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PURPOSE. The adenosine A2A receptor (A2AR) modulates normal
vascularization and pathologic angiogenesis in many tissues
and may contribute to the pathogenesis of retinopathy of
prematurity (ROP) characterized by abnormal retinal vascular-
ization in surviving premature infants. Here, the authors stud-
ied the effects of the genetic inactivation of A2AR on normal
retinal vascularization and the development of pathologic an-
giogenesis in oxygen-induced retinopathy (OIR), an animal
model of ROP.

METHODS. After exposure to 75% oxygen for 5 days (postnatal
day [P] 7–P12) and subsequently to room air for the next 9 days
(P13–P21), we evaluated retinal vascular morphology by AD-
Pase staining in retinal whole mounts, retinal neovasculariza-
tion response by histochemistry in serial retinal sections, and
retinal VEGF gene expression by real-time PCR analysis in A2AR
knockout (KO) mice and their wild-type (WT) littermates.

RESULTS. At P17, A2AR KO mice displayed attenuated OIR com-
pared with WT littermates, as evidenced by reduced vaso-
obliteration and areas of nonperfusion in the center of the
retina, reduced pathologic angiogenesis as evident by de-
creased non-ganglion cells and neovascular nuclei, and inhib-
ited hypoxia-induced retinal VEGF gene expression. Notably,
the attenuation of pathologic angiogenesis by A2AR inactivation
was selective for OIR because it did not affect normal retinal
vascularization during postnatal development.

CONCLUSIONS. These findings provide the first evidence that
A2AR is critical for the development of OIR and suggest a novel
therapeutic approach of A2AR inactivation for ROP by selec-

tively targeting pathologic but not developmental angiogenesis
in the retina. (Invest Ophthalmol Vis Sci. 2010;51:6625–6632)
DOI:10.1167/iovs.09-4900

Retinopathy of prematurity (ROP) is a disease of surviving
premature infants that disrupts normal processes of retinal

vascularization.1 With advances in neonatology and increased
survival of extremely premature infants, ROP has become a
major cause of blindness in children of many parts of the
world.1,2 ROP is caused at least in part by oxygen-induced
damage to the developing retinal vasculature, resulting in char-
acteristic pathologic changes including vaso-obliteration and
proliferation of abnormal fibrovascular tissue at the border of
the vascularized and nonvascularized retina.1 Current ROP
therapies are limited to laser surgery and cryosurgery, which
ablate the avascular retina anterior to the fibrovascular ridge to
prevent the blindness caused by ROP.3 However, the largest
multicenter clinical trial, the CRYO-ROP Study, involving 9751
infants has shown that even with cryoablation, almost half the
treated eyes had a visual acuity of 6/60 or worse at the 10-year
follow-up.3 Thus, there is a critical need to develop more
effective and preferably noninvasive prophylactic and thera-
peutic strategies for ROP.

Normal retinal vascular development starts with the de
novo formation of blood vessels from endothelial precursor
cells (vasculogenesis). This is followed by the development of
new blood vessels by budding from existing blood vessels
(angiogenesis). A key event in the pathogenesis of ROP is
oxygen damage to the developing retinal vasculature. ROP
occurs in two distinct phases. First, the developing retina is
exposed to a relatively hyperoxic oxygen environment that
reduces hypoxia-driven stimuli to retinal blood vessel develop-
ment (such as vascular endothelium growth factor [VEGF]).4,5

Consequently, the development of retinal vascularization is
delayed, resulting in vaso-obliteration. Second, as avascular
retina becomes critically hypoxic, increased VEGF production
leads to pathologic angiogenesis1,6 and ultimately to traction
retinal detachment and blindness. Oxygen-induced retinopathy
(OIR) is an animal model of ROP that captures some charac-
teristic pathophysiological features of ROP, including vaso-
obliteration, abnormal vasoproliferation, and pathologic angio-
genesis.1,4,5

Extracellular adenosine acts through multiple G-protein–
coupled receptors (A1, A2A, A2B, and A3)7 to exert important
control on blood vessel growth in various tissues, including
retina, under normal and pathologic conditions.8,9 In the de-
veloping retina, immunoreactivity for adenosine and the A2A

receptor (A2AR) are detected on endothelial cell precursors,
angioblasts, and endothelial cells in formed blood vessels in the
retina of neonatal animals.6 In a neonatal canine model of OIR,
the extracellular adenosine level is markedly increased in hy-
poxic retinal tissues supporting the possible involvement of

From the 1School of Optometry and Ophthalmology and Eye
Hospital and 3Department of Neonatology, Yuying Children’s Hospital,
Wenzhou Medical College, Wenzhou, Zhejiang, China; 2State Key Lab-
oratory Cultivation Base and Key Laboratory of Vision Science, Ministry
of Health People’s Republic of China and Zhejiang Provincial Key
Laboratory of Ophthalmology and Optometry, Wenzhou, Zhejiang,
China; 4Department of Pediatrics, Mount Sinai School of Medicine,
New York, New York; and 5Department of Neurology, Boston Univer-
sity School of Medicine, Boston, Massachusetts.

Supported by National Natural Science Foundation of China Grant
30470563; the 973 program 2006CB503900, China; and US Public
Health Service Grant NS41083.

Submitted for publication November 11, 2009; revised May 4,
2010; accepted May 17, 2010.

Disclosure: X.-L. Liu, None; R. Zhou, None; Q.-Q. Pan, None;
X.-L. Jia, None; W.-N. Gao, None; J. Wu, None; J. Lin, None; J.-F.
Chen, None

*Each of the following is a corresponding author: Xiao-Ling Liu,
School of Optometry and Ophthalmology and Eye Hospital, Wenzhou
Medical College, 270 Xueyuan Road, Wenzhou, Zhejiang, 325003,
China; lxl@mail.eye.ac.cn.
Jiang-Fan Chen, Department of Neurology, 715 Albany Street, C329,
Boston, MA 02118-2526; chenjf@bu.edu.

Physiology and Pharmacology

Investigative Ophthalmology & Visual Science, December 2010, Vol. 51, No. 12
Copyright © Association for Research in Vision and Ophthalmology 6625



A2AR in retinal vasoproliferation in OIR.6,10 Based on these
findings, it has been proposed that A2AR activity in the retina
contributes to the modulation of normal retinal vascularization
and to pathologic angiogenesis.6 This angiogenic role of A2AR
is also consistent with increasing numbers of studies demon-
strating that A2AR activation increases angiogenesis in various
cell types and tissues, including liver,11 kidney,12 skin,13 and
retina.14 This angiogenic effect of A2AR activation is likely
mediated by increased expression of VEGF, a key regulator of
tissue angiogenesis.10,15

However, the direct evidence for A2AR in the pathogenesis
of OIR is lacking, and the effects of A2AR inactivation on
normal and pathologic retinal vascular development are not
clear. In fact, pharmacologic studies have suggested that the
adenosine-mediated effect on retinal angiogenesis may be me-
diated through the A2B receptor (A2BR) rather than A2AR. In
cultured human retinal endothelial cells, pharmacologic pro-
files are consistent with A2BR-mediated (but not with A1R- or
A2AR-mediated) effects on growth factor expression and cell
proliferation.15,16 In the mouse model of OIR, Mino et al.17

demonstrated that the A2BR antagonists inhibited OIR-associ-
ated neovascularization in vivo, whereas neither the A2AR an-
tagonist ZM241385 nor the A1R antagonist CPDPX had any
effect on neovascularization. These results obtained with the
A2AR and A2BR agonists and antagonists are, however, intrinsi-
cally limited in their specificity. The exact role of the adeno-
sine receptor subtypes, especially A2AR, in normal retinal vas-
cular development and the pathogenesis of OIR remain to be
determined.

The development of A2AR knockout (KO) mice in our lab-
oratory, particularly A2AR KO mice in the congenic C57BL/6
background to avoid potential confounding effect of the ge-
netic background,18–20 provides a unique opportunity to in-
vestigate the role of A2AR in normal retinal vascular develop-
ment and in the pathogenesis of OIR. In this study, we
examined the effect of genetic inactivation of A2AR on retinal
vascular development and on pathologic angiogenesis in OIR
using A2AR KO mice. By comparing retinal vascular develop-
ment and pathologic angiogenesis in homozygous A2AR KO
mice with their wild-type (WT) littermates, we provide the first
direct evidence that the genetic inactivation of A2AR selectively
attenuates OIR-associated pathologic angiogenesis and prolif-
erative retinopathy without affecting normal vascularization in
the retina.

METHODS

Generation and Genotyping of A2AR KO Mice

A2AR KO mice were developed in our laboratory as described previ-
ously.18–20 Congenic A2AR KO mice in a C57BL/6 background were
generated by backcrossing A2AR KO in mixed 129-Steel � C57BL/6
background to C57BL/6 mice for more than 10 generations. A2AR KO
mice were bred at the Laboratory Animal Center at Wenzhou Medical
College and used for this study. Heterozygous crossbreeding was used
to generate homozygous A2AR KO (A2AR�/�), heterozygote A2AR KO
(A2AR�), and wild-type (A2AR�/�) mice, all from the same breeding
pairs. The A2AR�/�, A2AR�, and A2AR�/� mice with matched sexes at
age 12 days were used for this study. The genotypes of the mice were
determined by PCR analysis of genomic DNA isolated from mouse tails,
using the three primer sets targeted to the Neo-cassettes and the
adjacent A2AR genes as described previously.18–20

Mouse Model of Oxygen-Induced Retinopathy

All experimental procedures were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Institutional Ethics Committee for
Animal Use in Research and Education at Wenzhou Medical College.

The mouse model of OIR was established according to the method
described previously with the modification that the oxygen concen-
tration was 75% rather than 95%.21 Briefly, WT and A2AR KO pups
(OIR-WT and OIR-A2AR KO) at postnatal day (P) 7 were raised in a 75% �
2% oxygen (hyperoxia) chamber together with their mothers for 5 days
(P7–P12). Thereafter, the pups were returned to room air (normoxia)
for 2, 5, or 9 days (P12–P14, P12–P17, or P12–P21, respectively). The
animals were killed and the eye tissue samples were obtained at P14,
P17, or P21, respectively. Meanwhile, separate sets of WT and A2AR KO
mouse pups were housed in room air from P7 to P21 without exposure
to hyperoxia and served as the control groups (room air, WT; room air,
A2AR KO). All animals were killed by lethal injection of ketamine and
xylazine. Both eyes of each were enucleated: the right eye was pro-
cessed for retinal mounts with ADPase staining, and the left eye was
processed for immunohistochemistry in retinal paraffin sections.

Retinal Vascular Morphology Using
ADPase Staining

The right eyes were placed in the 10% neutral buffered formalin for 60
minutes. The cornea, lens, and vitreous were surgically removed from
each eye, and each retina was dissected. Retinal tissues were then
placed in the neutral buffered formalin overnight and processed for
magnesium-activated ADPase staining as described by Lutty and
McLeod.22 ADPase-stained retinas were serial flat-mounted on micro-
scope slides in phosphate-buffered saline with a coverslip and photo-
graphed.

Assessment of Retinal
Neovascularization Response

Quantification of neovascularization was performed according to the
procedure described previously by Smith et al.21 The extent of neo-
vascularization was evaluated by counting the number of neovascular
nuclei, vessel lumens, and non-ganglion cells, respectively, and ex-
pressed as mean � SD for six retinal cross-sections. Neovascular nuclei
were defined as the nuclei of cells that extended beyond the inner
limiting membrane of the retina into the vitreous. Vessel lumens were
located in the inner plexiform layer, ganglion cell layer, nerve fiber
layer, and vitreous. Non-ganglion cells were characterized by non-
round nuclei, such as spindle and rhombus nuclei, between the inter-
nal plexiform layer and the inner limiting membrane. In this study, eyes
of 12 mice from each group were examined and analyzed. For each
eye, 20 retinal sections (excluding the optic nerve) were evaluated. All
non-ganglion cells and neovascular nuclei were counted under 400�
magnification with hematoxylin and eosin–stained retinal sections by
an observer who was masked to the specific group assignment.

Immunohistochemistry in Serial Retinal Sections

To determine whether non-ganglion cells and neovascular cells were
proliferative, we determined immunoreactivity for proliferating cell
nuclear antigen (PCNA) in the retinal sections. Furthermore, to identify
the nature of proliferating (PCNA�) cells, we made serial sections at
5-�m intervals. For two adjacent sections, the second section was
flipped over before mounting, such that the second section was the
mirror image of the first section. Then paired sections were respec-
tively immunolabeled for PCNA and CD31, an endothelial marker, or
PCNA and glial fibrillary acidic protein (GFAP), an astrocyte marker.

For immunohistochemistry, retinal paraffin sections were deparaf-
finized with xylene, followed by rehydration in a series of washes with
reducing ethanol concentrations, and finally with dH2O. Subsequently,
sections were boiled in a microwave oven to allow recovery of antigen.
The sections were then treated with 0.3% H2O2 for 30 minutes and
blocked in 3% goat serum. These sections were then incubated over-
night at 4°C with one of the following primary antibodies: rat anti-
mouse PCNA (1:200; Signet Laboratory, Dedham, MA), rat anti-mouse
CD31 (1:50 dilution, clone 6.64; ImClone Systems, New York, NY),
and rat anti-mouse GFAP (1:100; Chemicon, Temecula, CA). After
washing in PBS, the slides were incubated with a biotinylated horse
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peroxidase-conjugated secondary antibody and visualized with diami-
nobenzidine (Sigma, St. Louis, MO). All slides were counterstained
with hematoxylin.

Quantification of VEGF Gene Expression
in Retina

Total RNA was extracted from the retinas using reagent (Trizol; In-
vitrogen, Carlsbad, CA). Residual genomic DNA was removed by incu-
bating the RNA with DNase (Promega, Madison, WI). Reverse tran-
scription–polymerase chain reaction (RT-PCR) was carried out in a
thermal cycler (PCR System PIC-200; Bio-Rad, Hercules, CA). For each
assay, 1 �g mRNA was reverse-transcribed using 200 U reverse tran-
scriptase (Promega) in a final volume of 20 �L. The reaction mixtures
were incubated at 25°C for 10 minutes and at 42°C for 1 hour and
terminated by heating at 70°C for 5 minutes.

For real-time PCR, 50 ng cDNA was used for both VEGF and a control
gene (�-actin) RT-PCR amplification. Forward and reverse primers for
VEGF and �-actin were as follows: 5�-GAAAGGGTCAAAAACGAAAGC-3�,
5�-CGCTCTGAACAAGG CTCAC A-3�, 5�-CTACAATGAGCTGCGTGTGG-
3�, and 5�-ACCAGAGGCATACAGGG ACA-3�, respectively (Invitrogen).
The PCR reaction was carried out using a PCR kit (Applied Biosystems,
Foster City, CA), and 10 �mol/�L concentration of each upstream and
downstream primer per reaction. The PCR protocol included 50°C for
2 minutes, 95°C for 10 minutes, and 40 cycles at 95°C for 15 seconds,
60°C for 1 minute. All experimental results were normalized to the
internal control �-actin. The relative abundance of the VEGF mRNA
was obtained by ��-CT method.

Statistical Analysis

Data are expressed as mean � SD. Comparison among the groups was
analyzed by ANOVA, followed by post hoc comparison with the least
significant difference test (equal variances assumed) or Dunnett’s test
(equal variances not assumed). P � 0.05 was considered statistically
significant.

RESULTS

Genetic Inactivation of A2AR Did Not Affect
Normal Development of Vascularization in Retina

Given that the postnatal development of retinal vessels under-
goes several distinct development changes in the mouse, we
examined the effect of A2AR KO on normal vascularization in
the retina in room air at four developmental stages—P3, P6,
P10, and P17—using the flat-mounted whole retina stained
with ADPase. Consistent with previous reports on the normal
development of retinal blood vessels of C57BL/6 mice during
early development,23 we observed similar distinct postnatal
developmental stages in WT mice. At P3, large primitive vessels
developed radially from the optic disc to the ora serrata and
formed an initial vascular network in the superficial retinal
layer. At P6, secondary deeper vascular networks were formed
within deeper retinal layers that became thinner and straighter
gradually with the regression of the superficial large vessels
from the optic disc. At P10, a capillary network was developed
in the intermediate layer of the retina as further branches of the
secondary vascular network, with the number of superficial
large vessels decreasing. At P17, the superficial vessels disap-
peared, and an arboreous pattern of arteries formed within the
retina. Importantly, the early developing processes (P3, P6, and
P10) of the retinal vessels were indistinguishable between
A2AR KO mice and WT mice (Fig. 1A). There was little differ-
ence in the rate of the deeper vascular growth between A2AR
KO mice and WT mice (Fig. 1A). For example, in WT mouse
retina, the deeper vessels spread approximately 50% by P6 and
approximately reached the ora serrata by P10, and arboreous
patterns of arteries formed within the retinas by P17 in both

WT mice and A2AR KO mice (Fig. 1A). At the cellular level, the
retinas of both WT and A2A KO mice (Fig. 1B) showed normal
vessel growth and retinal cellular organization, and no cells
extended from the inner limiting membrane into the vitreous
(i.e., no neovascular nuclei) by hematoxylin and eosin staining
at P17 (Fig. 1B). Quantitative analysis showed that the number
of neovascular nuclei, non-ganglion cells, and new vessel lu-
mens were indistinguishable between WT and A2AR KO mice
under room air conditions (Fig. 1B). Thus, the genetic inacti-
vation of A2AR did not affect normal vascularization of the
retina during postnatal development.

Oxygen Exposure Led to Vasculo-obliteration
and Pathologic Angiogenesis in WT Mice

In the room air WT mice (P7–P21 exposure to room air),
retinal vascularization was nearly completed by P12. Both the
superficial and the deep vascular layers from the optic disc to
the periphery were well developed at P12 to P17 (Fig. 2, left).
No further changes were observed at P21. By contrast, for the
OIR-WT group, hyperoxic exposure from P7 to P12 signifi-
cantly hindered the growth of the retinal vasculature when
examined at P12 (day 1 returning from 75% oxygen chamber to
the room air). After 5 days of exposure to 75% oxygen, retinas
from the OIR-WT group clearly showed oxygen-induced vaso-
obliteration changes (large areas of the central retina showing
nonperfusion). However, from P14 to P17 with continuous
exposure to room air for 2 and 5 days, respectively, the oxy-
gen-induced central avascular areas gradually decreased, and
the radial large vessels appeared tortuous and dilated. It should
be noted that compared with other OIR models that used 95%
oxygen,24 the 75% oxygen-induced vaso-obliteration detected
in the present study was comparatively mild. At P17, the
neovascular tuft was observed. At P21, the OIR-related prolif-
erative changes in retina were slightly reduced compared with
the retina at P17. These results demonstrated that the nonper-
fusion in the retina induced by hyperoxia at P12 was gradually
reversed after the return to room air and that OIR-related
neovascularization progressed between P12 and P17 in the
retina. Thereafter, these OIR changes in the retina regressed
slightly but remained elevated at P21.

At the cellular level, in the retinas of the room air WT group,
most retinal cells between the internal plexiform layer and the
inner limiting membrane were ganglion cells with large, round
nuclei, and a few were non-ganglion cells with small, non-
round nuclei (Fig. 3A). Distinct cell types were largely orga-
nized and distributed in a single layer, and no nuclei were
detected on the vitreal side of the inner limiting membrane. By
contrast, the number of retinal cells of the OIR-WT group
increased dramatically at P17, especially non-ganglion cells and
neovascular nuclei, compared with those of the room air WT
group (Fig. 3B). In the retinas of the OIR-WT group, various
cell types showed disorganization with distribution in two or
more layers both within and beyond the inner limiting mem-
brane. At P12, the OIR-WT and the room air WT retinas had
similar non-ganglion cells by quantitative cell counting. How-
ever, compared with the room air WT group, non-ganglion
cells increased by 1.50-fold higher in the OIR-WT group at P14
(P � 0.05; n � 6), peaked by 3.14-fold higher at P17 (P �
0.001; n � 20), and regressed relatively but remained higher by
1.55-fold higher at P21 (P � 0.05; n � 6; Fig. 3C). Quantitative
analysis also showed a marked increase in neovascular nuclei at
P17 (P � 0.001; n � 20; Fig. 3D). Similarly, neovascular lumens
were significantly increased in the OIR-WT group at P17 com-
pared with those in the room air WT group (Fig. 3E). Consis-
tent with the results from retinal-mounted slides (Fig. 2), these
findings demonstrate that OIR-induced neovascularization
peaked at P17. Of note, though OIR-associated proliferation of
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non-ganglion cells was detected as early as P14 and remained
persistently enhanced until P21 with a peak at P17, increased
proliferation of neovascular nuclei was detected transiently,
albeit dramatically, only at P17.

To confirm OIR-related cell proliferation, we performed
immunohistochemistry of PCNA, a cell cycle marker for cell
proliferation, in retinal sections. In the room air WT group,
only scattered PCNA� immunoreactivity was detected in nor-
mal vascular structures of the retina (Fig. 4A). However, in the
OIR-WT group, PCNA� cells were dramatically increased in
most neovascular cells but not in non-ganglion cells of the
retina (Fig. 4B). To further explore the nature of proliferative
(PCNA�) cells, we examined the immunoreactivities for CD31
or GFAP in association with PCNA� cells in mirror images of
adjacent retinal sections. Interestingly, most PCNA� cells do
not express GFAP (indicated by the circles) in these mirror
images. Instead, many PCNA� cells appeared to be colocalized
with proliferative endothelial cells, as demonstrated by their
locations in the vitreal side of the inner limiting membrane
(Fig. 4C). This indicates that most proliferative cells were of
endothelial origin and that many non-ganglion cells were prob-
ably of astrocytic origin.

Hypoxia-Induced Pathologic Angiogenesis Was
Attenuated in A2AR KO Mice

Next, we examined the effect of A2AR KO on oxygen-induced
vaso-obliteration and abnormal angiogenesis by comparing the
OIR-KO group with the OIR-WT group. After exposure to
hyperoxia for 5 days, the retinas of the OIR-WT mice devel-
oped central vaso-obliteration and nonperfusion. The forma-
tion of peripheral neovascular tufts was detected in a large area
of retina (Fig. 5A). By contrast, the retinas of the OIR-A2AR KO
mice displayed much less nonperfusion area at the center and
fewer peripheral tufts in the retinas at P17 (Fig. 5B).

At the cellular level, the retinas of the OIR-WT mice dis-
played dramatic neovascular reactions as the number of non-
ganglion cells and neovascular nuclei increased significantly at
P17 compared with that of the room air WT group (Fig. 3).
Importantly, compared with the OIR-WT group (Fig. 5C),
oxygen-induced infiltration of non-ganglion cells and neovas-
cular nuclei from the inner limiting membrane into the vitre-
ous were significantly reduced in A2AR KO mice (Fig. 5D). The
numbers of non-ganglion cells, neovascular nuclei, and new
vessel lumens in A2AR KO mice were decreased by 20%, 60%,
and 69%, respectively, compared with those of WT littermates

FIGURE 1. Genetic inactivation of A2ARs does not affect normal vascularization in the retina during postnatal development. (A) Postnatal
development of retina vascularization of WT mice (left) and A2AR KO mice (right) at P3, P6, P10, and p17 was determined by ADPase staining using
flat-mounted whole retina. (B) Normal retinal cellular organization; no cells extended from the inner limiting membrane into the vitreous (i.e., no
neovascular nuclei) by hematoxylin and eosin staining at P17. Bar graph shows the results of quantitative analysis on the numbers of neovascular
nuclei (NVN), non-ganglion cells (NGCs), and new vessel lumens in WT and A2AR KO mice in room air conditions.
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(Fig. 5E). Thus, oxygen-induced abnormal angiogenesis, partic-
ularly the infiltration of non-ganglion cells and neovascular
nuclei from the inner limiting membrane into vitreous, was
strikingly reduced in the OIR-A2AR KO group compared with
the OIR-WT group at P17.

A2AR Inactivation Attenuated Hypoxia-Induced
VEGF Gene Expression in the Retinas of OIR Mice

To explore the mechanism underlying the attenuated OIR in
A2AR KO mice, we investigated whether A2AR affects OIR by
modulating VEGF gene expression in the retina. We deter-
mined the levels of VEGF mRNA in the retinas of WT and KO
mice at P17 in normal conditions (the room air WT and the
room air-A2AR KO group) and after exposure to hyperoxia and
consequential hypoxia (the OIR-WT and the OIR-A2AR KO
group) by real-time PCR. After exposure to room air, the VEGF
mRNA levels in retina were indistinguishable between those of
WT and A2AR KO mice (P 	 0.05, n � 8 in each group; Fig. 6).
However, after exposure to hyperoxia followed by normoxia,
the VEGF mRNA level at P17 was increased only in the OIR-WT
group. Hypoxia-induced increase of retinal VEGF mRNA level
was completely blocked in the OIR-A2AR KO group at P17 (P �
0.01, compared with the changes in WT groups, n � 8 in each
group; Fig. 6). Of note, the VEGF mRNA in the OIR-A2AR KO

group was slightly but not significantly decreased compared
with that of the room air-A2AR KO group (Fig. 6). Thus, in
parallel with the attenuated proliferative OIR histology in A2AR
KO mice, hypoxia-induced expression of VEGF gene in retina
was significantly attenuated in A2AR KO mice.

DISCUSSION

Using the A2AR KO model, this study uncovers a critical role for
A2AR in the development of pathogenic angiogenesis in a
mouse model of OIR. To best demonstrate the protective effect
of A2AR inactivation, we adapted a relatively mild hyperoxic
model (75% rather than 90% oxygen) that produced character-
istic OIR pathologic conditions, including initial development
of vaso-obliteration and subsequent abnormal angiogenesis in
the retinas of WT mice. Given that adenosine levels and ex-
pression of 5� nucleotidase (an enzyme to convert adenosine
monophosphate to adenosine) and A2AR expression are low at
the inner retina during vaso-obliteration,6,14,25 it is unlikely that
A2AR inactivation would have any major effect at this patho-

FIGURE 3. Oxygen exposure leads to pathologic angiogenesis in the
retinas of WT mice. After initial exposure to 75% oxygen for 5 days
(P7–P12) and subsequent exposure to room air for the next 9 days
(P13–P21), the OIR-WT mice developed proliferative retinopathy char-
acterized by the disorganized proliferation of non-ganglion cells and
neovascular nuclei in the retina. Histology of retinal cellular structure
in room air WT (A) and OIR-WT (B) mice at P17. Quantitative analysis
of non-ganglion cells (C), neovascular nuclei (D), and number of nuclei
on the vitreal side of the inner limiting membrane (new vessel lumen;
E) from P12 to P21. *P � 0.05; OIR-WT mice compared with room air
WT mice (n � 8 per group) on the same postnatal day.

Room Air OIR

P12

P14

P21

P17

FIGURE 2. Oxygen exposure leads to vaso-obliteration in retina of WT
mice. WT mice were initially exposed to 75% oxygen in a hyperoxic
chamber for 5 days (P7–P12) and subsequently to room air (21%
oxygen) for the next 9 days (P13–P21) (OIR, right), or they were
exposed to room air throughout P7 to P21 (room air, left), as described
in Methods. Left: normal retinal vascularization during P12 to P21 in
room air. Right: retinal vaso-obliteration after exposure to hyperoxia.
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logic phase. As vaso-obliteration and avascular areas develop
and hypoxia- and ischemia-driven proliferative pathologies be-
come predominant, adenosine levels, expression of the 5�
nucleotidase, and A2AR are markedly increased in newly
formed vasculatures, as demonstrated previously by immuno-
histochemistry in a dog model of OIR.6,14,25 At this phase, the
numbers of neovascular nuclei increased by 	20-fold from P12
to P17 in the OIR-WT group (Fig. 3 this study,21). This abnor-
mal increase in neovascular nuclei is largely abolished in A2AR
KO mice, indicating the requirement of A2AR activation for the
development of abnormal angiogenesis during OIR. Although
retinal neovascular nuclei represented the most increased cell
population during OIR, non-ganglion cells seemed to represent
an early indicator of proliferative responses during OIR be-
cause non-ganglion cell levels increased as early as P14 and
remained elevated throughout the postnatal stages examined
(P14, P17, and P19) in the OIR-WT group. Similarly, the in-
crease in non-ganglion cells was largely abolished in A2AR KO
mice. Interestingly, our analysis of immunoreactivity for three
types of non-ganglion cells, CD31� endothelial cells, GFAP�

astrocytes, and PCNA�/GFAP�/CD31� angioblasts, suggested
that neovascular cells (PCNA�/GFAP�) originate not from as-
trocytes but from proliferative vascular endothelial cells, as

indicated by their locations in the vitreal side of the inner
limiting membrane. This indicates that A2AR activity modulates
angiogenesis in the retina during OIR by affecting largely the
proliferation of endothelial cells rather than glial cells.

In further support of A2AR-modulation of OIR, we demon-
strated that the expression of VEGF mRNA in the retina was
markedly induced in the OIR-WT mice, but this effect was
essentially abolished in the OIR-A2AR KO mice. This strongly
suggested that activation of A2AR is critical for the induction of
VEGF in OIR. Given that VEGF is considered as a major factor
in triggering neovascularization in the hypoxic retina,5,10,15

our finding provides the molecular link for A2AR modulation of
OIR. It is important to point out that A2AR activity can act
synergistically with hypoxia inducible factor to control VEGF
expression.26 In addition, VEGF may work in concert with
other factors to promote angiogenesis because VEGF alone
seems to be insufficient to induce retinal neovascularization.6

This distinct effect of the A2AR on VEGF is consistent with
previous findings that A2AR activity can affect VEGF expression
through a cAMP signaling pathway and CREB phosphoryla-
tion.10

Our finding of the critical role of A2AR in OIR is not only
supported by a well-documented angiogenesis effect of A2AR

FIGURE 5. Hypoxia-induced pathologic angiogenesis in the retina is
attenuated in A2AR KO mice. OIR-induced vaso-obliteration in the
OIR-WT (A) and the OIR-KO (B) mice were assessed in the retina at
P17 by ADPase staining, as described in Methods. Similarly, OIR-
induced infiltration of non-ganglion cells and neovascular nuclei from
inner limiting membrane into vitreous in the OIR-WT (C) and the
OIR-KO (D) mice were assessed by histology, as described in Methods.
(E) Quantitative analysis of the number of non-ganglion cells, neovas-
cular nuclei, and new vessel lumens in the OIR-WT and the OIR-KO
mice. *P � 0.001; OIR-WT mice compared with OIR-KO mice (n � 20
for each group).

A

B

C

PCNA+/control

PCNA+/OIR

GFAP+/OIR

FIGURE 4. PCNA� cells are not colocalized with GFAP� cells but
appear to be associated with proliferative endothelial cells. PCNA�

cells (A, B) and GFAP� cells (C) were determined in the retinas of the
room air WT (A) and OIR-WT (B, C) by immunohistochemistry at P17
in two adjacent, mirror image sections. (The second section was
flipped over before mounting so that it was the mirror image of the first
section.) With these mirror image sections, we were able to merge
these images of PCNA� cells (B) and GFAP� cells (C) in the retina to
determine whether they were different cells or the same cells (circles).
In the room air WT group, only scattered PCNA� immunoreactivity
was detected in the normal vascular structures of the retina (A).
However, in the OIR-WT group, PCNA� cells were dramatically in-
creased, and most PCNA� cells did not express GFAP (circles) in the
mirror images. Instead, many PCNA� cells appeared to be colocalized
with proliferative endothelial cells, as indicated by their locations in
the vitreal side of the inner limiting membrane (C, arrows).
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activation in various tissues11–14 but is in agreement with an
early report that immunoreactivities for both adenosine and
A2AR were significantly increased at the edges of forming
vasculature and in the intravitreal neovascular formations in a
canine model of OIR.14 However, our finding is notably differ-
ent from those of previous pharmacologic studies showing that
the systemically administered A2BR antagonists enprofylline
and IPDX reduced neovascularization in a mouse model of OIR
whereas the A1R or A2AR antagonists CPX and ZM241385,
respectively, did not.17 The discrepancy between that study
and ours may be partially attributed to the different approaches
of pharmacologic versus genetic inactivation to the A2AR. Phar-
macologic studies of A2AR are limited intrinsically by their
partial specificity and partial inhibition and by limited perme-
ability of the retinal tissues. By contrast, A2AR KO mice inacti-
vate A2AR with complete specificity and completion inactiva-
tion, but this genetic inactivation is also associated with
potential developmental compensatory changes. It is possible
that pathologic angiogenesis of OIR may involve both A2AR and
A2BR; additional experiments with A2BR KO mice could clarify
this issue.

Based on the finding that the intensity of A2AR immunore-
activity increased at the edge of forming vasculature during
postnatal development, it was suggested that A2AR might play
a modulating role in retinal vessel development.6,14 One of the
critical concerns in developing an A2AR-based strategy for treat-
ing ROP is that A2AR activity may be necessary for the normal
development of retinal vascularization, thus hampering the
recovery of retinal vascularization. However, retinal vessel de-
velopment is indistinguishable between A2AR KO mice and WT
littermates in room air, indicating that A2AR activation is not
required for normal development of retinal vessels in mice. It
is possible that the increased expression of A2AR immunoreac-
tivity at the edge of vessel development may be coincident
with retinal vessel development or may be a response to local
retinal vessel development. The differential effects of the A2AR
on normal retinal vessel development and OIR-related vascu-
larization indicate the distinct mechanisms underlying the con-
trol of retinal vessel development. Consistent with this notion,
adenosine has been shown in dogs to stimulate endothelial cell
migration and tube formation, two primary events for retinal
vasculature development, but not the proliferation of retinal
microvascular endothelial cells.27

The lack of effect of A2AR deletion on the normal devel-
opment of retinal vessels provides a potential therapeutic
use of A2AR antagonist-based strategy by targeting hypoxia-
induced pathologic angiogenesis in OIR without affecting
normal retinal vascularization. This feature also permits the
local control of blood vessel growth by adenosine accumu-
lating locally during hypoxia (rather than a general increase
in vessel proliferation in the body). It would be interesting
to investigate whether A2AR inactivation can exert prophy-
lactic or therapeutic effects against OIR and perhaps ulti-
mately ROP.

In summary, using the A2AR KO model, we demonstrated
that genetic inactivation of A2AR attenuates the development of
OIR pathology, as evidenced by reduced vaso-obliteration and
nonperfusion areas in the center of retina, reduced pathologic
angiogenesis, and inhibited hypoxia-induced VEGF gene ex-
pression. Notably, A2AR inactivation selectively attenuates OIR-
related pathologic angiogenesis but does not affect normal
retinal vascularization during postnatal development. These
findings provide the first direct evidence that the A2AR is
critical to the development of OIR and suggest the exciting
possibility that A2AR inactivation may be a potential therapeu-
tic strategy for ROP by selectively targeting pathologic, but not
developmental, angiogenesis in the retina.
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