT TGA GA-30; ICAM-1 Rev-

50-CGG AAA CGA ATA CAC GGT GAT-3.0

Statistical Analysis

The results are expressed as mean 6 SEM. Group differences were

evaluated by using one way ANOVA followed by post-hoc Student’s t-

test. Results were considered significant at P < 0.05.

RESULTS

HT Induces Rapid Regression of Established

Vitreous NV

Studies were performed in the mouse model of ischemic
retinopathy. This mouse model has been extensively utilized as
a model of ischemia-induced NV to mimic the proliferative
stage of retinopathy of prematurity, diabetic retinopathy, and
retinal vein occlusion. Although it has limitations, it has been
widely used for studies of mechanisms and strategies for
blockade of pathological NV.23,27–31 Most have looked at

FIGURE 1. Hyperoxia treatment induces regression of NV tufts in OIR. OIR mice were treated with hyperoxia (75% oxygen, HT) for 24 hours from
P17 to P18 or maintained in room air (OIR). (A) Retinal vessels were stained with isolectin B4 at P18. Upper panel: representative images of retinal
flatmounts. Scale bar, 500 lm. Lower panel: high magnification images of NV area taken at 1003 by confocal microscopy. Scale bar, 100 lm. (B) NV
areas and (C) avascular areas were quantified (n ¼ 8 mice). *P < 0.05 compared with OIR.
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interventions initiated prior to the development of NV and may
therefore be considered preventive approaches. Relatively few
studies have investigated approaches aimed at resolving
established vitreous NV, which is the major cause of blindness
in ischemic retinopathy. Here we evaluate the effects of HT on
established pathogenic neovascularization. Mice with OIR
were treated on P17 with either HT (75% O2) or room air
for 24 hours. Following treatment, analysis of the areas of
vitreous NV and avascular area revealed that HT reduced the
total area of vitreous NV by approximately 70%, while only
slightly increasing the avascular area, compared with untreated
controls (Figs. 1A–C). These results demonstrate that the
effects of HT are relatively selective in targeting pathological
NV while leaving existing intraretinal vessels largely intact.

HT Causes Apoptosis of Pathological NV and an
Influx of Macrophages/Microglia

We reasoned that the HT-induced NV resolution had to occur
by one of two processes: by endothelial cells (ECs) becoming
disassociated from the NV tufts and migrating away or by
apoptosis. To test this possibility, we examined the time course
of HT-induced regression and found that regression of vitreous
NV is apparent at 12 hours and virtually complete by 24 hours
after HT (Fig. 2). Upon careful analysis of lectin-labeled
flatmounts at high magnification, we were unable to detect
EC migration away from NV tufts within the time period from 6
to 24 hours after HT, suggesting that regression of NV is not
caused by cellular disassembly of the capillaries.

We next examined the potential role of apoptosis in the HT-
induced NV regression. Activation of cysteine proteases,
especially caspase-3, is a common feature involved in the
execution of apoptosis.32 We therefore used immunolabeling
techniques to determine the level of cleaved caspase-3 (active
caspase-3) in whole mount retinas. This analysis showed that
immunoreactivity for cleaved caspase-3 was localized to
vitreous NV after 6 hours of HT, and was maximal at 18 hours
(Fig. 3A). High-magnification imaging showed that cleaved

caspase-3 immunoreactivity was present in pyknotic nuclei
(see Supplementary Material and Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.
12-11291/-/DCSupplemental), indicating that the cleaved
caspase-3 positive cells were undergoing apoptosis. The
observed apoptosis of NV-associated endothelial cells was
accompanied by an infiltration of macrophages/microglia,
which were identified by their Iba-1 and isolectin B4 positive
labeling (Fig. 3B). These phagocytic cells are extremely
proficient in the removal of cell debris and are required for
normal tissue repair. This result demonstrates that HT induces
NV resolution by causing the apoptosis of endothelial cells,
which is followed by clearance of the dead cells by
microphage/microglia.

HT Induces Endothelial Cell Apoptosis via
Downregulation of the VEGF-Dependent Survival
Pathway

VEGF is an important endothelial cell survival factor. Down-
regulation of VEGF by hyperoxia has been implicated as an
important mechanism of retinal vessel obliteration in retinop-
athy of prematurity.33 To investigate whether this mechanism
is responsible for HT-induced NV regression, quantitative PCR
was performed to analyze VEGF mRNA following HT. Our data
show that VEGF was decreased by 30% following HT (Fig. 4A).
To further explore whether HT-induced decrease in VEGF is
involved in the regression of NV, we compensated loss of VEGF
with exogenous VEGF-A given by intravitreal injection prior to
HT and evaluated its rescue effect of NV regression.
Alternatively, we directly blocked VEGF signaling with a VEGF
trap and determined whether it would cause a similar effect as
HT. VEGF trap is a soluble fusion protein composed of a
modified VEGF-binding domain of VEGFR1/Flt-1 receptor and
the IgG Fc fragment. It potently binds all isoforms of VEGF and
PlGF-1, preventing them from binding to VEGF receptors. As
shown in Figure 4B, intravitreal VEGF-A (200 ng/eye) caused a
significant reduction in HT-induced regression and apoptosis of

FIGURE 2. Regression of NV by hyperoxia is apparent at 12 hours and virtually complete at 24 hours. OIR mice were treated with hyperoxia (75%
oxygen, HT) at P17 for 6 to 24 hours. Retinal vessels were stained with isolectin B4 and images were taken at 3100 by confocal microscopy.
Representative images show the regression of NV tufts over time (n ¼ 3 mice at each time point). Scale bar, 100 lm.
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NV. This rescue effect was not seen with a lower dose of VEGF-
A (20 ng/eye). In contrast to the survival effect of exogenous
VEGF, intravitreal delivery of a VEGF trap at P17 caused rapid
apoptosis and regression of pathological NV by P18 at a
magnitude similar to that observed with HT (Figs. 5A–C).
These studies confirm the role of VEGF as an important
survival factor for NV and suggest that the effect of HT is
mediated, at least in part, through downregulation of VEGF.

Robust VEGFR2 Expression in Vitreous NV Tufts Is

Downregulated by HT

Although exogenous VEGF can rescue HT-induced NV apopto-
sis, a relatively large amount of VEGF is necessary to achieve

this effect (Fig. 4B). This observation suggested that other
elements in the VEGF pathway may also serve as a downstream
target of HT and prompted us to investigate whether VEGFR2,
the major receptor mediating the biological effects of VEGF,34

is altered by HT. Surprisingly, analysis of VEGFR2 mRNA
expression in the whole retina revealed that the level of
VEGFR2 was not decreased, but rather was increased by 38% in
the hyperoxia-treated retinas (left panel, Fig. 6A). Because
VEGFR2 is expressed in both vascular cells and neurons,
measurements made in the whole retina may not reflect
VEGFR2 levels within the retinal vessels. Thus, we isolated
retinal vessels from OIR mice treated with room air (control) or
HT and measured VEGFR2 mRNA expression. Microscopic
examination showed a minimal amount of contamination by

FIGURE 3. Hyperoxia treatment induces apoptosis in NV tufts and recruitment of macrophage/microglia. OIR mice were treated with hyperoxia
(75% oxygen, HT) for 3 to 24 hours at P17. (A) Retinal flatmounts were stained with isolectin B4 (red) and anti-cleaved caspase-3 (green).
Representative confocal images of NV tufts are shown (4003, n ¼ 3 mice at each time point). Scale bar, 20 lm. (B) Retinal flatmounts were
costained with isolectin B4 (red) for vessels and activated macrophage/microglia, and anti-Iba1 (green) for macrophage/microglia. Representative
confocal images of NV tufts are shown (3630, n¼ 3 mice). Scale bar, 20 lm.
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nonvascular cells (data not shown). The procedure significant-
ly enriched the vascular cells and allowed us to specifically
analyze molecular changes that were masked by the large
amount of nonvascular cells in the whole retina. In contrast to
the whole retina, VEGFR2 mRNA expression in the retinal
vasculature was significantly decreased by 48% in hyperoxia-
treated retinas as compared with control (right panel, Fig. 6A).
This observation was confirmed by immunostaining of retinal
flatmount preparations. As shown in Figure 6B and Supple-
mentary Figure S2A (see Supplementary Material and Supple-
mentary Fig. S2A, http://www.iovs.org/lookup/suppl/doi:10.
1167/iovs.12-11291/-/DCSupplemental), VEGFR2 expression
was much higher in the vitreous NV than in the intraretinal
capillaries in either the central or peripheral retina. Hyperoxia

treatment caused a rapid decrease in VEGFR2 in the vitreous
NV, while simultaneously increasing its expression in non-
vascular cells in the inner retina, including Müller glia (see Fig.
6B and Supplementary Material and Supplementary Fig. S2A,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-11291
/-/DCSupplemental). To confirm these findings, we examined
VEGFR2 protein localization in retinal cross-sections. This
analysis showed a pattern consistent with results shown in the
flatmount images (see Supplementary Material and Supple-
mentary Fig. S2B, http://www.iovs.org/lookup/suppl/doi:10.
1167/iovs.12-11291/-/DCSupplemental). To evaluate whether
the HT-induced downregulation of VEGFR2 expression is
unique to the pathological condition, normal mice were
exposed to hyperoxia at P17 for 12 hours and the expression

FIGURE 4. VEGF supplement prevents hyperoxia-induced NV apoptosis in OIR mice. (A) OIR mice were treated with hyperoxia (75% oxygen, HT) or
room air (control) for 24 hours at P17. VEGF mRNA in the retinas was quantified by qPCR (n¼6 mice). *P< 0.05 compared with control. (B) OIR mice
were intravitreally injected with PBS (control) or VEGF (20 ng/eye or 200 ng/eye) at P17 and then treated with hyperoxia (75% oxygen) for 18 hours.
Retinal vessels (isolectin B4, red) and apoptotic cells (cleaved caspase-3, green) in flatmounts were shown (3400, n¼ 3 mice). Scale bar, 20 lm.
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of VEGFR2 was examined. The HT had no effect on VEGFR2
expression (Fig. 7). These experiments imply that hyperoxia
can regulate VEGFR2 expression in ischemic retinal tissue but
not in normal retinas.

VEGFR2 Activation Protects against HT-Induced
Regression of Vitreous NV

In spite of the massive reduction of VEGFR2 in the vitreous NV
at 6 hours after HT, apoptosis was barely detectable (see
Supplementary Material and Supplementary Fig. S3, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-11291/-/
DCSupplemental) and did not reach a peak until 18 hours (Fig.
3), indicating that the HT-induced downregulation of VEGFR2
in the NV precedes apoptosis. In order to specifically
determine the role of the VEGFR2 signaling pathway in HT-
induced regression of retinal NV, we selectively induced
VEGFR2 activation by intravitreal administration of the
VEGFR2-specific ligand VEGF-E and determined HT-induced
NV apoptosis and regression. If downregulation of VEGFR2-
mediated survival pathway was involved in HT-induced NV
regression, specific activation of VEGFR2 with VEGFR-E was
expected to be protective in this process. As controls, VEGF-A,
a ligand for both VEGFR1 and VEGFR2, and placental growth
factor-1 (PlGF-1), a specific ligand for VEGFR1, were also
administered and their effects were compared with that of
VEGF-E (Fig. 8). We found that HT-induced apoptosis and
regression of NV could be effectively prevented by prior
intravitreal injection of VEGF-E or VEGF-A, but not by PlGF-1.
There was no difference between the VEGF-E– and VEGF-A–
treated groups. These experiments indicated that VEGF-
induced endothelial cell survival in NV tufts is dependent on
the activation of the VEGFR2 pathway and not the VEGFR1
pathway.

VEGFR2 Blockade Is Sufficient to Induce the
Regression of Vitreous NV

To further explore the role of VEGFR2 in NV survival, we
directly blocked VEGFR2 activity and determined whether
such blockade would mimic the effect of HT. VEGFR2 activity
was blocked with a specific inhibitory peptide, which has been
shown to specifically bind to VEGFR2 and completely block
binding of native VEGF to prevent VEGF-induced angiogenesis
in vivo.35 Similar to HT, the administration of the VEGFR2
inhibitor peptide caused rapid apoptosis and regression of
vitreous NV within 24 hours (Figs. 9A, 9B). To further confirm
these results, VEGFR2 expression was knocked down by
intravitreal injection of specific siRNA. Scrambled siRNA was
used as a control. Consistent with the experiments using
inhibitors, apoptosis of NV tufts was induced and the total area
of vitreous NV was attenuated at 36 hours following the
injection of VEGFR2 siRNA (Fig. 9C). These results provide
further evidence that the VEGFR2 receptor mediates the
critical signaling pathway for survival of pathological NV.

HT Is Noninflammatory

Ischemic retinopathy is associated with increased expression
of numerous inflammatory mediators,19 which are thought to
play a key role in the vascular pathology. Although both HT and

FIGURE 5. Blockade of VEGF induces NV apoptosis and regression.
OIR mice were intravitreally injected with PBS (control) or VEGF trap
(VEGFR1/Fc, 2 lg/eye) at P17. (A) At 18 hours postinjection, retinal
flatmounts were stained with isolectin B4 (red) and cleaved caspase-3
(green). Representative confocal images of NV tufts and cleaved
caspase-3 are shown (3400, n¼ 4 mice). Scale bar, 20 lm. (B) At 24

hours postinjection, retinal flatmounts were stained with isolectin B4
(red). Representative images of NV area (3100) are shown. Scale bar,
100 lm. (C) Representative images of retinal flatmounts are shown. NV
areas and avascular areas were quantified (n¼ 6 mice). Scale bar, 500
lm. *P < 0.05 compared with relevant control.
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nonselective blockade of VEGF with VEGF trap were equally
effective in inducing NV regression (Figs. 1, 5), quantitative RT-
PCR analysis of inflammatory mediators after treatment with
HT or VEGF trap revealed that VEGF trap induced significant
increases in expression of MCP-1, CD11b, TNF-a, and ICAM-1
(Fig. 10). In contrast to VEGF trap, HT did not enhance but
rather reduced these inflammatory mediators. These studies
suggest that HT can regress HT without the risk of
inflammatory reactions.

DISCUSSION

Ischemic retinopathy is characterized by a period of retinal
ischemia due to vessel regression or occlusion, followed by
pathological retinal and vitreous NV. Extensive studies have

been performed to address the mechanisms underlying NV
with the aim of finding effective antiangiogenic therapies.
Although a number of angiogenic molecules have been
identified, VEGF is the only one whose blockade has been
shown to effectively induce regression of established NV in
retinopathy.36,37 While anti-VEGF therapy has been successful-
ly applied in humans, issues such as efficacy, impairment of
revascularization, and the long-term safety of VEGF antagonism
have emerged as significant concerns.

We and others have previously demonstrated that sustained
normobaric hyperoxia administered during the preproliferative
phase of ischemic retinopathy either before the retina ischemia
or after a period of retinal ischemia but prior to the
development of vitreous NV not only prevents the develop-
ment of vitreous NV, but paradoxically accelerates the process

FIGURE 6. Hyperoxia treatment differentially regulates VEGFR2 expression in NV and neural retina. (A) OIR mice were treated with hyperoxia (75%
oxygen, HT) for 24 hours at P17. VEGFR2 mRNA in the retinas (left panel) and pooled retinal vessels (right panel) were quantified by qPCR and
normalized to OIR mice kept in room air (control; n¼ 4 to 6 mice). *P < 0.05 compared with control. (B) OIR mice were treated with hyperoxia
(75% oxygen, HT) for 6 and 12 hours at P17 and retinal flatmounts were stained with isolectin B4 (red) and anti-VEGFR2 (green). Representative
confocal images of NV tufts (marked with white asterisk) in the central retina are shown (3400, n ¼ 4 mice). Scale bar, 20 lm.
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of retinal revascularization.17–19 In the present study, we
investigated the effect of supplying oxygen during the
proliferative phase of ischemic retinopathy. Here we provide
the first evidence that HT causes rapid regression of
established vitreous NV while sparing existing intraretinal
vessels involved in revascularization. Unlike VEGF trap, which
caused some retinal inflammation as noted by us and by others
previously,38 HT actually suppressed inflammation similar to
when HT was used in the preproliferative phase of ischemic
retinopathy.19 Together with previous studies showing bene-
ficial effects when oxygen is supplied during the preprolifer-
ative phase of ischemic retinopathy,17–19 the present study
indicates a broad therapeutic time window for HT and
warrants further investigation of the beneficial actions of HT
in ischemic retinopathy. The noninvasive and nondestructive
nature of HT makes it particularly appealing for clinical use.
Unlike laser photocoagulation, HT does not require clear
ocular media to administer, and its use in adults is not
associated with any major side effects. Moreover, given the
availability of affordable, portable hyperbaric oxygen cham-
bers, hyperoxia therapy may be a feasible option for treatment
of ischemic retinopathy with a home-based approach. Howev-
er, although diabetic retinopathy, retinal vein occlusion, and
retinopathy of prematurity share similarities in pathogenesis in
that the NV is driven by hypoxia,39,40 the conditions differ in
their time course. Therefore, optimal conditions of HT
delivery, including timing and oxygen concentration, need to
be determined independently for different diseases.

Thus far, investigation of oxygen therapy in human ischemic
retinopathy has been limited. Its use in human ROP is
restricted by the clinical challenges of tightly controlling blood
oxygenation in unstable neonates, as well as the potential for
inducing oxygen-related pulmonary complications and causing
brain damage in the premature infant.41–44 Moreover, the
timing of HT for ROP is critical as early intervention may cause
more severe ROP if delivered to immature vessels which are
sensitive to hyperoxia-induced injury. Hyperoxia-induced
vessel regression and aggressive posterior retinopathy of
prematurity have even been observed in some premature
infants born at 33 to 35 weeks gestational age when sight-
threatening ROP should be no longer a risk.45 In spite of these

limitations, oxygen therapy has been evaluated in a small case
series of patients with chronic diabetic macular edema20 and
was found to cause a significant and prolonged reduction in
central macular thickness and to improve visual function. We
are not aware of any trials evaluating oxygen therapy in cases
of retinopathy with significant ischemia (preproliferative or
proliferative). However, there have been case reports in which
hyperbaric oxygen has been used for treatment of central
retinal vein occlusion with good visual outcomes.21,22

Although our data demonstrate that a short course of HT
can effectively cause involution and apoptosis of preretinal
neovascular channels and this effect appears to be mediated by
loss of activity though VEGFR2, it is not clear from these
experiments alone that short-term administration of hyperoxia
would be sufficient for the clinical treatment of ischemic
retinopathies. The use of anti-VEGF agents is highly effective in
regressing vitreous NV during ischemic retinopathies, but the
duration of this effect is usually limited because the ischemia
may persist, leading to recurrence of the NV.46–48 Since the
avascular area still persists after short term HT, it is not clear
whether NV would recur later and require repeated hyperoxia
treatment. Evidence from our prior work, however, suggests
that hyperoxia has different characteristics from anti-VEGF
agents in that longer duration of HT suppresses pathological
neovascularization while promoting physiologic revasculariza-
tion of the ischemic retina when delivered from P14 to P20.19

Although hyperoxia induces regression of developing vessels
and causes OIR, our previous study in the mouse showed that a
relatively sharp transition occurs in the retina between P11 and
P15, after which hyperoxia causes neither capillary vaso-
obliteration nor suppression of physiological revasculariza-
tion.49 Continued exposure of the retina to hyperoxic
conditions, past P17, actually ends up accelerating the rate of
retinal revascularization compared with room air controls.19,49

The mechanism by which intraretinal capillaries acquire their
tolerance to hyperoxia is not clear. It is possible that the
mature vessel gains proper pericyte coating50 and interaction
with glia, which impart capillary stabilization. The slight
increase in avascular area following the short course of
hyperoxia treatment on P17 is unexpected. Careful examina-
tion of the vascular changes indicated that this was due to loss

FIGURE 7. Hyperoxia treatment does not alter VEGFR2 expression in normal retinas. Normal mice were kept in room air or treated with hyperoxia
(75% oxygen, HT) for 12 hours at P17. Retinal flatmounts were stained with isolectin B4 (red) and anti-VEGFR2 (green). Representative confocal
images of retinal vessels are shown (3200, n¼ 3 mice). Scale bar, 50 lm.
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of coverage by abnormal vessels after HT. Moreover, the
increase in avascular area is quite small compared with the
dramatic regression seen in preretinal pathological NV tufts.
The difference in oxygen sensitivity between preretinal
pathological NV tufts and mature intraretinal vessels suggests
that hyperoxia provides a selective therapeutic effect when
applied with proper timing. Further studies, taking into

account optimal oxygen concentrations and durations of

treatment, are necessary to address these complex issues

involved in optimizing the treatment regimens needed to

reverse pathological pre-retinal neovascularization while si-

multaneously facilitating physiologic revascularization and

alleviating ischemia.

FIGURE 8. Activation of VEGFR2 but not VEGFR1 prevents HT-induced NV apoptosis and regression. OIR mice were intravitreally injected with PBS
(control); VEGF-A (200 ng/eye); VEGF-E (300 ng/eye); or PlGF-1 (300 ng/eye) at P17, and 1 hour postinjection, mice were treated with hyperoxia
(75% oxygen). (A) Mice were treated with hyperoxia for 18 hours and retinal flatmounts were stained with isolectin B4 (red) and cleaved caspase-3
(green). Representative confocal images of NV tufts are shown (3400, n¼ 4 mice); Scale bar, 20 lm. (B) Mice were treated with hyperoxia for 24
hours and retinal flatmounts were stained with isolectin B4 (red). NV areas and avascular areas were quantified (n¼4 to 6 mice). Scale bar, 500 lm.
*P < 0.05 compared with relevant control.
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FIGURE 9. Blockade of VEGFR2 is sufficient to induce the apoptosis and regression of NV tufts. (A) OIR mice were intravitreally injected with PBS
(control) or VEGFR2 inhibitory peptide (VEGFR2 antagonist, 25 lg/eye) at P17. At 18 hours postinjections, retinas were collected and stained with
isolectin B4 (red) and cleaved caspase-3 (green). Representative confocal images of NV tufts are shown (3400, n¼3 mice). Scale bar, 20 lm. (B) At
24 hours postinjections, retinas were collected and stained with isolectin B4 (red). Representative images of retinal flatmounts are shown. Scale bar,
500 lm. NV areas and avascular areas were quantified (n¼4 mice). *P < 0.05 compared with control. (C) OIR mice were intravitreally injected with
control siRNA (Con siRNA) or VEGFR2 siRNA (50 pmol/eye) at P17. At 36 hours posttreatment, retinas were collected and stained with isolectin B4
(red). Representative images of retinal flatmounts are shown. Scale bar, 500 lm. NV areas and avascular areas were quantified (n¼ 6 mice). *P <
0.05 compared with control.
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The precise mechanisms by which HT causes regression of
NV tufts remain to be elucidated. Considering the pleiotropic
effects of HT,19 it is possible that multiple pathways are
involved. However, our data suggest that HT-induced loss of
survival signaling through the VEGFR2/Flk-1/KDR receptor is a
key mechanism leading to regression and apoptosis of
pathological NV. Similar to supplying oxygen in preprolifer-
ative ischemic retinopathy,51 HT during proliferative ischemic
retinopathy exerts a direct inhibitory effect on VEGF expres-
sion. Moreover, HT prominently reduces VEGFR2 in NV tufts.
Compensating this pathway with both VEGF-A and VEGF-E
(selective for VEGFR2)—but not PlGF-1 (selective for
VEGFR1)—was able to prevent HT-induced apoptosis and
regression. In contrast, blockade of VEGFR2 with a specific
polypeptide inhibitor or VEGFR2-specific siRNA mimicked the
effect of HT and induced apoptosis of pathological NV tufts
while leaving existing vessels relatively intact. Although the
relative contribution of changes in VEGFR2 and VEGF to
endothelial apoptosis is not clear, as both may be involved to a
significant degree, it is noteworthy that the inhibitor and siRNA
selectively and directly targeted VEGFR2. VEGFR2 is the major
mediator of VEGF signaling in endothelial cell survival,
proliferation, and angiogenesis.34 Regulation of VEGFR2 at
transcriptional or posttranslational levels has been identified as
a key mechanism by which other signaling pathways intervene
in the process of angiogenesis.52–54 In addition to anti-VEGF
therapy, VEGFR2 blockers have been developed to treat other
angiogenesis-related diseases such as tumor growth during
cancer.55

Upregulation of VEGFR2 in NV tufts has been observed in
ischemic retinopathy.56 In this study, we provide the first
evidence that HT selectively reduces the high VEGFR2 level in
NV tufts and causes VEGFR2 redistribution from pathological

vessels to neural tissue. The specific mechanisms underlying
this dramatic effect remain to be elucidated. Given that
transcription factor HIF-2a is a critical regulator of VEGFR2
expression57 and NV tufts occur in hypoxic conditions, it is
possible that VEGFR2 expression in NV tufts is induced by
hypoxia-driven HIF-2a accumulation, whereas HT blocks such
effect. However, hypoxia treatment does not increase but
instead decreases VEGFR2 mRNA in cultured endothelial
cells,58 indicating other factors released from hypoxic neural
retina may be critical. Signals from these factors may work
alone or together with HIF-2a to increase VEGFR2 expression
in NV during hypoxia. Cytokines such as VEGF, IL-6, TNF-a, and
FGF2 are upregulated in the hypoxic retina and have been
shown to induce VEGFR2 expression in endothelial cells under
different conditions.19,52,59,60 In addition to regulation at the
mRNA level, VEGFR2 expression can be regulated posttrans-
lationally54 and hyperoxia may accelerate such processes.
Interestingly, while VEGFR2 associated with the NV tufts is
rapidly diminished by HT, VEGFR2 in neural retina is
prominently increased. This implies different regulatory
mechanisms and suggests that VEGFR2 may serve to sequester
VEGF locally. Insight into mechanisms by which HT differen-
tially regulates VEGFR2 expression in NV tufts versus neural
retina may open new perspectives for developing therapeutic
approaches in addition to HT to treat NV while sparing
VEGFR2-mediated beneficial effects such as neuronal protec-
tion.

Hyperoxia also induces capillary apoptosis and regression
during developmental angiogenesis and therefore causes
retinopathy of prematurity.33 Similar to hyperoxia-induced
NV regression, repression of the VEGF-mediated vascular
survival signal by hyperoxia has a key role in this process.33

However, hyperoxia-induced regression of the developing

FIGURE 10. VEGF trap, but not hyperoxia treatment induces retinal inflammation. OIR mice were either kept in room air (RA) or treated with
hyperoxia therapy (HT), intravitreal PBS (Veh), or VEGF trap (VEGFR1/Fc, 2 lg/eye) at P17. At 24 hours posttreatment, mRNA for inflammatory
marker was quantified by qPCR and normalized to OIR mice kept in room air, (n¼ 8 to 12 mice).
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capillaries is prevented by PlGF-1, a selective VEGFR1 agonist,
but not by VEGF-E, a selective VEGFR2 agonist.61 In contrast,
hyperoxia-induced NV regression is prevented by VEGF-E but
not by PlGF-1. Therefore, there is a fundamental difference
between these two processes in that VEGFR1 is critical in
maintaining the vasculature of the neonatal retina and VEGFR2
is critical in maintaining NV tufts. Taken together with our
previous finding that HT also promotes vascular recovery when
administrated during ischemic preproliferative phase in the
OIR model,19 our data suggest that there are key physiological
differences among developmental angiogenesis, pathological
angiogenesis, and reparative angiogenesis. These differences
deserve further investigation, as they may provide avenues for
selectively preventing regression in retinal development,
targeting pathological NV, and sparing or promoting retinal
revascularization.
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