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Regulation of retinal angiogenesis by endothelial nitric oxide
synthase signaling pathway
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ABSTRACT Angiogenesis plays an essential role in embryo development, tissue
repair, inflammatory diseases, and tumor growth. In the present study, we showed
that endothelial nitric oxide synthase (eNOS) regulates retinal angiogenesis. Mice
that lack eNOS showed growth retardation, and retinal vessel development was
significantly delayed. In addition, the number of tip cells and filopodia length were
significantly reduced in mice lacking eNOS. Retinal endothelial cell proliferation
was significantly blocked in mice lacking eNOS, and EMG-2-induced endothelial cell
sprouting was significantly reduced in aortic vessels isolated from eNOS-deficient
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Key_w°"d5 ) mice. Finally, pericyte recruitment to endothelial cells and vascular smooth muscle
Angiogenesis cell coverage to blood vessels were attenuated in mice lacking eNOS. Taken together,
Elr\lo(a?eration we suggest that the endothelial cell function and blood vessel maturation are
Retina regulated by eNOS during retinal angiogenesis.

Signal transduction

INTRODUCTION

Angiogenesis is the physiological process that includes
migration and proliferation of endothelial cells, formation of
new vessel lumen and branches, and maturation of new vessels
through the recruitment of perivascular cells, such as pericytes
and vascular smooth muscle cells (VSMCs). Angiogenesis is
essential for wound healing, tissue regeneration, inflammatory
disease and embryonic development [1]. In the development of
mouse retinal vessels, the tip cells sense a gradient of vascular
endothelial growth factor (VEGF), leading to filopodia formation,
and migrate toward the VEGF gradient [2]. The mouse retinal
vasculature starts sprouting after birth from the optic nerve
into the periphery region. Thereafter, the angiogenic process
forms three layers of vasculature, including superficial layer,
intermediate layer, and deep layer. From postnatal day 7 (P7),

the superficial capillaries start sprouting vertically to form deep
layers, which finally form a three-layered vascular system [3,4].
Therefore, retinal angiogenesis is the best model system to study
angiogenesis in vivo.

Nitric oxide (NO) plays a central role in vasomotor tone,
angiogenesis, and vascular permeability. It is synthesized
by NO synthase (NOS). NO is generated by three isoforms
of NOS, including neuronal NOS (nNOS), inducible NOS
(iNOS), and endothelial NOS (eNOS) [5]. Neuronal NOS and
eNOS are regulated in a Ca**/calmodulin dependent manner
and constitutively expressed in neurons or endothelial cells,
respectively. However, iNOS activity is not regulated by the
intracellular Ca®* concentration and is not usually expressed
in cells. Inducible NOS is induced by cytokines and bacterial
lipopolysaccharide. Neuronal NOS is expressed in neurons of the
brain and modulates physiological functions, including learning,
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memory, and neurogenesis [6].

eNOS activation is regulated not only in a Ca**-dependent
manner, but also in a Ca**-independent manner, including
phosphorylation on serine (Ser), threonine (Thr), and tyrosine
(Tyr) residues. It has been reported that a variety of upstream
kinases phosphorylate and activate eNOS. For example, insulin
activates eNOS through the activation of Akt and AMP-activated
protein kinase (AMPK). VEGEF, an angiogenic stimuli, activates
eNOS via the Akt signaling pathway. Moreover, shear stress
induces eNOS phosphorylation by activating protein kinase A
(PKA) [6]. Although eNOS is phosphorylated and activated by
multiple upstream kinases, Akt-dependent phosphorylation of
eNOS seems to play an essential role in angiogenesis, i.e. Akt-
eNOS signaling axis controlling angiogenesis therby regulating
blood flow and tissue repair [7].

The implication of eNOS in angiogenesis was verified by
previous studies using a knockout animal model. It has been
reported that impaired retinal vascular development has been
shown in mice lacking EC-specific Aktl, which is an upstream
kinase of eNOS [8]. In this report, the expression of eNOS was
significantly reduced in mice lacking Aktl in comparison with
the wild type. Direct evidence was obtained from the studies
using eNOS knockout mice. Mice lacking eNOS resulted in
impaired recovery of blood flow after hind limb ischemia and
impaired mural cell recruitment [9]. In addition, it has been
reported that VEGF-induced permeability and endothelial
cell precursor mobilization were inhibited in eNOS-deficient
mice [10]. However, the exact role of eNOS in retinal vascular
development is still ambiguous.

In this study, we investigated the role of eNOS in retinal
angiogenesis. We provided direct evidence that eNOS plays an
important role in angiogenesis in vivo. Moreover, we showed that
eNOS was required for EC proliferation and pericyte recruitment.

METHODS

Animals

Mice lacking eNOS (eNOS™", B6.129P2-Nos3"™"*']) were
purchased from The Jackson Laboratory (Bar Harbor, Maine,
USA). All animal procedures were done in accordance with our
institutional guidelines for animal research and were approved
by our institutional animal care and use committee (PNU-2015-
0998).

Materials

Anti-eNOS antibody was purchased from BD Biosciences
(San Jose, CA, USA). Anti-SM22a antibody was obtained from
Abcam (Cambridge, UK). Anti-actin antibody was purchased
from MP Biomedicals (Aurora, OH, USA). NG2 antibody was
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obtained from Millipore Bioscience (Temecula, CA, USA). Anti-
pH3 antibody was purchased from Cell Signaling Technology
(Boston, MA, USA). GSL I-isolectin B4 was obtained from Vector
Laboratories (Burlingame, CA, USA). Alexa Fluor 405- and
488-conjugated streptavidin, and Cy3-conjugated goat anti-rabbit
secondary antibodies were purchased from Molecular Probes,
Inc. (Carlsbad, CA, USA). IRDye700- and IRDye800-conjugated
rabbit and mouse secondary antibodies were obtained from Li-
COR Bioscience (Lincoln, NE, USA).

Tissue isolation and western blotting

The heart, aorta, lung, liver, spleen and retina were isolated
from eNOS™ and eNOS™ mice. Tissues were homogenized and
lysed in 20 mM Tris-HCL, pH 7.4, 1 mM EGTA/EDTA, 1% Triton
X-100, 1 mM Na,VO,, 10% glycerol, 1 ug/ml leupeptin and 1 ug/
ml aprotinin. After centrifugation at 12,000 rpm for 10 min, 30
ug of total protein was separated by a 10% polyacrylamide gel and
transferred onto the nitrocellulose membrane. The membranes
were incubated with indicated primary antibodies and IRDye-
conjugated secondary antibodies, and the protein bands were
visualized by an infrared image analyzer (Li-COR Bioscience).

Whole-mount staining of retina

Eyes were isolated from eNOS"" and eNOS™ mice at P6 and
were fixed in 4% paraformaldehyde for 12 h at 4°C. The cornea,
sclera, lens, and hyaloids vessels were removed, and the retinas
were blocked and permeabilized in a blocking buffer (1% BSA and
0.3% Triton X-100 in PBS) for 12 h at 4°C. For immunostaining,
IB4 was diluted in a PBlec solution (1% Triton X-100, 1 mM
CaCl,, 1 mM MnCl, and 1 mM MgCl, in PBS, pH 6.8), and
other primary antibodies were incubated overnight in a blocking
buffer at 4°C. Secondary antibodies were diluted in a blocking
buffer and incubated at room temperature for 2 h. Retinas were
mounted flat with an anti-fading reagent (2% n-propylgalate in
80% glycerol/PBS solution), and images were obtained with a
confocal microscope (FV1000-ZDC, Olympus, Japan). The area
of the angiogenic region and the distance of the sprouting vessel
were analyzed using image J (National Institutes of Health, MD,
USA).

Aortic sprouting assay

Growth factor-reduced matrigel was plated into 24-well plates,
and incubated for 30 min at 37°C to allow polymerization.
Thoracic aortas were dissected from 6- to 7-week-old eNOS"*
and eNOS™ mice, and the surrounding fat and connective
tissues were discarded. Aortas were cut into 0.8-mm length,
and embedded in matrigel-coated wells. The aortic rings were
stimulated with 0.2% EBM or EMG-2 medium every 2 days.

Bright field images were obtained with a fluorescence microscope
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at x5 magnification (Axiovert200, Carl Zeiss, Jena, Germany).

Statistical analysis

Results are expressed as the means+SEM of multiple
experiments. When comparing the two groups, an unpaired
Student’s t-test was used to assess the differences. p-values of less
than 0.05 were considered significant, which were indicated by an
asterisk (*).

RESULTS
eNOS is required for retinal angiogenesis

As shown in Fig. 1A, eNOS-deficient mice showed growth
retardation compared with its wild type counterpart. To elucidate
the expression of eNOS in various organs, we isolated the lung,
liver, spleen, aorta, heart, and retina from mice lacking eNOS.
The expression of eNOS was selectively ablated in tissues from
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Fig. 1. eNOS plays an essential role in retinal angiogenesis. (A)
A comparison of the body size between the wild type and eNOS
knockout littermates was visualized by a digital camera at P6. (B) Lung,
liver, spleen, heart, aorta, and retina were isolated from the wild type
or eNOS-deficient mice, and the expression of eNOS was verified by a
Western blot analysis with the indicated antibodies. (C and D) Retinas
were isolated from the wild type and eNOS knockout mice at P6 and
stained with IB4 (green). Angiogenesis was analyzed by measuring
the angiogenic area and distance. Images were captured on confocal
microscope at x2.5 (zoom x0.5) magnification. Angiogenic area and
sprouting distance were quantified using Image J (National Institutes of
Health, MD, USA) software. White arrowheads indicate optic nerve (ON).
Data are presented as the means+SEM. Asterisks indicate statistical
significance (p<0.05). Scale bars, 800 um.
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eNOS-deficient mice (Fig. 1B). To verify the role of eNOS in
retinal angiogenesis, we isolated retinas from the eNOS knockout
mice at P6, and analyzed the retinal vascular development by
staining the endothelial cells (ECs) with IB4. As shown in Fig. 1C,
retinal vascular outgrowth was delayed in eNOS knockout mice.
In addition, the angiogenic area and sprouting distance from
optic nerve (ON) were significantly impaired in mice lacking
eNOS (Fig. 1D). These results indicate that eNOS regulates the
development of retinal vessels.

eNOS is required for endothelial cell activation

Tip cells lead to sprouting angiogenesis, and filopodia on the
tip cells sense the angiogenic factors, leading to the proliferation
and migration of endothelial cells. As shown in Fig. 2A and 2B,
the number of tip cells and filopodia length were significantly
reduced in the retinas isolated from mice lacking eNOS. These
results indicate that eNOS plays an essential role in the activation
of tip cells during retinal angiogenesis.

eNOS is required for endothelial cell proliferation

Since eNOS is involved in the activation of EC, we examined
the effect of eNOS on EC proliferation. Retinas were isolated
from mice lacking eNOS at P6 stage and were stained with
antibody against phospho-H3. As shown in Figs. 3A and 3B,
EC proliferation was significantly reduced in retinas isolated
from mice lacking eNOS. To verify the requirement of eNOS
in EC proliferation, we isolated aortas from either eNOS™* or
eNOS™ mice, and examined for EGM-2-induced EC sprouting.

EC sprouting was markedly reduced in aortic rings isolated
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Fig. 2. eNOS regulates the activation of tip cells during retinal
angiogenesis. (A) Retinas from the wild type and eNOS-deficient mice
at P6 were stained with 1B4 (green). (B) Tip cell number and filopodia
length were measured using Image J (National Institutes of Health,
MD, USA) software. Images were visualized on confocal microscope at
%80 magnification. Data are presented as the means+SEM. Asterisks
indicate statistical significance (p<0.05). Scale bars, 100 um.
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from mice lacking eNOS (Fig. 3C and Supplemental Fig. S1).
These results suggest that eNOS is required for endothelial cell
proliferation.

eNOS is required for pericyte recruitment and vessel
stabilization

We next explored the role of eNOS in the stabilization and
maturation of blood vessels. As shown in Fig. 4A, retinas
isolated from mice lacking eNOS showed a significant reduction
in pericyte recruitment of endothelial cells, especially in the
periphery rather than the ON site. In addition, VSMC coverage
to blood vessels was significantly impaired in mice lacking eNOS
(Fig. 4B). These results indicate that eNOS regulates blood vessel
stabilization through pericyte recruitment and VSMC coverage.

DISCUSSION

In the present study, we demonstrated that eNOS regulates
endothelial cell functions and retinal angiogenesis. We observed
a smaller body size in eNOS knockout littermates. The loss of
eNOS resulted in reduced endothelial cell proliferation—both
ex vivo and in vivo. In addition, retinal vessel development was
delayed concomitantly with insufficient vascular maturation in
mice lacking eNOS.
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Fig. 3. eNOS is necessary for endothelial cell proliferation and
angiogenic sprouting. (A and B) Retinas isolated from the wild type
and eNOS knockout mice at P6 were stained with IB4 (green) and
pH3 (red). Images were visualized on confocal microscope at x20
magnification. White arrowheads indicate pH3-positive cells. The
number of pH3-positive cells was quantified using Image J (National
Institutes of Health, MD, USA) software. Data are presented as the
means+SEM. Asterisks indicate statistical significance (p<0.05). Scale
bars, 100 um. (C) Aortas were isolated from the wild type and eNOS
knockout mice, and embedded in growth factor-reduced matrigel-
coated plates in the presence of EGM-2. After 6 days, bright field
images were captured under a microscope at x5 magnification. Scale
bars, 500 um.

Korean J Physiol Pharmacol 2016;20(5):533-538

NO, produced by eNOS in endothelial cells, affects a variety of
functions in EC itself, as well as in nearby VSMCs. Consequently,
the production of NO by eNOS affects the blood vessel itself, as
well as organism development. For example, it has been reported
that eNOS knockout mice showed lower body weights compared
with the wild type or eNOS hetero mice [11]. Consistent with this,
our results showed that eNOS knockout littermates have smaller
body size than the wild type mice at P6 (Fig. 1A). It is noteworthy
that the size of retarded organisms is not due to systemic effect
of eNOS knockout, since the expression of eNOS is restricted to
ECs.

It has been reported that the production of NO is an important
regulator of endothelial cell function and angiogenesis.
Regulation of NO production by eNOS acts as a molecular
switch in the proangiogenic and antiangiogenic effect. For
example, VEGF or angiopoietin-2 facilitates angiogenesis by
phosphorylation of eNOS and subsequent production of NO,
whereas endostatin or somatostatin suppresses angiogenesis via
the opposite effect on eNOS [12-15]. Our results also illustrated
that the ablation of eNOS suppressed a variety of angiogenic
parameters, including tip cell activation, EC proliferation, EC
sprouting, and vascular stabilization (Figs. 1-4). Therefore, it is
likely that the eNOS pathway plays a vital role in the regulation of
endothelial cell function.

Among the extracellular stimuli, VEGF plays a crucial role
in the proliferation and directional migration of EC during
angiogenesis. For instance, the secretion of VEGF from astrocytes
and macrophages, which reside in a hypoxic condition, forms

A eNOS**

eNOS-

ON Site ON Site

Periphery Site Periphery Site

eNOS** eNOS™

Fig. 4. eNOS regulates pericyte recruitment and VSMC coverage. (A
and B) Retinas from the wild type and eNOS knockout mice at P6 were
stained with I1B4 (blue) and either pericyte marker protein (NG2, red,
panel A) or VSMC marker protein (SM22q, red, panel B). Images were
visualized under a confocal microscope at x40 magnification. Scale
bars, 100 pm.
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a concentration gradient, in which the tip cells use its sensory
faculty of lead to filopodia formation and directional migration
[2]. In particular, eNOS plays a central role in VEGF-induced
angiogenesis. For example, ablation of eNOS suppresses
VEGF-induced angiogenesis, as well as vascular leakage [16-
18]. Currently it is well known that NO plays an essential role
in VSMC relaxation [19]; however, the role of NO in EC is
relatively unclear. Recently, it has been shown that NO promotes
VEGF production. For example, the expression of VEGF is
significantly reduced in ischemic limbs from mice lacking eNOS
[9]. Therefore, angiogenesis seems to be regulated by a positive-
forward mechanism of VEGF and eNOS.

Our results highlight some important issues of blood vessel
maturation. Maturation of vasculature requires mural cell
recruitment, and platelet-derived growth factor (PDGF) and
angiopoietin signaling pathways regulate mural cell coverage to
new blood vessels. Our results showed that pericyte recruitment
and VSMC coverage was significantly reduced in mice lacking
eNOS (Fig. 4). Likewise, it has been reported that the expression
of VEGF and PDGF was reduced in ischemia-induced vessels
isolated from eNOS knockout mice, leading to the impairment
of mural cell coverage [9]. In addition, VSMC coverage in B16
tumor vessels was significantly impaired by the inhibition of
eNOS with [-NMMA and in mice lacking eNOS [20]. Therefore,
it is likely that the presence of eNOS in EC is required for pericyte
recruitment, as well as VSMC coverage. Indeed, it has been
reported that the production of PDGF from EC is necessary for
pericyte recruitment to EC, and expression of Jagl is required
for Notch3 activation in VSMC, which in turn regulates VSMC
coverage [21,22]. Hence, further studies on the eNOS-dependent
expression of PDGF and Jagl would provide better understanding
of the underlying mechanism of eNOS-dependent blood vessel
maturation.

In conclusion, the present study shows that eNOS is essential
for endothelial activation, thereby important in regulating the
proliferation, migration and vascular stabilization. Coordinated
regulation of these processes by eNOS is required for
angiogenesis. Further studies regarding the downstream signaling
pathway of eNOS should provide more relevant mechanism in
retinal angiogenesis.
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