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There is evidence that angiotensin II, vascular endo-
thelial growth factor (VEGF), angiopoietins, and their
cognate receptors participate in retinal angiogenesis.
We investigated whether angiotensin type 2-receptor
blockade (AT2-RB) reduces retinal angiogenesis and
alters the expression of VEGF/VEGF-R2 and angiopoi-
etin-Tie2. Retinopathy of prematurity (ROP) was in-
duced in Sprague Dawley (SD) rats by exposure to
80% oxygen from postnatal (P) days 0 to 11, followed
by 7 days in room air. ROP shams were in room air
from P0—18. A group of ROP rats received the AT2-RB,
PD123319, by mini-osmotic pump (5 mg/kg/day)
from P11-18 (angiogenesis period). Evaluation of the
retinal status of the AT2 receptor indicated that this
receptor, as assessed by real-time PCR, immunohis-
tochemistry, and in vitro autoradiography, was
present in the retina, was more abundant than the
AT1 receptor in the neonatal retina, and was in-
creased in the ROP model. AT2-RB reduced retinal
angiogenesis. VEGF and VEGF-R2 mRNA were in-
creased in ROP and localized to blood vessels, gan-
glion cells, and the inner nuclear layer, and were
decreased by PD123319. Angiopoietin2 and Tie2, but
not angiopoietinl mRNA were increased with ROP,
and angiopoietin2 was reduced with PD123319. This
study has identified a potential retinoprotective role
for AT2-RB possibly mediated via interactions with
VEGF- and angiopoietin-dependent pathways. (AmJ
Pathol 2003, 163:879-887)

Retinopathy of prematurity (ROP) and proliferative dia-
betic retinopathy (PDR) are characterized by extensive
angiogenesis, a process which threatens vision and can
ultimately lead to blindness.”™® There is accumulating
evidence that angiotensin Il (ANG 1), the effector peptide
of the renin-angiotensin system (RAS), is a key patho-
physiological factor in a number of retinal vascular disor-

ders including ROP and PDR.*~7 In addition to its well
characterized hemodynamic actions, ANG Il is also a
growth factor, stimulating endothelial and smooth muscle
cell proliferation,®~'° pericyte migration," "2 and smooth
muscle cell hypertrophy.’ The actions of ANG Il are
largely mediated by two receptors; angiotensin type 1
(AT1) and angiotensin type 2 (AT2)."* Most of the blood
pressure and cell growth effects of ANG Il are viewed to
be mediated by the AT1 receptor subtype.'® In contrast,
the function of the AT2 receptor subtype is less well
defined, with reports of both anti-growth and pro-growth
effects.®'*~'° Furthermore, the AT2 receptor is highly
expressed in developing organs and is postulated to be
involved in tissue growth and cell differentiation.?°2"

Recent studies indicate that vascular endothelial
growth factor (VEGF) may be the major mediator of the
angiogenic effects of ANG I1.%"" VEGF is a ligand for the
receptor tyrosine kinase (RTK) receptors, Flt-1 (VEGF-R1)
and Flk-1 (VEGF-R2), and is a potent permeability and
angiogenic factor.?2-2* With respect to the retina, recent
studies show that blockade of the RAS attenuates angio-
genesis and the rise in VEGF and VEGF-R2 expression in
vitro,"" in ROP,” and in streptozotocin diabetic rats.?®
Apart from the VEGF RTK family, only one other family of
RTKs, comprising Tie1l and Tie2, is largely endothelial
cell specific. The roles of Tie1 and Tie2 have been dem-
onstrated in studies that have involved deletion of these
receptors. Specifically, Tie2 knockout mice die early in
development because of immature blood vessels and
lack of vessel development,?® and following deletion of
Tie1 in mice, death occurs in utero with defects linked to
hemodynamic and transcapillary fluid exchange.®® Li-
gands for the Tie2 receptor include angiopoietin 1 (Ang1)
and angiopoietin 2 (Ang2).2”?® Ang1 phosphorylates
Tie2 in cultured endothelial cells, whereas Ang2 is a
naturally occurring antagonist of Ang1, competing with
Ang1 for binding to Tie2.2” Recent studies indicate that
Ang1 and Ang2 facilitate VEGF-induced angiogenesis,
with Ang1 promoting vascular network maturation and
Ang? initiating angiogenesis.?®
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There are limited studies which have examined the
relationship between the RAS, VEGF/VEGF-R2, and an-
giopoietin-Tie2 systems in blood vessel growth.2%2" Fur-
thermore, to our knowledge the interaction between the
AT2 receptor and VEGF/VEGF-R2 and angiopoietin-Tie2
in an in vivo model of retinal angiogenesis is unknown. In
the present study we aimed firstly to determine whether
AT2 receptor blockade (AT2-RB) would attenuate retinal
angiogenesis in a rat model of ROP, and secondly
whether this was associated with alterations in VEGF/
VEGF-R2 and angiopoietin-Tie2 gene expression.

Materials and Methods

Protocol 1: Autoradiographic Localization of
AT1 and AT2 Receptors in the Developing and
Adult Rat Retina

Experimental procedures were consistent with the guide-
lines of the Australian National Health and Medical Re-
search Council Code of Practice for the Care and Use of
Animals for Scientific Purposes. Sprague Dawley (SD)
rats at postnatal days 1, 7, 14, 21, and 90 were anesthe-
tized with pentobarbital sodium (Nembutal, 60 mg/kg/
body weight, i.p.; Boehringer, Ingelheim, Germany) and
their eyes were enucleated and embedded in cryomatrix
(Sakura Finetechnical Co., Ltd., Tokyo, Japan), and then
immersed in iso-pentane and snap-frozen in liquid nitro-
gen. Twenty-um sections were placed on glass slides
and the sections dehydrated at 4°C overnight and stored
at —80°C. ANG Il receptor binding was determined by in
vitro autoradiography using the radioligand ['%°I]-
[Sar'11e®]-ANG II, as previously described.®? Briefly, sec-
tions were incubated with ['2°1]-[Sar" 1le®]-ANG |l alone
for determination of total binding, in the presence of both
the AT1 receptor blocker valsartan (10~° mol/L, Novartis
Pharma AG, Basel, Switzerland) and the AT2-RB,
PD123319 (10°° mol/L, Parke-Davis, Ann Arbor, MI,
USA) for non-specific binding, PD123319 (107> mol/L)
for AT1 receptor binding and valsartan for AT2 receptor
binding.

After incubation with ['2°1]-[Sar" 1le®]-ANG II, the sec-
tions were washed four times for 1 minute each in ice-
cold 0.1 mol/L sodium phosphate buffer to remove non-
specifically bound radioligand. The sections were then
dried under a stream of cold air, loaded into X-ray film
cassettes together with a set of radioactive standards
and apposed to X-ray film (Kodak BioMax film, Kodak,
Rochester, NY, USA) for 2 weeks at room temperature
and were subsequently developed. The optical densities
in each section were quantified using a computerized
image analysis system (AIS, Analytical Imaging Re-
search, Ontario, Canada). Radioactive standards were
fitted to calibration curves and the disintegration per
minute of 1'2® per millimeter? of tissue (dpm/mm?) was
estimated. Total binding to AT1 and AT2 receptors was
calculated by subtraction of non-specific binding.3?

Protocol 2: Retinopathy of Prematurity (ROP)
Study

SD rats were randomly divided into shams, ROP, or ROP
rats treated with the AT2-RB, PD123319 (Sigma Chemical
Co., St. Louis, MO, USA, 5 mg/kg/day). As previously
described,” sham rats were newborn pups housed in
room air for 18 days and administered vehicle from post-
natal days 11 to 18. ROP rats were newborn pups housed
in sealed chambers containing 80 = 2% O, and 2% CO,
from postnatal days O to 11 (hyperoxic period). Pups
were then placed in room air for 7 days (retinal angio-
genesis period) and received vehicle. Each day in the
chamber, pups were removed and placed in room air for
3 hours. Treated ROP rats received PD123319 during the
retinal angiogenesis period, postnatal days 11 to 18.
Mini-osmotic pumps (Alzet model 2004, Alza Corpora-
tion, Palo Alto, CA, USA) were used to deliver vehicle or
the AT2-RB, and were surgically inserted into the abdom-
inal cavity of 11-day-old pups during brief anesthesia
with enflurane (Ethrane, Abbott Laboratories, WA, Aus-
tralia). The insertion wound was then closed with a small
stitch. The mini-osmotic pump delivers agents at a dose
of 0.25 ul/hr (Alzet model 2004, Alza). The chosen dose
of PD123319 was based on previous autoradiographic
studies by our group that have shown PD123319 to block
the AT2 receptor in blood vessels and kidney.'®32 At
postnatal day 18, animals were anesthetized with pento-
barbital sodium and eyes collected. Six to eight rats per
group were studied.

Histology of the ROP Study

One eye from each animal was removed and fixed for 3
hours in Bouin’s fixative. Eyes were processed in graded
alcohols, embedded in paraffin wax and then serially
sectioned at 3 um, 90° to the optic nerve. Every 10th
section was deparaffinized and stained with Mayer’s he-
matoxylin (5 minutes) and eosin (5 minutes) (Amber Sci-
entific Laboratories, Belmont, Australia).”

Quantitation of Blood Vessel Profiles in the Inner
Retina of ROP Rats

Three paraffin sections were randomly chosen from one
eye from each animal and stained with hematoxylin and
eosin. Using an established technique,” blood vessel
profiles (BVPs) were counted in the inner retina and in-
cluded vessels adherent to the inner limiting membrane
(ILM). The inner retina comprised the ILM, ganglion cell
layer (GCL), and inner plexiform layer (IPL). A BVP is
defined as an endothelial cell or a blood vessel with a
lumen. Briefly, the entire inner retina was sampled using
a non-biased stereological test frame. The method in-
volves projecting images of retina onto a computer
screen via a close-circuit camera. A stereological test
grid measuring 150 X 150 mm and divided into 16 unit
areas is then superimposed onto each image and an
automated stage used to advance across the entire ret-
ina by means of an unbiased counting frame. Approxi-



mately 500 unit areas are counted per retina. The results
are expressed as BVPs per high-powered field of inner
retina which represents BVPs/stereological test grid. The
method is performed by two investigators masked to the
experimental groups.

Reverse Transcription-Polymerase Chain
Reaction

Following anesthesia, one eye was removed and the
retina dissected and snap-frozen in liquid nitrogen. Three
micrograms of total RNA was extracted from each retina
using the Qiagen Rneasy Mini kit (Qiagen, Valencia, CA,
USA) and then synthesized to cDNA using the Super-
script First-Strand Synthesis system for RT-PCR (Gibco
BRL, Grand Island, NY, USA). VEGF, VEGF-R2, Ang1,
Ang2, Tie2, renin, AT1, and AT2 gene expression were
analyzed by real-time quantitative RT-PCR performed
with the TagMan system based on real-time detection of
accumulated fluorescence (ABI Prism 7700, Perkin-Elmer
Inc, Foster City, CA, USA), as previously described.®®
Primers and Tagman probes for VEGF, VEGF-R2, Angf1,
Ang?2, Tie2, and the endogenous reference 18S rRNA
were constructed with the help of Primer Express (ABI Prism
7700, Perkin-Elmer). For amplification of the VEGF cDNA,
the forward primer was 5'GCGGGCTGCTGCAATG-3" and
the reverse primer was 5’ TGCAACGCGAGTCTGTGTTT-3".
The probe specific for VEGF was FAM-5'-TGCCC-
ACGTCGGAGAGCAACGT-3'-TAMRA;FAM = 6-carboxy-
fluorescein, TAMRA (quencher) = 6-carboxy-tetramethyl-
rhodamine. For the VEGF-R2 cDNA, the forward primer was
5" CCACTTCTGTCTTGCCACACA 3’ and the reverse
primer was 5" CCAACCAATTAAGACCTTCTG 3'. The
probe specific to VEGF-R2 was FAM-5'—CCCTCCCCAGT-
GCTCAGTATTTTAGCTTTG-3'-TAMRA. The forward primer
for Ang1 was 5 AGATACAACAGAATGCGGTTCAAA 3’
and the reverse primer was 5’ TGAGACAAGAGGCTGGTTC-
CTAT 3'. The specific probe for Ang1 was FAM-5'—CCA-
CACGGCCACCATGCTGG-3'-TAMRA. The forward primer
for Ang2 cDNA was 5" GCTGGGCAACGAGTTTGTCT 3" and
the reverse primer was 5 CAGTCCTTCAGCTGGATCTTCA
3. The probe for Ang2 was FAM-5'—-CTGACCAGT-
GGGCATCGCTACGTG-3'-TAMRA. The forward primer for
the Tie2 receptor was 5 CTGAGAACAACATAGGATC-
AAGCAA 3’ and the reverse primer was 5’ TTTCCCCCTC-
CAAGGTCTTT 3'. The probe for the Tie2 receptor was
FAM-5"—CCCAAGAAATTAGGACACTTCCAGCCCC-3'-
TAMRA. The forward renin primer was 5" AACATTAC-
CAGGGCAACTTTCACT 3’ and the reverse 5° ACCCCCT-
TCATGGTGATCTG 3. The specific probe for renin was
FAM-5'-TGAGCATCAGCAAGGCCGGCT-3'-TAMRA. The
probes and primers for both the AT1 and AT2 receptors
are as previously described.®® The amplification was per-
formed with the following time course: 50°C, 2 minutes
and 10 minutes at 95°C; and 40 cycles of 94°C, 20
seconds, 60°C, 1 minute. Each sample was tested in
triplicate. Results were expressed as relative to control
retinas, which were arbitrarily assigned a value of 1.
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In Situ Hybridization for VEGF and VEGF-R2 in
ROP Rats

Riboprobes were synthesized from cDNAs encoding
mouse VEGF and VEGF-R2 (Dr. S. Stacker, Ludwig Insti-
tute, Parkville, Australia).?® Three-um paraffin sections of
eye were incubated with antisense and sense VEGF and
VEGF-R2 probes and gene expression quanitifed in the
inner retina (ILM, GCL, and IPL) as previously de-
scribed.®®

AT1 and AT2 Receptor Immunohistochemistry
in ROP Rats

Three-um paraffin sections of eye were incubated with
either a polyclonal antibody to the AT1 (sc 1173, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or AT2 recep-
tor (sc 9040). Positive controls were sections of rat kidney
and adrenal, while negative controls were sections of eye
incubated with 0.1mol/L phosphate-buffered saline in-
stead of the primary antibody. The avidin-biotin peroxi-
dase technique was performed and localization of the
AT1 and AT2 receptors was revealed with diaminoben-
zoic acid (Sigma). Sections were counterstained with
Mayer’'s hematoxylin.

Statistics

Data were analyzed using Statview for Windows (version
5.0.1, SAS Institute Inc., Cary, NC, USA). A two-way
AVOVA with Fisher’s post-hoc comparison was applied,
with P < 0.05 considered statistically significant.

Results

Autoradiographic Binding for AT1 and AT2
Receptors in the Developing and Adult Rat
Retina

In the retina of SD rats, binding for both AT1 and AT2
receptors was present from postnatal days 1 to 90 (Fig-
ure 1). AT2 receptor binding sites were more abundant
than AT1 at postnatal days 1, 14 and 21 (Figure 1). In
adult rats, at postnatal day 90, AT2 and AT1 receptors
were in similar amounts due to the reduced abundance of
AT2 receptors and increased abundance of AT1 recep-
tors compared to the developing retina (Figure 1).

Quantitation of Blood Vessel Profiles in the Inner
Retina of ROP Rats

In sham rats, the vasculature of the inner retina appeared
normal (Figure 2,A and D). In ROP rats, clusters of blood
vessels were adherent to the ILM and numerous blood
vessels were observed in the inner retina (Figure 2, B and
D). In ROP rats treated with PD123319, fewer blood ves-
sels were attached to the ILM and observed in the inner
retina (Figure 2, C and D).
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Figure 1. Autoradiographic analysis of AT1 and AT2 receptor binding sites in
the retina of neonatal and adult Sprague Dawley rats. Values are mean *
SEM. N = 6 rats per group. dpm/mm?, represents the disintegration per
minute of I'* per millimeter? of tissue. *, P < 0.05 compared to AT1 receptor
binding at a particular time point; f, P < 0.05 compared to AT1 receptor
binding at postnatal day 1; 7, P < 0.05 compared to AT2 receptor binding at
postnatal days 1, 14, and 21.
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Gene Expression for VEGF, VEGF-R2, Ang1,
Ang2, and Tie2 in ROP Rats

Real-time PCR revealed that VEGF, VEGF-R2, Angf,
Ang?2, and Tie2 mRNA were present in sham retina (Fig-
ure 3). ROP was associated with an increase in VEGF,
VEGF-R2, Ang2, and Tie2 mRNA, whereas Angl1 was
unchanged compared to sham rats. PD123319 treatment
to ROP rats attenuated the rise in VEGF, VEGF-R2, and
Ang2 but had no effect on Tie2 mRNA. In ROP rats,
PD123319 did not alter Ang1 gene expression (Figure 3).

In Situ Hybridization for VEGF and VEGF-R2 in
ROP Rats

In sham rats, VEGF and VEGF-R2 mRNA were detected
in the GCL, weakly on blood vessels and in the inner
nuclear layer and retinal pigment epithelium (Figure 4,A

and a and Figure 5). In ROP rats, VEGF and VEGF-R2
mRNA were increased compared to sham rats in the

vitreous

10 4

ROP ROP +
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Figure 2. A—C: Three-um paraftin sections of inner retina from Sprague Dawley rats following retinopathy of prematurity (ROP) and AT2 receptor blockade. Stain,
hematoxylin and eosin. ILM, inner limiting membrane; GCL, ganglion cell layer; IPL, inner plexiform layer. Magnification, X400. Bar, 30 um. A: ROP sham. B:
ROP. C: ROP + PD123319. Arrows denote blood vessels in the inner retina. D: Quantitation of blood vessel profiles (BVPs) per high-powered field of inner retina
(BVPs/stereological test grid). Values are mean = SEM. N = 6 to 8 rats per group. *, P < 0.001 compared to sham; *, P < 0.01 compared to ROP.
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Figure 3. Real-time PCR showing gene expression for VEGF, VEGF-R2,
Angl, Ang2, and Tie2 in retina from Sprague Dawley rats following retinop-
athy of prematurity (ROP) and AT2 receptor blockade. Values are mean =
SEM. N = 6 to 8 rats per group. *, P < 0.01 compared to sham and ROP +
PD123319; %, P < 0.05 compared to sham and ROP+PD123319; T, P < 0.05
compared to sham.

GCL, blood vessels, INL, and RPE (Figure 4, B and b and
Figure 5). In ROP rats treated with PD123319 (Figure 4, C
and ¢ and Figure 5) both VEGF and VEGF-R2 gene expres-
sion in the inner retina were reduced to the level of sham
rats. In all animals, hybridization signal for VEGF and
VEGF-R2 was not observed in the outer nuclear layer.

Gene Expression for RAS Components in
ROP Rats

Real-time PCR revealed that renin and AT1 and AT2
receptor mRNA were detected in sham retina and in-
creased with ROP (Figure 6). In ROP rats treated with the
AT2 receptor blocker, PD123319, renin gene expression
and AT1 and AT2 receptor mRNA were unchanged com-
pared to ROP rats (Figure 6).

Immunohistochemistry for ATT and AT2
Receptors in ROP Rats

In shams, ROP and ROP + PD123319, immunolabeling
for both the AT1 and AT2 receptors was observed in
blood vessels, ILM, and the cytoplasm of cells in the inner
nuclear layer (INL)(Figure 7). Sections incubated with
phosphate-buffered saline instead of the primary anti-
bodies showed no specific immunolabeling (Figure 7).
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VEGF-R2

VEGF

Figure 4. Dark field sections showing VEGF (A—C) and VEGF-R2 (a—c) gene
expression in retina from 18-day-old Sprague Dawley rats following retinop-
athy of prematurity (ROP) and AT2 receptor blockade. Stain, hematoxylin
and eosin. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.
Magnification, X180. Bar, 55 um. Weak hybridization signal is observed in
the GCL, blood vessels, TPL, and INL of sham animals (A and a). Hybridiza-
tion signal for both VEGF and VEGFR-2 is increased in the GCL, blood
vessels, IPL, and INL with ROP (B and b) and reduced in ROP rats with the
AT2-RB, PD123319 (C and ©). In all sections, specific hybridization signal is
not observed in the ONL. Arrow denotes hybridization signal on blood
vessels. Double arrows denote blood vessels with minimal or no hybrid-
ization signal.

There were no apparent changes in the intensity or dis-
tribution of immunolabeling for the AT1 and AT2 recep-
tors among the three groups.

Discussion

This study demonstrates that retinal angiogenesis in a rat
model of ROP is associated with up-regulation of the
RAS, namely AT1 and AT2 receptors, and renin gene
expression which is accompanied by an increase in two
pathways that are involved in endothelial cell growth,
VEGF and angiopoietin. The novelty of the study is that
AT2-RB reduces retinal angiogenesis with a concomitant
reduction in the expression of VEGF, VEGF-R2, and
Ang?2. Furthermore, our findings are consistent with an
angiogenic role for angiopoietin2 (Ang2) in the in vivo
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Figure 5. Optical density of VEGF (A) and VEGF-R2 (B) mRNA in Sprague
Dawley rats following retinopathy of prematurity (ROP) and AT2 receptor
blockade. Values are mean = SEM. N = 6 to 8 rats per group. *, P < 0.05
compared to all groups, *, P < 0.05 compared to sham.

environment of high VEGF in the hypoxic retina. Overall,
these findings demonstrate an important interaction be-
tween the RAS and these angiogenic cytokines and their
receptors in mediating retinal angiogenesis.
Angiotensin Il (ANG Il) has pro-angiogenic effects in
various situations such as sponge implant models of
angiogenesis,®* chick chorioallantoic membrane,®® rat
cremaster muscle,'® rat carotid artery,3® and cornea.®”
There is evidence that the AT1 receptor mediates the
proliferative effects of ANG 117938 however, the role of
the AT2 receptor in these processes is less well under-
stood with reports of pro-, anti-, and no effects on cell
growth and angiogenesis.® 47293949 |n the present
study, we found gene expression for the AT2 receptor to
be up-regulated in ROP and AT2-RB to attenuate retinal
angiogenesis, indicating that the AT2 receptor promotes
retinal endothelial cell growth. AT1 receptor mRNA is also
increased in ROP and this finding, together with our
previous report that AT1-RB reduces retinal angiogenesis
in ROP,” is consistent with AT1 and AT2 receptors having
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Figure 6. Real-time PCR for renin and AT1 and AT2 receptors in retina from
18-day-old Sprague Dawley rats following retinopathy of prematurity (ROP)
and AT2 receptor blockade. Values are mean = SEM. N = 6 to 8 rats per
group. *, P < 0.05 compared to sham.

similar pro-angiogenic roles in ROP. A trophic action for
both the AT1 and AT2 receptors in the retina is consistent
with reports that AT1-RB and AT2-RB are anti-prolifera-
tive in proximal tubules,'® the mesenteric arterial tree,®?
and mouse spleen lymphocytes.*' There is also evidence
that the AT2 receptor promotes cell growth and inflam-
mation in vascular smooth muscle cells, rat embryo, and
cultured cells.’® 742 Previous studies by our laboratory
have reported combined AT1-RB and AT2-RB to be more
effective than monotherapy in attenuating cell prolifera-
tion and tissue injury in an experimental model of renal
disease.®® In view of the present findings, this approach
is worth considering in terms of potential therapeutic
strategies for the treatment of retinal angiogenesis in ROP
and proliferative diabetic retinopathy. However, there is
evidence that the AT2 receptor constrains the pro-growth



Figure 7.Immunolabeling for AT1 and AT2 receptors in the retina of
Sprague Dawley rats following retinopathy of prematurity and treated with
AT2 receptor blockade. Counterstain, hematoxylin. ILM, inner limiting mem-
brane; IPL, inner plexiform layer; INL, inner nuclear layer. Magnification,
X320. Bar, 25 um. A: AT1 receptor. B: AT2 receptor. C: Negative control.
Arrows denote labeling on blood vessels. Asterisks denotes labeling in the
cytoplasm of cells in the INL.

effects of the AT1 receptor in various tissues'*18:19:43

and therefore it is possible that the influence of AT2
receptors on cell growth is tissue and injury specific.
Our previous study in a rat model of ROP” and a report
by Lonchampt et al*® in mice with ROP, have shown that
administration of AT1-RB into either the peritoneum or
subcutaneously, reduced retinal neovascularization. In
the present study, AT2-RB also attenuated retinal neo-
vascularization in rats with ROP, however this was not
observed in the study by Lonchampt and colleagues.*©
One explanation for the differences between the two
studies may relate to the mode of administration of the
AT2-RB, PD123319. We administered PD123319 by mini-
osmotic pump to ensure continuous infusion of the AT2-
RB. Our group has previously reported that PD123319
requires continuous administration to effectively block the
AT2 receptor in blood vessels and kidney using in vitro
and in vivo autoradiography techniques.'®*? By contrast,
the daily administration of a single subcutaneous dose of
PD123319 by Lonchampt and colleagues*® which failed
to confer retinal protection was not clearly demonstrated
by that group to block the AT2 receptor in vivo. However,
it must be acknowledged that the abundance of AT1 and
AT2 receptors in the mouse and rat retina may also
account for the discrepancies between the studies. We
found AT2 receptor binding to be generally higher than
AT1 during postnatal development of the rat retina, and
both receptors to be in similar amounts in adult rats. To
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our knowledge, the abundance of AT1 and AT2 receptors
in retina has not previously been evaluated, although
there are reports that both receptors are expressed in the
developing and adult rat retina.***> The abundance of
AT2 receptors in the rat retina may explain our findings of
an anti-angiogenic response with PD123319 in ROP, and
are in accordance with the view that the AT2 receptor is
highly expressed in fetal tissues to influence cell differ-
entiation and growth.2"4®

The cellular distribution of the AT2 receptor in the
retina is also important when evaluating the growth ef-
fects of this receptor. A previous in vitro study has re-
ported PD123319 to not attenuate ANG Il-stimulated ret-
inal pericyte migration.' In the present study, we found
in both sham and untreated ROP rats, that both AT1 and
AT2 receptors were localized not only to blood vessels
but also to the ILM and nuclei in the INL, which presum-
ably represent macroglial Muller cells. Importantly, Muller
cells are associated with retinal blood vessels*” and are
sites of VEGF and VEGF-R2 expression.”?%48 |t is there-
fore possible that ANG Il via the AT2 receptor may influ-
ence retinal angiogenesis via a paracrine effect on VEGF
in certain cells that support the retinal microvasculature.

Itis clear that ANG Il up-regulates VEGF gene expres-
sion in a variety of cell types including retinal endothelial
cells.'4975" |n terms of angiogenesis, studies using
blockade of the RAS in cancer and experimental models
of angiogenesis have highlighted this interaction.®52 Sim-
ilar findings have been reported in ocular tissues includ-
ing bovine retinal endothelial cells (BREC)'" and strep-
tozotocin diabetes.?® Of interest is our finding in ROP”
where we reported that ACE inhibition but not AT1-RB
attenuated the rise in VEGF and VEGF-R2 gene expres-
sion. These findings together with those of the present
study, which clearly demonstrate a reduction in VEGF
and VEGF-R2 mRNA with AT2-RB, highlight for the first
time a previously unrecognized interaction between the
AT2 receptor and the VEGF/VEGF-R2 system in the isch-
emic-induced angiogenesis of ROP.

In vitro studies indicate that in cooperaton with VEGF,
Ang1 can potentiate vascular maturation, whereas Ang2
initiates extensive angiogenesis.?® In agreement is a re-
cent in vivo study using the pupillary membrane, a tran-
sient ocular microvessel network, which shows that fol-
lowing VEGF inhibition, Ang2 promotes endothelial cell
death and blood vessel regression.®® This concept can
be extended to the retina, as Ang2-deficient mice have
abnormal vascular development, and following ROP ex-
hibit no retinal neovascularization.®* Furthermore, inhibi-
tion of the Tie2 receptor with adenovirus-mediated gene
delivery also attenuates angiogenesis in mouse models
of ROP and choroidal neovascularization.®® The findings
of the present study support an angiogenic role for Ang2
and Tie2 as both were increased with ROP in the setting
of elevated VEGF, whereas Ang1 mRNA remained un-
changed. In ROP, the stimulus for up-regulation of VEGF
is tissue hypoxia,”?548 which may also be the case for
Ang2 and Tie2 as initially observed in rat glioma cells and
BRECs.*®*7 In contrast to Ang2, Ang1’s role in retinal
angiogenesis may be protective. A recent study has in-
dicated that intravitreal administration of Ang1 to newly
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diabetic rats normalizes retinal VEGF and intercellular
adhesion molecule-1 mRNA and protein levels, and re-
duces leukocyte adhesion and breakdown of the blood
retinal barrier.5®

There is evidence of a potential interaction between
the RAS and VEGF/VEGF-R2 and angiopoietin-Tie2. In
BRECs and a rat model of choroidal neovascularization,
the pro-angiogenic effects of ANG Il involve up-regula-
tion of Ang2 but not Ang1 in a dose- and time-dependent
manner.3° Although retinal ANG Il was not measured in
the present study, the rise in Ang2 mRNA with ROP was
accompanied by an increase in renin mRNA, and we
have previously reported activation of prorenin in ROP
rats.” Since renin is a major rate-limiting step in the RAS,
this would be expected to lead to an increase in the local
production of ANG II. These findings together with a
reduction in Ang2 mRNA following AT2-RB indicate an
interaction between the retinal RAS and Ang2-Tie2 sys-
tems in promoting retinal angiogenesis. Previous studies
in BRECs®° and cultured cardiac cells®' are in agreement
with an interaction between the RAS and angiopoietins,
with AT1-RB reducing Ang2 mRNA. Whether ANG Il mod-
ulates the gene expression of Tie2 in retinal cells is not
known, however in cultured cardiac endothelial cells,
ANG Il was reported to have no effect on Tie2 mRNA 2!
Similarly, in the present study, AT2-RB did not influence
the gene expression of Tie2.

In context of previous studies linking components of
the RAS to retinal disease, the present study extends our
understanding of this issue by demonstrating not only the
presence of the AT2 receptor in the retina which appears
to be up-regulated in the ROP model but also demon-
strates that blockade of this receptor subtype is anti-
angiogenic. The findings linking retinal vascular protec-
tion to changes in VEGF and angiopoietin-dependent
pathways highlights the potential impact of the interaction
between the RAS and angiogenic cytokines and their
receptors in retinal angiogenesis.
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