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The Renin-Angiotensin System Influences Ocular
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Neovascularization in the retina and iris of diabetic
patients is a major cause of severe visual loss. How-
ever, study of these lesions is compromised by the
lack of a comparable diabetic rodent model. Because
the vasoactive and angiogenic agent, angiotensin II, is
involved in diabetic microvascular disease, we aimed
to determine whether endothelial cell proliferation
could be induced in the retinae and irides of hyper-
tensive transgenic (mRen-2)27 rats that display an
enhanced extra-renal renin-angiotensin system
(RAS), including the eye. Six-week-old Ren-2, sponta-
neously hypertensive, and Sprague-Dawley rats re-
ceived either streptozotocin or control vehicle and
were studied for 36 weeks. Additional nondiabetic
and diabetic Ren-2 rats were treated throughout with
the angiotensin-converting enzyme inhibitor lisino-
pril (LIS) (10 mg/kg/day in drinking water). Endothe-
lial cell proliferation was only observed in retinae
and irides of diabetic Ren-2 rats and was reduced with
LIS. In diabetic Ren-2, vascular endothelial growth
factor (VEGF) and VEGFR-2 mRNA were increased in
retinae and irides and reduced with LIS. Diabetes ac-
tivated ocular renin in Ren-2 but not Sprague-Dawley
rats. The diabetic Ren-2 rat is a model of intraocular
endothelial cell proliferation that can be attenuated
by RAS blockade via VEGF-dependent pathways. RAS
blockade is a potential treatment for vision-threaten-
ing diabetic microvascular complications. (Am J
Pathol 2003, 162:151-160)

Longstanding diabetes mellitus is associated with alter-
ations to the retinal and iris vasculature that eventually
may progress to neovascularization, the hallmark feature
of proliferative diabetic retinopathy (PDR), and rubeosis

iridis.’ These intraocular lesions are a major cause of
visual loss in the Western world, and can progress de-
spite advances in laser photocoagulation and vitrectomy
and medical approaches including intensified glycemic
control."?

Recent studies have highlighted the importance of
hypertension and the renin-angiotensin system (RAS) in
the pathogenesis of diabetic ocular microvascular com-
plications.>® There is also evidence that angiotensin I
(Ang II), in addition to its vasoactive effects, is a proan-
giogenic cytokine that is synthesized within the eye.®
Importantly, a therapeutic role for blockade of the RAS
has been suggested in the EUCLID study (EURODIAB
Controlled Trial of Lisinopril in Insulin-Dependent Diabe-
tes Mellitus), in which the angiotensin-converting enzyme
(ACE) inhibitor lisinopril (LIS) slowed the progression of
retinopathy including the development of PDR in diabetic
patients.'®

It is well documented that the potent angiogenic and
permeability factor, vascular endothelial growth factor
(VEGF), has a pivotal role in the development of retinal
and iris neovascularization in diabetes.'? Of interest
are recent reports that VEGF and Ang Il interact to elicit
an angiogenic response in the eye.'® ' However, inves-
tigation into the role of hypertension, Ang Il, VEGF, and
other pathogenetic factors in PDR and rubeosis iridis is to
a large extent compromised by the absence of diabetic
rodent models that progress to retinal and iris neovascu-
larization.'® The reasons for rodent resistance to the de-
velopment of diabetic ocular neovascularization is un-
known, but could relate to the duration of diabetes and
the absence of systemic hypertension, two major factors
linked to the development of retinopathy.>=° With this in
mind, the transgenic Ren-2 rat, which is both hyperten-
sive and exhibits enhanced extra-renal renin and angio-
tensin was investigated.’” We have previously reported
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the Ren-2 rat to develop advanced diabetic renal disease
after 3 months of streptozotocin (STZ) diabetes and the
rat has many similarities to human diabetic nephropathy
including renal impairment and advanced glomeruloscle-
rosis and tubulointerstitial injury.'®2°

In the present study, we examined the possibility that
intraocular endothelial cell proliferation may occur in the
transgenic Ren-2 rat after a longer duration of diabetes
and whether the lesion is associated with up-regulation of
ocular VEGF and its second receptor, VEGFR-2. The
effect of ACE inhibition on endothelial cell proliferation in
the transgenic Ren-2 rat was also examined. To distin-
guish between the effects of the local RAS and systemic
hypertension in the pathogenesis of the ocular lesion in
the diabetic transgenic Ren-2 rat, comparisons were
made with two strains of age-matched diabetic rats. The
Sprague-Dawley (SD) rat is normotensive and exhibits a
suppressed tissue RAS, whereas the spontaneously hy-
pertensive rat (SHR) has elevated blood pressure and
low tissue renin, 82"

Materials and Methods

Animals

Six-week-old female SD, SHR, and heterozygous Ren-2
rats were randomized to receive either 55 mg/kg of STZ
(diabetic; Sigma, St. Louis, MO) diluted in 0.1 mol/L of
citrate buffer, pH 4.5, or citrate buffer alone (nondiabetic)
by tail vein injection after an overnight fast. Two days after
STZ or control vehicle a separate group of nondiabetic
and diabetic Ren-2 rats were administered the ACE in-
hibitor LIS (10 mg/kg/day in drinking water), and this
treatment continued throughout the study. All rats were
studied for 36 weeks. Six to eight animals per group were
examined.

All rats were housed in a stable environment (main-
tained at 20 = 2°C with a 12 hour light-dark cycle) and
allowed free access to tap water and standard rat chow
(GR2; Clark-King and Co., NSW, Australia). Each week,
rats were weighed and blood glucose (nondiabetic, 4 to
8 mmol/L; diabetic, 18 to 27 mmol/L) estimated using an
Accutrend « glucometer (Mannheim Boehringer, NSW,
Australia). Diabetic animals received a daily injection of
insulin (4 to 8 U i.p.; Ultratard, Novo Nordisk, Bagsraerd,
Denmark) to promote weight gain and prevent ketonuria.
Glycated hemoglobin (HbA,.) was measured by an au-
tomated high-performance liquid chromatography tech-
nique (Biorad Diamat, Richmond, CA) as previously de-
scribed.?? Every 2 weeks, systolic blood pressure was
recorded in prewarmed conscious rats by tail cuff pleth-
ysmography.®® Arterial pressure changes detected by
a Pneumatic Pulse Transducer PE-300 (Narco Biosys-
tems Inc., Houston, TX) were recorded using a Chart
program (version 3.5) on a Maclab/2E System (AD Instru-
ments Pty. Ltd., Castle Hill, NSW, Australia). Systolic
blood pressure was taken at the same time of the day
(1400 to 1700 hours) to minimize circadian influences (5
to 6 hours after treatment administration) from an average
of at least three consecutive measurements to reduce

variability.?® All experimental procedures adhered to the
guidelines of the National Health and Medical Research
Council of Australia’'s Code for the Care and Use of
Animals for Scientific Purposes and were approved by
the Bioethics Committee of the University of Melbourne.

Histology

All rats were anesthetized with pentobarbital sodium
(Nembutal, 50 mg/kg body wt i.p.; Boehringer Ingelheim,
Australia) and perfused via the abdominal aorta with 0.1
mol/L of phosphate-buffered saline (PBS) (~150 ml, pH
7.4, 180 to 220 mmHg) for 1 to 2 minutes to remove
circulating blood. The eyes and kidneys were removed
and immersion-fixed overnight in Bouins (BDH Labora-
tory Supplies, Poole, UK). After routine processing
through graded alcohols and histolene, tissues were em-
bedded in paraffin. Eyes and kidneys were serially sec-
tioned at 3 wm, mounted on 1% gelatin-coated glass
slides and stained with hematoxylin and eosin (H&E) for
histopathological examination.

Immunohistochemistry for Endothelial Cell
Proliferation in Retina and Iris

Six to eight pairs of adjacent sections were randomly
selected from one eye per animal. Paraffin wax was re-
moved from the tissue sections by immersion in histolene
(Australia Biostain Pty. Ltd., Victoria, Australia), rehy-
drated in graded ethanols, and briefly washed in running
tap water. Sections were then incubated for 10 minutes
with normal goat serum diluted 1:10 with 0.1 mol/L of PBS
at pH 7.4. In each pair, one section was labeled with a
monoclonal antibody to proliferating cell nuclear antigen
(PCNA) (Sigma Aldrich, Pty. Ltd., Castle Hill, NSW, Aus-
tralia) while the consecutive section was labeled with the
endothelial cell marker Banderia simplicifolia isolectin
(Australian Laboratory Services, Sydney, NSW, Australia).

For PCNA labeling, sections were incubated with 1:75
of PCNA diluted in 0.1 mol/L of PBS at pH 7.4 for 2 hours
at room temperature. Sections were washed thoroughly
with PBS (8 X 5-minute changes), flooded with hydrogen
peroxide diluted 1:5 with methanol for 10 minutes, rinsed
with PBS (1 X 5 minutes), and then incubated with bio-
tinylated goat anti-mouse 1gG (Dakopatts, Glostrup, Den-
mark) diluted 1:200 with PBS for 1 hour. Sections were
then rinsed with PBS (1 X 5 minutes) and incubated with
the avidin-biotin-peroxidase complex (Vector, Burlin-
game, CA) diluted 1:200 with PBS for 1 hour at room
temperature. After rinsing with PBS (1 X 5 minutes),
sections were incubated with 0.05% diaminobenzidine
and 0.05% hydrogen peroxide (Pierce, Rockford, IL) in
PBS at pH 7.6 for 10 minutes, rinsed in tap water, coun-
terstained in Mayer’s hematoxylin, differentiated in Scott’s
tap water, dehydrated, and mounted in Depex.

For isolectin labeling, sections were incubated with
1:90 isolectin diluted in 0.1 mol/L of PBS at pH 7.4 for 3
hours at room temperature. Sections were washed thor-
oughly with PBS (8 X 5-minute changes), flooded with
hydrogen peroxide diluted 1:4 with methanol for 10 min-



utes, and rinsed with PBS (3 X 5 minutes). Sections were
then incubated with the avidin-biotin-peroxidase complex
(Vector) diluted 1:200 with PBS for 1 hour at room tem-
perature. After rinsing with PBS (5 minutes), sections
were incubated with 0.05% diaminobenzidine and 0.05%
hydrogen peroxide (Pierce) in PBS at pH 7.6 for 1 to 15
minutes, rinsed in tap water, counterstained in Mayer’s
hematoxylin, differentiated in Scott's tap water, dehy-
drated, and mounted in Depex. In each experiment a
negative control was established by incubating sections
with 1:10 normal goat serum in place of the primary
antiserum.

Analysis of Endothelial Cell Proliferation

Adjacent sections of eye stained with PCNA or isolectin
were photographed using a Fujix HC-2000 photomicro-
scope (Fuji, Tokyo, Japan) and images projected on
adjacent computer monitors. Matching retinal or iris fields
were identified in both sections. The number of prolifer-
ating endothelial cells in the inner retina (inner limiting
membrane, ganglion cell layer, and inner plexiform layer)
or the iris were counted by identifying a PCNA-stained
cell and classifying it as an endothelial cell on the adja-
cent isolectin-labeled section. Three fields of inner retina
or iris were viewed per section and six to eight pairs of
sections per eye analyzed. Six to eight animals in each
group were studied.

In Situ Hybridization for VEGF and VEGFR-2

Riboprobes were synthesized from cDNAs encoding
mouse VEGF and VEGFR-2 (Dr. S. Stacker, Ludwig Insti-
tute, Parkville, Australia).®* The cDNAs were cloned into
pGEM 47 (Promega, Madison, WI) and linearized with
Hindlll to produce anti-sense probes using SP6 RNA
polymerase (Promega). Three-um paraffin sections of
eye premounted on 1% 3-aminopropyltriethoxysilane-
coated slides were dewaxed, rehydrated in graded eth-
anol and milliQ water, equilibrated in P buffer [50 mmol/L
Tris-HCI, pH 7.5, 5 nmol/L ethylenediaminetetraacetic
acid (EDTA)], and incubated in 125 ug/ml of Pronase E
(Bio Scientific, NSW, Australia) in P buffer for 10 minutes
at 37°C. Sections were then washed in 0.1 mol/L of so-
dium phosphate buffer (pH 7.2), briefly refixed in 4%
paraformaldehyde (Crown Scientific Pty. Ltd., Victoria,
Australia) for 10 minutes, rinsed in milliQ water, dehy-
drated in 70% ethanol, and air-dried. Hybridization buffer
containing 2 X 10* cpm/ul riboprobe in 300 mmol/L
NaCl, 10 mmol/L Tris-HCI (pH 7.5), 10 mmol/L Na,HPO,,
5 mmol/L EDTA (pH 8.0), 1Xx Denhardt’s solution, 50%
formamide, 17 mg/ml yeast RNA, and 10% w/v dextran
sulfate was heated to 85°C for 5 minutes, and 25 ul of this
solution was then added to each section. Hybridization
was performed overnight at 60°C in 50% formamide-
humidified chambers. Sections hybridized with sense
probes for VEGF and VEGFR-2 were used as controls for
nonspecific binding. After hybridization, slides were
washed in 2X standard saline citrate containing 50%
formamide prewarmed to 50°C to remove coverslips.
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Sections were then washed in the above-described so-
lution for 1 hour at 55°C, rinsed three more times in
RNase buffer (10 mmol/L Tris-HCI, pH 7.5, 1 mmol/L
EDTA, pH 8.0, 0.5 mol/L NaCl), and incubated with
RNase A (150 ug/ml) for 1 hour at 37°C. Sections were
later washed in 2X standard saline citrate for 45 minutes
at 55°C, dehydrated in graded ethanol, air-dried, and
exposed to Kodak X-Omat autoradiographic film (East-
man-Kodak, Rochester, NY) for 5 days. Slides were sub-
sequently dipped in lliford LM1 emulsion (llford,
Cheshire, UK), stored in a light-free box with desiccant at
4°C for 4 weeks, immersed in Kodak D19 developer
(Eastman-Kodak), fixed in lliford Hypam (liford), and
stained with H&E.

Quantitative in Situ Hybridization

Dark-field images were captured using light microscopy
and a Fujix HC-2000 digital camera (Fuiji, Tokyo, Japan).
The outline of the inner retina (inner limiting membrane,
ganglion cell layer, and inner plexiform layer) and iris
were defined by interactive tracing. Gene expression was
then quantitatively measured to determine the proportion
of the area occupied by autoradiographic grains as pre-
viously described®* using computerized image analysis
(AIS; Imaging Research, Ontario, Canada). All sections
were hybridized to their respective probes in the same
experiment and analyzed in duplicate (n = 8 sections per
rat, six to eight rats per group).

Ocular Renin Radioimmunoassay

Thirty-six weeks after STZ or control vehicle, a separate
group of nondiabetic and diabetic SD and Ren-2 rats
(n = 6 rats per group) were anesthetized with pentobar-
bital sodium (Nembutal, 50 mg/kg body wt i.p.; Boeh-
ringer Ingelheim, Australia) and perfused via the abdom-
inal aorta with 0.1 mol/L PBS (~150 ml, pH 7.4, 180 to 220
mmHg) for 1 to 2 minutes to remove circulating blood.
The eyes were enucleated and the vitreous removed. For
estimations of total renin, the left eye was placed in 150 ul
of 0.1 ml of PBS at pH 7.4. For estimations of active renin,
the right eye was snap-frozen in 150 ul of 0.1 mol/L PBS
containing 0.1% bovine serum albumin, 0.01% thimer-
osol, and the following protease inhibitors: 7.5 mmol/L
N-ethylmaleimide, 6 mmol/L EDTA-Na,, and 30 mmol/L
benzamidine, pH 7.4. All samples were thawed, homog-
enized, and refrozen twice and assayed for renin by an
enzyme kinetic method with hog renin (National Stan-
dards Laboratory, London, UK) as the reference stan-
dard and 24-hour nephrectomized rat plasma as the
angiotensinogen substrate.®?® Duplicate samples were
incubated for 1 hour at 37°C, pH 7.4, and the renin
present in the samples was estimated by immunoassay
of generated ANG | referenced against the amount of
ANG | generated by 2 X 107° Goldblatt units (GU) of hog
renin. Total renin was assayed using tissue extracted
without inhibitors after activation of prorenin by trypsin
treatment (2 mg/ml for 10 minutes on ice). Prorenin was
derived as total renin minus active renin.
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Table 1. Body Weight and Systolic Blood Pressure of SD
Rats, SHR, and Transgenic (mRen-2)27 Rats, 36
Weeks after STZ Diabetes or Control Vehicle

Body weight,  Systolic blood
g pressure, mmHg

Nondiabetic SD 587.9 = 16.4 129.2 = 12.1
Diabetic SD 291.8 = 13.9* 128.8 = 12.1
Nondiabetic SHR 4115+ 3.3 182.6 + 3.31
Diabetic SHR 380.7 = 6.7* 201.1 = 5.8"
Nondiabetic Ren-2 390.0 =154 1723 +6.0"
Diabetic Ren-2 304.6 = 10.9* 176.3 £ 6.0"
Nondiabetic Ren-2+LIS 350.7 = 8.9 119.2+29
Diabetic Ren-2+LIS 265.0 = 21.1* 1105+ 4.8

Values expressed as means = SEM. n = 6 to 8 rats per group.
*P < 0.001 versus respective nondiabetic control at 36 weeks.
TP < 0.01 versus all SD rats and Ren-2 rats treated with LIS.

Statistical Analysis

Data were analyzed by analysis of variance followed by a
Tukey’s posthoc comparison with P < 0.05 considered
statistically significant. Diabetic and nondiabetic data
within each strain were analyzed with a t-test for individ-
ual samples.

Results

Body Weight, HbA, ., Systolic Blood Pressure,
and Ocular Renin Content

At 36 weeks, all diabetic rats had a lower body weight
than their respective nondiabetic controls (Table 1).
HbA,. levels throughout the experimental period were
consistently higher (P < 0.01) in diabetic Ren-2 rats
compared to nondiabetic Ren-2 rats (8, 16, and 36
weeks, respectively; nondiabetic, 3.3 = 0.1, 3.4 = 0.2,
and 3.3 = 0.2; diabetic, 15.4 + 0.3, 15.8 = 0.4, 1and
5.9 = 0.5). In diabetic Ren-2 rats treated with LIS, HbA,,
levels were similar to untreated diabetic Ren-2 rats (8, 16,
and 36 weeks, respectively, 15.5 = 0.4, 16 = 0.2, 15.8 =
0.3) and higher than nondiabetic Ren-2 rats (P < 0.01).
Throughout the study, SHR and Ren-2 rats had higher
systolic blood pressure than SD rats (Table 1). Diabetes
had no significant effect on systolic blood pressure. Non-
diabetic and diabetic SD rats had similar amounts of
ocular active renin and prorenin (nondiabetic SD: active
renin, 2.3 = 2.0 uGU; prorenin, 0.72 = 0.25 uGU and
diabetic SD: active renin, 5.1 = 2.3 uGU; prorenin, 5.0 *
2.7 uGU). Ocular renin levels were significantly higher in
Ren-2 rats compared with SD rats (P < 0.001) and in
nondiabetic Ren-2 rats active renin and prorenin levels
were similar (nondiabetic Ren-2: active renin, 28.8 + 2.7
uGU; prorenin, 16.6 = 6.0 uGU). In diabetic Ren-2 rats,
ocular renin was mainly in an active form (diabetic Ren-2:
active renin, 25.5 = 9.5 uGU; prorenin, 8.6 * 5.3 uGU;
P < 0.05).

Retinal and Iris Histopathology

Retinal histology appeared similar in all groups (not
shown). In irides of all nondiabetic rats (Figure 1A), the

architecture was similar and consisted of a single layer of
nonpigmented epithelium on which two layers of vessels
were superimposed. Periodically a large dilated vessel
was observed. Fibroblasts were located in the iris stroma.
The irides of diabetic SD and SHR rats (not shown) were
similar to nondiabetic controls. In contrast, the irides of
untreated diabetic Ren-2 rats were thicker and often con-
tained three to four layers of large dilated vessels extend-
ing over the iris surface (Figure 1B). These vessels con-
tained numerous red and white blood cells. These irides
from diabetic Ren-2 rats also had posterior synechiae
(Figure 1C). In diabetic Ren-2 rats treated with LIS, the
iris appeared similar to nondiabetic animals (Figure 1D).

Endothelial Cell Proliferation in Retina and Iris

Representative histological sections showing endothelial
cell proliferation in inner retina and iris are illustrated in
Figure 2 (retina, A to J; iris, K to T). Analysis of endothelial
cell proliferation in inner retina and iris is shown in Figure
3. In nondiabetic SD, SHR, and Ren-2 rats a small num-
ber of proliferating endothelial cells were observed in
blood vessels in the inner retina. LIS reduced the amount
of endothelial cell proliferation in the inner retina of non-
diabetic Ren-2 rats to zero. Diabetes was associated with
an increase in endothelial cell proliferation in blood ves-
sels in the inner retina of Ren-2 rats but not SD or SHR.
Endothelial cell proliferation was observed in the inner
retina of diabetic Ren-2 rats treated with LIS.

Overall, in all rat groups irides contained more prolif-
erating endothelial cells than in the inner retina. In all
nondiabetic animals, endothelial cell proliferation was lo-
calized to blood vessels within the iris stroma. In diabetic
Ren-2 rats, irides appeared thicker and numerous blood
vessels were observed on the iris surface. Increased
endothelial cell proliferation was found in diabetic Ren-2
rat irides compared to all other groups. In diabetic SD
and SHR, the appearance of irides and the amount of
endothelial cell proliferation was unchanged compared
to nondiabetic SD and SHR. LIS reduced the amount of
endothelial cell proliferation in irides of diabetic Ren-2 rats.

In Situ Hybridization for VEGF and VEGFR-2
mRNA

In retinae of all nondiabetic rats, a similar distribution of
labeling for both VEGF (not shown) and VEGFR-2 mRNA
(Figure 4) was evident with hybridization signal in inner
limiting membrane, ganglion cell layer, inner plexiform
layer, and inner nuclear layer (INL). In nondiabetic rats,
the hybridization signal for VEGF and VEGFR-2 mRNA
was most intense in SHR and Ren-2 animals. Diabetes
did not alter the distribution of VEGF and VEGFR-2 mRNA
in retinae, however intensity was increased in the diabetic
Ren-2 rat but not SD and SHR (Figure 4). Both VEGF and
VEGFR-2 mRNA were reduced in the retinae of diabetic
Ren-2 rats treated with LIS (Figure 4).

In irides of all nondiabetic rats, labeling for both VEGF
(Figures 4 and 5) and VEGFR-2 (Figures 4 and 5) was
localized to blood vessels and stromal cells. The intensity
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Figure 1. Histopathology of irides from nondiabetic and diabetic Ren-2 rats. A: Nondiabetic Ren-2 rat iris showing normal distribution and density of iris vessels
(arrow). B: Diabetic Ren-2 rat iris contains numerous dilated vessels (arrow) with red blood cells (asterisk). C: Diabetic Ren-2 rat iris has vessels adhering to
the lens capsule (arrow). D: Diabetic Ren-2 rat treated with LIS showing density and size of iris vessels (arrow) is similar to nondiabetic Ren-2 control. LC, lens

capsule; L, lens. Stain, H&E. Original magnifications, X200.

of VEGF and VEGFR-2 labeling was similar in treated
and untreated nondiabetic SHR and Ren-2, however
VEGFR-2 expression was lower in nondiabetic SD rats.
Diabetes was associated with an increase VEGF and
VEGFR-2 mRNA in irides of SD and particularly untreated
Ren-2 rats (Figures 4 and 5). In SHR irides, diabetes was
associated with an increase in VEGF mRNA but not
VEGFR-2. Overall, VEGF and VEGFR-2 hybridization sig-
nal appeared to be more intense in iris than retina of
diabetic Ren-2 rats. LIS treatment reduced VEGF and
VEGFR-2 mRNA in irides of diabetic Ren-2 rats. In all
groups, diabetes did not alter the distribution of VEGF
and VEGFR-2 mRNA.

Discussion

The present study reports a rodent model of intraocular
endothelial cell proliferation in long-term diabetic trans-
genic Ren-2 rats. Iris neovascularization was confirmed
by the presence of proliferating endothelial cells and
discrete new vessels on the iris surface. Proliferating
endothelial cells in the retina of diabetic Ren-2 rats were
also observed. The pathogenesis of the iris and retinal
lesions in the diabetic Ren-2 rat could not be explained
by systemic hypertension because endothelial cell pro-

liferation did not occur in the diabetic SHR despite similar
levels of blood pressure to the Ren-2 rat. Instead, an
interaction between the local RAS and VEGF is indicated
as evidenced by increased site-specific VEGF and
VEGFR-2 gene expression and a rise in ocular active
renin. This is consistent with previous findings in which
glucose has been shown to sensitize cells to the actions
of Ang Il and VEGF.2® Importantly, in both retina and iris,
the ACE inhibitor LIS reduced endothelial cell prolifera-
tion and VEGF and VEGFR-2 expression, a finding that
has implications for the development of new therapies for
the treatment of PDR and rubeosis iridis.

Investigation into the pathogenetic mechanisms in-
volved in the progression of diabetic ocular microvascu-
lar complications has been hindered by the lack of a
diabetic rodent model that develops PDR and rubeosis
iridis. Although retinal neovascularization is observed in
large animals such as the galactosemic dog, these ex-
periments are not always practical because of the dura-
tion of study (excess of 5 years) and financial and ethical
considerations.?”?® In rodents, diabetes whether in-
duced by chemical, dietary, or genetic means only re-
sults in early retinal pathology such as pericyte loss,
capillary dilatation and leakage, and basement mem-
brane thickening, even after 1 to 2 years of diabetes.?°3°
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Figure 2. Consecutive 3-um paraffin sections of inner retina and iris from nondiabetic and diabetic rats labeled with PCNA or the endothelial cell marker isolectin.
Retina: A and B: Diabetic SD. C and D: Diabetic SHR. E and F: Nondiabetic Ren-2. G and H: Diabetic Ren-2. I and J: Diabetic Ren-2 treated with LIS. Arrows
demonstrate endothelial cells labeled with either PCNA or isolectin. Iris: K and L: Diabetic SD. M and N: Diabetic SHR. O and P: Nondiabetic Ren-2. Q and R:
Diabetic Ren-2. § and T: Diabetic Ren-2 treated with LIS. Arrows demonstrate endothelial cells labeled with either PCNA or isolectin. Only in diabetic Ren-2 inner
retina (G and H) and iris (Q and R) were endothelial cells positive for PCNA. Endothelial cell proliferation in both inner retina (I and J) and iris (S and T) of
diabetic Ren-2 rats was reduced with LIS. Counterstain, H&E. Original magnifications, X500.

With regard to rubeosis iridis, this is rarely observed in
diabetic animals,®' although it does occur after a combi-
nation of vitrectomy, lensectomy, and retinal detachment,
or exposure of the eye to VEGF.*273* |t could be argued
that the endothelial cell proliferation observed in the dia-
betic Ren-2 rat does not represent distinct neovascular-
ization but rather endothelial cell repair in response to
hyperglycemia. This may be true for the retina because
new blood vessels in the inner retina were not observed,
and retinal endothelial cell proliferation was minimal.
However, irides of diabetic Ren-2 rats displayed not only

increased endothelial cell proliferation, but the appear-
ance of vessels on the anterior surface and lens, events
that typify rubeosis iridis and precede neovascular glau-
coma in diabetic patients.

The increased endothelial cell proliferation in the iris
compared to the retina of the diabetic Ren-2 rat is unlike
the sequence of events that occurs in diabetic patients in
which rubeosis iridis occurs after PDR. It is generally
viewed that iris neovascularization develops after the
diffusion of an angiogenic agent, probably VEGF, from
hypoxic areas of retinal tissue through the vitreous to the
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Figure 3. Number of proliferating endothelial cells in the inner retina (A)
and iris (B) of nondiabetic and diabetic SD rats, SHRs, and transgenic
(mRen-2)27 rats. Values expressed as means = SEM; n = 6 to 8 rats per

group. Ren-2, transgenic (mRen-2)27 rat. A: Retina. *, P < 0.001 versus

nondiabetic Ren-2 + LIS. T, P < 0.05 versus all diabetic groups and nondia-
betic Ren-2 + LIS. B: Iris. ¥, P < 0.01 versus all diabetic groups and
nondiabetic Ren-2 + LIS.

iris.®%8 Qur finding that both VEGF and VEGFR-2 gene
expression were increased in the iris of diabetic Ren-2
rats, and higher than retinae from these animals, is con-
sistent with marked local up-regulation of this angiogenic
cytokine inducing blood vessel growth. Previous studies
support this concept, with evidence of local iris VEGF
synthesis and findings in monkeys and diabetic humans
that the severity of iris neovascularization is proportional
to the amount of ocular VEGF."#34

The appearance of ocular complications in humans is
often associated with hypertension, albuminuria, and ne-
phropathy.® In animal models of diabetes, hypertension
may accelerate the development of renal and retinal dis-
ease but not lead to advanced nephropathy or intraocular
neovascularization.?*%” These findings are consistent
with the present study in which the SHR exhibited hyper-
tension comparable to the Ren-2 rat, but did not display
ocular endothelial cell proliferation even after 36 weeks of
diabetes. The difference between the Ren-2 rat and other
rodents is that in this model overexpression of the RAS
occurs in extra-renal tissues including the eye.'”*> We
have previously shown that the STZ diabetic Ren-2 rat
develops a decline in renal function concomitant with
advanced glomerulosclerosis and tubulointerstitial dis-
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Figure 4. Cellular expression of VEGF (open bars) and VEGFR-2 (closed
bars) mRNA in inner retina (A) and iris (B) of nondiabetic and diabetic SD
rats, SHRs, and transgenic (mRen-2)27 rats. Values are represented as
mean * SEM. Ren-2, transgenic (mRen-2)27 rat; ND, nondiabetic; D, dia-
betic. A: Retina. *, P < 0.01 versus all nondiabetic groups labeled for VEGF.
* P < 0.01 versus all nondiabetic groups labeled for VEGFR-2. T, P < 0.001
versus all diabetic groups and nondiabetic Ren-2 groups labeled for VEGF.
P <0.001 versus all diabetic groups and nondiabetic Ren-2 groups labeled
for VEGFR-2. B: Iris. , P < 0.01 versus respective nondiabetic group labeled
for VEGF. ¥, P < 0.01 versus diabetic Ren-2 + LIS labeled for VEGF. *, P <
0.001 versus all nondiabetic groups labeled for VEGFR-2. *, P < 0.05 versus
respective nondiabetic group labeled for VEGFR-2. §, P < 0.05 versus all
diabetic groups labeled for VEGFR-2.

Diabetic

ease that is associated with up-regulation of the site-
specific RAS."™®"° In the present study, ocular levels of
renin were elevated in the Ren-2 rat compared to SD rats
and diabetes was associated with an increase in active
renin. Previously we reported a similar occurrence in
Ren-2 rats with retinopathy of prematurity, a condition
characterized by extensive retinal neovascularization.?®
There is considerable evidence that overactivity of the
RAS accompanies diabetic neovascular disorders, with
increased plasma prorenin, the inactive precursor of re-
nin, acting as a marker for PDR.”*® An angiogenic role for
angiotensin in the eye is provided by in vitro studies of
bovine retinal endothelial cells,' and reports that the
application of angiotensin to the rabbit cornea induces an
angiogenic response.® It is likely that the local rather than
systemic RAS is involved in ocular neovascularization
because all components of the RAS are synthesized in
the retina and iris of a number of species including hu-
mans.”® In addition, renin and VEGF have been localized
to the end feet of macroglial Mdller cells that are intimately
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Figure 5. Paired bright- and dark-field photomicrographs showing VEGF and VEGFR-2 gene expression in 3-um paraffin sections of iris from nondiabetic and
diabetic SDs, SHRs, and transgenic (mRen-2)27 rats. VEGF: A and a: Diabetic SD. B and b: Diabetic SHR. C and ¢: Nondiabetic Ren-2. D and d: Diabetic Ren-2
showing hybridization signal on blood vessels extending from the anterior iris surface. E and e: Diabetic Ren-2 treated with LIS. VEGFR-2: F and f: Diabetic SD.
G and g: Diabetic SHR. H and h: Nondiabetic Ren-2. I and i: Diabetic Ren-2 showing hybridization signal on blood vessels extending from the anterior iris surface.
J and j: Diabetic Ren-2 treated with LIS. Counterstain, H&E. Original magnifications, X380.

associated with retinal blood vessels, hence positioning
these factors at the site of retinal angiogenesis.®3%4°
Blockade of the RAS with either ACE inhibitors or an-
giotensin type 1 (AT,) receptor antagonists has consis-
tently been shown to attenuate cell damage.'®4"42 This
is particularly true for diabetic nephropathy, in which RAS
blockade improves histopathology and albuminuria in
both experimental models and humans. 42 Fewer stud-
ies have investigated the effect of RAS blockade on the

progression of diabetic eye disease. Recently, we and
other investigators reported that both ACE inhibitors and
AT, receptor antagonists reduced retinal neovasculariza-
tion in rodent models of retinopathy of prematurity.>44 In
the present study, LIS reduced endothelial cell prolifera-
tion in both retina and iris of diabetic Ren-2 rats. These
results are consistent with previous reports that ACE
inhibition reduces retinal vascular permeability and de-
lays the progression of PDR in humans.'®4® Overall,



these findings indicate that blockade of the RAS may be
an important anti-angiogenic strategy for the attenuation
of PDR and rubeosis iridis.

Our observation that in the retina and iris of the dia-
betic Ren-2 rat, increased VEGF and VEGFR-2 mRNA are
reduced by ACE inhibition is consistent with a previous
report in the retina of the diabetic SD rat.?* Most impor-
tant is that in the present study, the rise in VEGF and
VEGFR-2 mRNA is accompanied by endothelial cell pro-
liferation and that both events are reduced with LIS.
These findings highlight an interaction between the VEGF
system and the RAS in the progression of neovascular-
ization, '® an association that has been reported in vas-
cular smooth muscle, cardiac endothelial cells, renal
mesangium, and retinopathy of prematurity.?>46-48 |n-
deed, the increased VEGF expression that accompanies
angiogenesis in these situations can be reduced with
RAS blockade.?®¢~48 There is also evidence that other
factors are involved because studies using cultured
retinal cells have reported that Ang Il potentiates VEGF-
induced angiogenesis that is mediated by angiopoietin2-
Tie2 and AT, receptor protein kinase C and mitogen-
activated protein kinase pathways.'®“° Interpretation of
our findings must involve a consideration of hypertension
and its in vivo counterpart mechanical cell stretch, both of
which have been reported to increase VEGF expression
in retina.®° Therefore, it is possible that the anti-prolifer-
ative effects of RAS blockade may be because of a
reduction in systemic blood pressure rather than a spe-
cific effect on the RAS.'©2544 This possibility is also
suggested by the United Kingdom prospective diabetes
study in which B-blockers and ACE inhibitors were
equally efficacious in reducing diabetic microvascular
disease.” However, the present study showing a disparity
in endothelial proliferation in diabetic SHR and Ren-2
rats, despite equivalent blood pressure, explains the
likely local role of the RAS in the retina and iris.

In conclusion, the diabetic transgenic Ren-2 rat is a
model of intraocular endothelial cell proliferation whose
pathogenesis is linked to local actions of VEGF- and
RAS-dependent pathways. It is anticipated that this
model will provide an important research tool for under-
standing the cellular mechanisms involved in the devel-
opment of diabetic ocular microvascular complications
and a means of testing new noninvasive anti-angiogenic
therapies. In particular, the study provides a rationale for
further clinical studies to explore the potential retinopro-
tective effect of interrupting the RAS.
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