THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 42, pp. 36841-36851, October 21, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Alteration of Developmental and Pathological Retinal
Angiogenesis in angptl4-deficient Mice™

Received for publication, January 11,2011, and in revised form, June 15,2011 Published, JBC Papers in Press, August 5, 2011, DOI 10.1074/jbc.M111.220061

Elisa Gomez Perdiguero**"l, Ariane Galaup***l

, Mélanie Durand**'l', Jérémie Teillon'**, Josette Philippe

+59|
I

David M. Valenzuela™, Andrew J. Murphy**, George D. Yancopoulos**, Gavin Thurston**,

and Stéphane Germain*155?

From the *Collége de France, Center for Interdisciplinary Research in Biology (CIRB), Paris 75005, France, Centre National de le
Recherche Scientifique, Unité Mixte de Recherche 7241, Paris 75005, France, the Vinstitut de la Santé et de la Recherche Médicale,
U1050, Paris 75005, France, the IMEMOLIFE Laboratory of Excellence and Paris Science Lettre Research University,

the **Plate-forme d’Imagerie du Centre Interdisciplinaire de Recherches Biologiques (CIRB) du Collége de France, Paris 75005,
France, **Regeneron Pharmaceuticals, Tarrytown, New York, New York 10591, and the $SEcole Doctorale 394: Physiologie et
Physiopathologie, Université Pierre et Marie Curie, Paris 75005, France

Proper vessel maturation, remodeling of endothelial junc-
tions, and recruitment of perivascular cells is crucial for estab-
lishing and maintaining vessel functions. In proliferative reti-
nopathies, hypoxia-induced angiogenesis is associated with
disruption of the vascular barrier, edema, and vision loss. There-
fore, identifying factors that regulate vascular maturation is
critical to target pathological angiogenesis. Given the conflict-
ing role of angiopoietin-like-4 (ANGPTL4) reported in the cur-
rent literature using gain of function systems both in vitro and in
vivo, the goal of this study was to characterize angiogenesis,
focusing on perinatal retinal vascularization and pathological
circumstances in angpl4-deficient mice. We report altered orga-
nization of endothelial junctions and pericyte coverage, both
leading to impaired angiogenesis and increased vascular leak-
age that were eventually caught up, suggesting a delay in ves-
sel maturation. In a model of oxygen-induced retinopathy,
pathological neovascularization, which results from tissue
hypoxia, was also strongly inhibited in angptl4-deficient mice.
This study therefore shows that ANGPTL4 tunes endothelial
cell junction organization and pericyte coverage and controls
vascular permeability and angiogenesis, both during develop-
ment and in pathological conditions.

The development of new blood vessels can be subdivided
into two major phases: (1) sprouting angiogenesis per se, where
endothelial cells differentiate into tip and stalk cells (migratory/
environment sensing and proliferative endothelial cells, respec-
tively), thereby leading to an immature vascular plexus, and (2)
maturation, which involves recruitment of perivascular cells,
deposition, and assembly of the basement membrane and
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establishment of tight and adherent junctions and transport
systems (caveolae) in endothelial cells. Both phases can be stud-
ied simultaneously during development of the mouse retina
between postnatal days 5 (P5)* and 8 during which hypoxia is a
major driving force of angiogenesis (1, 2). Although early events
that induce and pattern new vessels have been studied inten-
sively (3-5), events leading to vessel maturation crucial for
establishment, maintenance, and control of vessel functions,
such as blood flow and vascular permeability, have not yet been
fully elucidated. Indeed, in pathological circumstances such as
proliferative retinopathies (retinopathy of prematurity, dia-
betic retinopathy, and choroidal neovascularization), angio-
genesis is associated with disruption of the vascular barrier,
which leads to plasma leakage, subsequent edema, and vision
loss.

Angiopoietins have been described as critical factors in vessel
maturation. Angiopoietin-1 (ANG-1) promotes vessel matura-
tion whereas angiopoietin-2 (ANG-2) antagonizes its effect on
vessel stabilization (6). Recent reports have focused on retinop-
athies. Overexpression of ang-2 aggravates diabetic retinopathy
(7), whereas ang-2 deficiency is associated with increased diam-
eter and leakage of retinal capillaries (8). Among the angiopoi-
etin family, ANGPTLA4 is a secreted glycoprotein that is induced
by hypoxia (9) and interacts with proteoglycans from the extra-
cellular matrix (10, 11). ANGPTL4 does not bind to TIE-2 and
is still an orphan ligand. In humans, ANGPTL4 is expressed in
ischemic cardiovascular pathologies and in tumors (9, 12, 13).
Both in vitro and in vivo gain of function experiments showed
that ANGPTL4 regulates context-dependent angiogenesis and
vascular permeability (14 -16).

In this study, we sought to investigate the function of ANG-
PTL4 during both developmental and pathological retinal
angiogenesis. We show here that ANGPTL4 is expressed in
retinal endothelial cells in a developmentally regulated manner.
Using angptl4-deficient mice, we here characterize a defect in
sprouting and branching during developmental angiogenesis, a
delay in the maturation of the retinal vasculature as shown by

3 The abbreviations used are: P5, postnatal day 5; IB4, isolectin B4; VE-CAD,
Ve-cadherin; CAV-1, caveolin 1; ZO-1, zonula occludens 1; ANGPTL4,
angiopoietin-like-4.
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alterations in endothelial cell junctions and defects in pericyte
coverage, and increased vascular leakage. Furthermore, patho-
logical neovascularization, which results from tissue hypoxia, is
impaired in angpt/4-deficient mice in a model of retinopathy of
prematurity. Altogether, these results provide genetic evidence
thatloss of ANGPTL4 impairs sprouting angiogenesis resulting
from tissue hypoxia, both in developmental and in pathological
conditions, and delays maturation of blood vessels and acquisi-
tion of vascular barrier properties.

EXPERIMENTAL PROCEDURES

The experiments were performed in accordance with the
official regulations set forth by the French Ministry of Agricul-
ture and the European Union Council Directives (86/609/EEC).
This study conforms to the standards of INSERM (the French
National Institute of Health) regarding the care and use of lab-
oratory animals.

Genotyping of angptld-*““"*“ Mice—Genotype was deter-
mined by PCR of tail DNA under the following conditions:
Denaturation at 94 °C for 0.5 min, annealing at 56 °C for 0.75
min, and extension at 72 °C for 1.15 min, 30 cycles. The follow-
ing primers pairs were used: angptl4, 5'-AAGGAGCAAAGG-
GTGCGAGAGAGTTG-3' and 5'-TTGGGGAAACATTGG-
TGGC-3'; and LacZ, 5'-CGAAAACCCAAACTGTGGAG-3’
and 5'-TTCATTCCCCAGCGACCAGATG-3'.

Neonatal Retinal Vascular Network Analysis—P6 and P7
pups were sacrificed and the eyes were enucleated and fixed in
4% paraformaldehyde. Retinas were dissected, and immuno-
staining was performed as described previously (17). For LacZ
staining, retinas where washed three times in PBS and incu-
bated at 37 °C in a 5-bromo-4-chloro-3-indolyl- 3-p-galactopy-
ranoside (X-gal) solution. For staining, retinas were fixed for 20
min in 4% paraformaldehyde, washed with PBS, and incubated
for 2 h at room temperature in blocking buffer (PBS, 0.5% BSA,
0.1% Tween 20). After three washes of 20 min in Pblec buffer
(PBS, 1 mm MgCl,, 1 mm MnCl,, 1 mm CaCl,), retinas were
incubated for 2 h at room temperature with primary antibodies
and/or isolectin B4 (IB4) in Pblec buffer. After three PBS
washes, retinas were incubated with fluorescent-conjugated
secondary antibodies in incubation buffer (PBS, 0.25% BSA,
0.05% Tween 20). Retinal flat mounts were then prepared in
fluorescent mounting medium (DAKO, Carpinteria, CA) and
visualized using a Leica (Deerfield, IL) TCS SP5 microscope
using a X10/0.3 numerical aperture, X20/0.7 numerical aper-
ture, X40/1.25 numerical aperture, or X63/1.4 numerical aperture
objective. For Ve-cadherin (VE-CAD) immunostaining, mice
were perfused with 1% paraformaldehyde, and retinas were pro-
cessed using Ca>"-Mg>" PBS (CaCl, 1 mm, MgCl, 1 mm).

Retinas were immunostained using biotinylated IB4 (1:50,
Vector Laboratories, Burlingame, CA), anti-chondroitin sulfate
proteoglycan (NG2, 1:40, Chemicon Millipore, Billerica, MA),
anti-glial fibrillary acidic protein (1:75, DAKO), anti-caveolin
1 (CAV-1, BD Transduction Laboratories), anti-zonula oc-
cludens 1 (ZO-1, 1:100, Invitrogen), and anti-VE-CAD (BV-13,
gift from E. Dejana, Institute of Molecular Oncology Founda-
tion Milano). The corresponding streptavidin conjugate and
secondary antibodies were purchased from Molecular Probes
(Invitrogen).
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Immunoblotting Analyses—P7 pups were sacrificed, the eyes
were enucleated, and retinas were dissected. Proteins were
extracted on ice in 20 mMm Tris-HCl (pH 7.6), 150 mm NaCl,
0.1% deoxycholate, 0.5% Nonidet P-40, 10% glycerol, 1 mm
B-glycerophosphate, 1 mm NaF, 2.5 mm Na pyrophosphate, 1
mM Na3VO4, and a mixture of protease inhibitors (Calbi-
ochem). Samples were analyzed by SDS-PAGE followed by
Western blotting on a nitrocellulose membrane. Anti-CAV-1,
anti-actin (Abcam, Inc., Cambridge, UK) and appropriate phos-
phatase alkaline-coupled secondary antibodies were used. The
signal was revealed by Attophos chemiluminescence (Promega)
and band intensity was quantified by Quantity One 1-D analysis
software (Bio-Rad).

Real-time Quantitative PCR Analysis—P7 pups were sacri-
ficed, the eyes were enucleated, and retinas were dissected.
Total RNA was isolated by extraction using a commercial kit
(Macherey-Nagel, Germany, Nucleospin RNA II). Reverse
transcription, real-time quantitative PCR (in triplicate) and
analysis were performed as described previously (18). Vegfa,
vegfr2, and Cav-1 genes were detected using QuantiTect primer
assays (Qiagen). The mRNA expression level was normalized to
the housekeeping gene encoding gapdh. Fold changes were cal-
culated using the comparative threshold cycle method.

Quantification of Vascular Phenotype—Images of whole
mount retinas were acquired on a Leica DM LB microscope
using a X20/0.4 NA objective and captured using a QImaging
Fast1394 camera through Qcapture software version 2.98.2
(Quantitative Imaging Corp., Surrey, British Columbia, Can-
ada). The number of branch points per field was quantified with
the Biologic CMM analyzer software (Centre de Morphologie
Mathematiques-ARMINES, France) (19). Vessel diameter and
filopodia bursts were counted manually. Using Image] soft-
ware, images were filtered and converted to binary images. The
total vessel area was assessed by counting the number of white
versus black pixels in the binary images. Quantifications were
performed on six to eight images per retina (n = 8 per group).

Neonatal Retinal Miles Assay—Evans Blue (10 mg/ml)
was injected into the tail vein of P7 angptl4~““**** and
angptld**““ control mice. Thirty minutes later, mice were
sacrificed, and an intracardiac perfusion was performed with
citrate buffer (pH 4) to remove intravenous Evans Blue. Eyes
were enucleated and retinas dissected and then weighed. Evans
Blue was then eluted from retinas in 0.5 ml of formamide for
18 h at 70 °C. After centrifugation, the absorbance was mea-
sured at 620 nm using a spectrophotometer (Biomate 3,
Thermo Fisher Scientific, Waltham, MA). Extravated Evans
blue (ng) was determined from a standard curve and normal-
ized to retinal weight (g).

Extravasation of FITC Beads—FITC beads (Duke Scientific
Corp., Palo Alto, CA) were diluted 1:10 in physiological serum,
and 20 ul were injected into the tail vein in anesthetized pups.
The vasculature was then perfused with 5 ml of 1% paraformal-
dehyde. Retina whole mounts were imaged on a Leica TCS SP5
microscope using a X63/1.4 NA oil immersion objective. An
increment of 0.117 wm between each section was used. Decon-
volution of the stacks of pictures was made using the Amira
deconvolution module. Three-dimensional reconstruction of
the different structures was obtained using the labelvoxel and
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surfacegen modules in the Amira 5.2.1 software (Visage Imag-
ing GmbH).

Oxygen-induced Retinopathy—P7 pups, along with nursing
mothers, were placed in 75% oxygen for 5 days and then
returned to room air. The oxygen concentration was main-
tained by a Pro-OX oxygen controller (BioSpherix, NY). Pups
were sacrificed at different time points: P12 and P17. Eyes were
enucleated and fixed for 1 h in 4% paraformaldehyde. Immuno-
staining was performed as described above. Retinal flat mounts
were generated, and confocal images were acquired using a
Leica TCS SP5 microscope with a X20/0.7 NA oil immersion
objective. Photomerge was performed with Adobe Photoshop
CS3 (Adobe Systems, San Jose, CA). The vaso-obliterated area
was quantified using Image] software (National Institutes of
Health).

Statistical Analysis—Mann-Whitney tests were used to
assess the statistical differences between measurements
(GraphPad Prism 4, GraphPad Software, La Jolla, CA). Histo-
grams represent mean = S.E. and ns, p > 0.05. *, p < 0.05; **,
p < 0.005; ***, p < 0.001.

RESULTS

ANGPTL4 Modulates Sprouting, Branching, and Maturation
of the Retinal Vascular Plexus—W e first sought to investigate
the function of ANGPTL4 during developmental angiogenesis
using a genetic mouse model in which the angpti4 gene was
replaced by a knockin LacZ cassette (20), thereby generating
angptl4-*“*+“ mice. Some lethality was observed during
development, but surviving angptl4"““***“* neonates were
obtained at approximately 6% (compared with the 25%
expected frequency, supplemental Fig. 1) that were viable and
fertile and did not exhibit obvious defects. 3-gal staining in
angptl4-“**Z mice on whole mount retinas showed expres-
sion in endothelial cells in the capillary plexus as well as in veins
and arteries of the developing retina at critical time points dur-
ing development, i.e. P7, P12, and P17 (Fig. 1, A—C). We then
addressed whether ANGPTL4 could play a role during develop-
ment of the retinal vasculature. We compared IB4-stained P6 ret-
inal flat whole mounts from angptl4~“““"*** and angptl4*"-**
pups (Fig. 1, D and G) used as controls, as they did not exhibit
any difference with wild-type mice (data not shown). First, we
focused our attention on sprouting at the vascular front. The
mean number of filopodia bursts in the vascular front was
quantified as described above (supplemental Fig. 2B) and was
found to be significantly decreased in angptl4““““"*“ pups
(Fig. 1)). Expansion of the retinal blood vessel network was sim-
ilar in both genotypes (data not shown). Using confocal images
of IB4-stained retinas, we then manually quantified artery, vein,
and capillary diameters in retinas of angpt/4“““**““* mice ver-
sus control mice. Veins and capillaries from angptl4-*<*"=**
were larger (15 and 8%, respectively) than their angpti4*"*<*
counterparts (Fig. 1K), whereas artery thickness was similar.
Also, an increase in vascular density (that corresponds to the
ratio between IB4-positive (IB4+) area and total retina area)
and a decrease in number of branch points (quantified as
described in the previous section and in supplemental Fig. 2B),
were quantified in retinas from angptl/4*““**““* mice (Fig. 1, L
and M, respectively).
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The astrocytic network is known to guide vascular expansion
in the retina (21). We therefore next examined both its network
density and branch points in avascular and vascular areas (Fig.
1, Nand O, respectively) using anti-glial fibrillary acidic protein
antibody in both angptl4**“*"“*% and angptl4*"**** pups (Fig.
1, E, F, H, and I). No difference was observed both in the vascu-
lar and avascular areas between both genotypes. Furthermore,
no difference was observed in retina vegfa mRNA expression
(Fig. 1P) between angptl4“*““"“** and angptl4™""*°* retinas,
suggesting that astrocytes in angptl4-deficient mice also func-
tion normally by producing equal levels of vegfa mRNA. As a
control, we also show that vegfr2 mRNA expression levels in
retinal endothelial cells are not differentially expressed between
both genotypes. Altogether, these results suggest that astro-
cytes are not likely to be involved in regulating the defects of the
developing vascular network in angptl4-*““*“% pups.

Altogether, these data show that sprouting and branching as
well as maturation of blood vessels are affected during develop-
mental angiogenesis of the retinas in angptl4"““***** mice.

Endothelial Cell Differentiation Markers Are Altered in the
Microvascular Plexus of angptld-deficient Mice—We then fur-
ther examined the developing vascular network of the retina,
thereby allowing to distinguish three distinct regions: Area 1,
mature vascular plexus, close to the optic nerve, with differen-
tiated veins and arteries (a-smooth muscle actin positive cell
coverage) and thin capillaries; area 2, immature vascular plexus
undergoing remodeling, characterized by capillaries with larger
diameters; and finally, area 3, the vascular front, where tip and
stalk cells are located (supplemental Fig. 2, A and B).

We used immunostaining of CAV-1, an important regulator
of blood vessel maturation (22), to distinguish the mature net-
work (area 1) from the outgrowing, immature vascular plexus
(areas 2/3) in P6 control retinas (supplemental Fig. 2, C—F). To
avoid any bias in the analysis of CAV-1 staining because of
differences in vessel density between vascular areas or between
mouse strains, we normalized the CAV-1+ area to the total
vessel area (IB4+). Quantification of the ratio of CAV-1+ sur-
face and endothelial cell surface (IB4 + vessels) was performed
in both areas (supplemental Fig. 2, E and F), showing a 37.4%
decrease in immature areas 2/3 when compared with mature
area 1. This ratio was then quantified in P6 retinas from
angptl4-*““*°Z and control mice (Fig. 2, A—J), thereby reveal-
ing a decrease in both areas of angpti4“*““"**“% pups (—40% and
—56% in areas 1 and 2/3, respectively) (Fig. 2, C and H). To
investigate whether these findings could result from a differ-
ent basal expression level, we performed real-time quantita-
tive PCR and Western blot analyses. No differences were
observed in both mRNA and proteins levels of CAV-1 from
angptl4-*“*°Z and angptld™**** P7 retinal extracts (sup-
plemental Fig. 3, A and B). These results therefore suggest an
overall defect in vessel maturation in the retina of angpt/4-
deficient pups, which is more pronounced in the yet imma-
ture vascular plexus.

We next investigated the distribution of endothelial cell
junction molecules, as their organization is also associated with
vessel maturation. Distribution of VE-CAD and ZO-1, princi-
pal components of adherent and tight junctions respectively,

was studied in P7 retinas of angptl4“““*** and control mice.
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FIGURE 2. Perturbation of CAV-1 staining in angptl/4-deficient pups. A-E, reduced CAV-1 expression in area 1 of angptl4-deficient mice. CAV-1 staining
(green) is homogeneous in area 1 of angptl4™/9? vasculature (A and D) but weaker and discontinuous in capillaries from area 1 of angpt/4-2:< retinas (B and
E).Scale bar = 50 um. B4 is shownin red (D and E). C, shown is the ratio of CAV-1-positive vessels to endothelial cell surface (IB4+ vessels). p < 0.01. F—J, reduced
CAV-1 expression in areas 2/3 of angptl4-deficient mice. CAV-1 staining (green) is discontinuous in angptl4 "+ vasculature (F and /) but weaker in capillaries

from area 2 and rarely present in area 3 (white arrows) of angptl4-2“*3 retinas (G and J). p < 0.01.1B4 is shown in red. Scale bar = 50 um. H, shown is the ratio
of CAV-1-positive vessels to endothelial cell surface (IB4-positive vessels) (n = 4 per group).

As shown in Fig. 3, A and B, we analyzed VE-CAD and ZO-1 tinuous and elaborate junctions in control mice (Fig. 3, C and
stainings at different depths within the retina covering the full E), VE-CAD and ZO-1 were found to be more heterogeneously
thickness of the vessel network using confocal microscopy. distributed in mutant pups (Fig. 3, D and F). Using a schematic
Although intercellular junctions of the endothelium had con- representation of interendothelial cell junctions (Fig. 3, G and H),

FIGURE 1. Defective developmental angiogenesis in angptl4-deficient pups. A-C, LacZ staining shows expression of angptl4 in endothelial cells at P7 (A),
P12 (B),and P17 (C) during developmental angiogenesis of the retina. Scale bar = 500 um. D-F and G-I, 1B4 (red) and GFAP (green) staining allow quantification
of the vascular and astrocytic networks, respectively. A, artery; V, vein; VF, vascular front; o, optic nerve. Scale bar = 100 um. Quantification of filopodia
bursts/field of view (J); of artery, capillary and vein diameter (K); of vascular density (% of B4 positive surface/total field area) (L); of vessel branch points/field
of view (M); of astrocyte network density (left panel) and of astrocyte branch points/field of view (right panel) in the avascular (N) and vascular (O) area in
angptl4**9 and angptl4-7<#1aZ pg retinas (n = 8 per group). Shown is quantification by real-time quantitative PCR of vegfa and vegfr2 mRNAs (P) and in
angptl4*** and angptl4-2*< p7 retinas (n = 3 per group). GFAP, glial fibrillary acidic protein. ns, non significant.
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+/LacZ angptl4 LacZ/LacZ

angptl4

FIGURE 3. Perturbation of endothelial junction integrity in angptl/4-defi-
cient pups. A and B, focal plane by three-dimensional reconstruction of IB4
(blue) staining in angptl4 /% and angptl4-2<#*2<? P7 retinas. ZO-1 (red) (C
and D) and VE-CAD (green) (E and F) staining reveals discontinuous endothe-
lial junctions in area 2 of angptl4-deficient vasculature (the arrows point to
discontinuous junctions at branch points and the arrowheads indicate tortu-
ous-like junctions) (D and F). Scale bar = 15 um. G and H, schematic represen-
tation of the endothelial surface of IB4 staining (blue) and endothelial junc-
tions of VE-CAD and ZO-1 staining (light blue tracing). Endothelial junctions
are poorly developed in angptl4-*“*Z capillaries (H) compared with mature
junctions in control retinas (G).

which allowed better appreciation of organization defects, endo-
thelial junctions appeared disorganized and tortuous in
angptlélL“CZ/ LacZ retinal vessels (Fig. 3, D, Fand H). In the mature
vascular plexus (area 1), endothelial cell tight junctions were
continuous and properly organized in angpti4™*"*““* pups (sup-
plemental Fig. 4, A and C), whereas they remained loosely orga-
nized in angptl4 “*“**““* (supplemental Fig. 4, B and D). In
contrast, in the vascular front (area 3), endothelial cell tight
junctions showed a similar degree of immaturity in both groups
(supplemental Fig. 4, E and H).
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Pericyte Coverage Is Delayed during Maturation of the Micro-
vascular Plexus in angptld-deficient Mice—We recently pub-
lished that ANGPTL4 binds to extracellular matrix compo-
nents (11) such as heparan sulfates, which are known to interact
with PDGF through its retention domain, this being critical for
pericyte recruitment and attachment to endothelial cells (23,
24). We then sought to investigate whether ANGPTL4 modu-
lates pericyte recruitment and spreading during vessel matura-
tion of newly formed vessels. At P7, retinas were double-stained
with the pericyte marker NG2 and IB4 as an endothelial marker.
Pericyte recruitment was not perturbed because areas of pericyte-
free capillaries were never observed in angptl4“*““*““* retinas.
Nevertheless, in contrast to control mice (Fig. 4, A and C), peri-
cytes failed to spread and flatten on endothelial cells, showing a
prominent cellular body and well marked filopodia in areas 2/3
of angptld “**/*<Z retinas (Fig. 4, B and D). Pericyte coverage
was then determined as the surface ratio of NG2+ pericytes
normalized to IB4+ endothelial cells. This ratio was signifi-
cantly diminished in angptl4*““***“* mice compared with con-
trol mice (19% decrease, Fig. 4E). In the vascular plexus close to
the optic nerve, which had already undergone remodeling (area
1), pericyte coverage was not affected in angptl4“*““*“% pups
at P7 (supplemental Fig. 5). In addition, pericyte coverage of the
superficial layer was unaffected at P21 (data not shown). Thus,
angptl4"““** mice exhibit a delay in pericyte spreading on
newly formed capillaries, which is eventually caught up at later
stages of the maturation process.

ANGPTL4 Controls the Permeability of the Retinal Vascular
Plexus—Having shown that angptl4“*“**““ retinas have a
delay in vascular network maturation during postnatal devel-
opment, we then analyzed whether vascular permeability might
be affected using two complementary methods. We first used a
modified Miles assay to quantify global vascular leakage in P7
retinas. Evans Blue leakage was more prominent from
angptl4-*“#*2<Z retinal vessels (Fig. 5A4) compared with con-
trols (3.5-fold increase). Moreover, we showed that FITC-
coupled microspheres did not extravasate from control
angptl4™*"““* P7 pups (Fig. 5, D and F), whereas they did from
angptl4-*““1<Z yessels (Fig. 5, E and G). As expected, decon-
volution of confocal Z-stacks and three-dimensional recon-
struction analyses confirmed bona fide extravasation of FITC-
coupled microspheres from immature vessels of areas 1 and 2 in
angptl4-*““*Z mice (Fig. 5, B and C).

ANGPTL4 Protects Vessels from Oxygen-induced Oblit-
eration—Because pathological retinal neovascularization is typ-
ically the result of local tissue hypoxia, we also investigated the
role of ANGPTL4 in the modulation of revascularization dur-
ing oxygen-induced retinopathy that mimics ischemia-induced
angiogenesis observed in retinopathy of prematurity. Angptl4
expression was first investigated using B-gal staining of
angptl4-“~“* whole mount retinas, showing expression in
endothelial cells in the capillary plexus and in the vascular tufts
as well as in veins and arteries at critical time points during
oxygen-induced retinopathy, i.e. P12 and P17 (supplemental
Fig. 6, A and B). Oxygen-induced retinal vessel loss (from P7 to
P12), was unaffected at P12 in angptl4-“““*** mice when com-
pared with control mice (Figs. 6, A—C). In contrast, neovascu-
larization was strongly altered because an increased vaso-oblit-
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erated area was observed in angptlélL“CZ/ LacZ mice at P17, when

neovascularization should be maximal (60% increase in
angptlélL“CZ/ LacZ when compared with controls, Fig. 6, D-F).In
addition, a significant decrease of pericyte coverage was mea-
sured at P17 in angptl4“*“*"*““* veins, which are the major site
of sprouting angiogenesis (32.5% decrease, Fig. 6, G—I). Alto-
gether, these data show that hypoxia-driven pathological
neovascularization was compromised in the retina of
angptld**“+2Z mice.

DISCUSSION

This study reports the first genetic evidence of the role of
ANGPTL4 on retina angiogenesis during development as
well as in pathological conditions. The principal findings of
this study are as follows: angpti4 is expressed in retinal endo-
thelial cells during development and oxygen-induced reti-
nopathy. Loss of ANGPTL4 inhibits pathological angiogen-
esis in ischemic ocular diseases. During development, we
observed altered expression of endothelial cell maturation
markers such as caveolin-1 and junction molecules, dimin-
ished pericyte coverage, and increased vascular permeabil-
ity, which altogether characterize a delayed vascular matu-
ration in angptl4-deficient pups. These defects were
eventually caught up at later stages, suggesting that ANG-
PTL4 acts during a critical developmental period. Indeed,
expression of ANGPTL4 is dynamically induced by hypoxia,
whose role in the regulation of retina vascular development
(25) and neovascularization in pathological conditions is
well established in ocular diseases (26, 27).

The present study provides new insights into the charac-
terization of vessel maturation and acquisition of vascular
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capillaries. Scale bar = 25 um. E, shown is the ratio of pericytes (NG2+ area) to endothelial cell surface (IB4+

barrier features (such as control of vascular permeability).
Indeed, we here describe different areas, according to matu-
ration state of retinal blood vessels, through the study of
their morphology and the analysis of endothelial cell matu-
ration markers: Area 1, close to the optic nerve is character-
ized by a clear capillary-free zone, fully differentiated arter-
ies, and thin capillaries that display continuous endothelial
junctions; area 2, in which vessel remodeling and pruning are
ongoing processes and where large capillaries display both
locally discontinuous endothelial junctions and coverage of
stabilizing pericytes; and finally area 3, where tip and stalk
cells are present and where both pericyte coverage and endo-
thelial junctions are still immature. At P7, the presence of
these immature junctions suggests that vascular maturation
is not yet fully established throughout the retina. However,
no vascular leakage of FITC-labeled microspheres was
detected at this stage in control pups, implying that control
of vascular permeability was established at earlier steps.
However, unlike in control animals, vessel leakage was
observed in angptl4-deficient mice at P7, allowing extrava-
sation of both Evans Blue and 100 nm fluorescent micro-
spheres. The latter allowed localization of vascular permea-
bility in the developing retina that correlated with the
increased proportion of immature vessels observed in ang-
ptl4-deficient pups at P7.

To provide the cellular basis of this loss of vascular barrier
properties in angptl4-deficient mice, we focused our attention
on three different markers of complementary steps of vessel
maturation: 1) caveolae/CAV-1, 2) endothelial cell junction
organization, and 3) pericyte recruitment and/or spreading.
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expressed as % of the control (angptl4 /%) value, (angptl4 /-, n = 4; angptl4-*“*%, n = 5). Band G, confocal images of whole mount P7 angptl4

+/LacZ and

angptl4-a<#a<Z retinas stained with IB4 (blue) and ZO-1 (red). Prior to sacrifice, fluorescent 100 nm microspheres were injected intravenously and flushed from
circulation 15 min afterwards. B and C, deconvolution and three-dimensional reconstruction of the boxed region in E. Extravasated microspheres are trapped
around tight junctions with a large part outside of the vessel (ZO-1, red). Field dimensions are 200 X 220 X 7 um. E and G, extravasated microspheres (green)

were only observed in angpt/4-3“*3 retinas. Scale bar = 100 wm. n = 6 per group. p < 0.05.

Caveolae are uncoated vesicles enriched in cholesterol and sph-
ingolipids (28), responsible for transcellular permeability in
endothelial cells (29), and vascular permeability is highly
increased in caveolin-1-deficient mice (30, 31). In control mice,
we here report that its distribution is not homogeneous in
endothelial cells from the immature vascular network, thereby
allowing to delineate mature from immature vessels during
development through caveolin-1 immunostaining. In angpt/4-
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deficient pups, the ratio of caveolin-1+ area normalized to
endothelial surface was diminished, thereby characterizing a
larger yet immature network (area 2/3) compared with control
retinas. However, these differences in CAV-1 distribution are
not underlined by differences in gene or protein expression
levels between angptl4“*““"“*“* and control pups. These find-
ings suggest that the subcellular localization of CAV-1is also an
indicator of vessel maturation.
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(D-E). The avascular area is outlined in white. Scale bars represent 300 wm. F, values are expressed as % of the control (angptl4*/**“?) value, n = 6 per group. G-I,
defective pericyte coverage of veins in P17 angptl4-““"-9< retinas after oxygen-induced retinopathy. Representative images of OIR P17 angptl4 /% (G) and
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3 per group. p < 0.05.

Adherent and tight junctions are also critical regulators of
the vascular barrier properties (32) and restrict paracellular
vascular permeability in the retinal vasculature. In addition,
hypoxia has been reported to alter tight junction components
and to subsequently increase vascular permeability, although
the mechanism was not fully understood (33). Capillaries from
angptl4-deficient mice display an increased proportion of
immature junctions characterized by a loss of organization of
Z0O-1 and VE-CAD in area 2. Importantly, we could also
observe that some immature junctions persist in area 1 in
angptl4-deficient mice. Previous data suggested that recom-
binant ANGPTL4 alters the distribution of ZO-1 in the
human endothelial cell monolayer (16). In contrast, our
results show that a loss of ANGPTL4 delays maturation of
endothelial cell junctions, eventually leading to abnormal
vascular leakage. These results are in line with previous stud-
ies showing that ANGPTL4 inhibits vascular permeability
(14, 15). Therefore, our data suggest that although hypoxia
triggers angiogenesis and increased vascular leakage, it may
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also launch a feedback loop on retinal vascular permeability
that limits plasma leakage and endothelial cell disorganiza-
tion through expression of ANGPTLA4.

During developmental angiogenesis and in the oxygen-in-
duced retinopathy, we also quantified diminished pericyte cov-
erage in both capillaries and veins. This phenotype was nei-
ther associated with vascular regression nor excessive
angiogenesis, as reported when pericyte dropout is involved
(34), but with a delay in vessel maturation during develop-
ment and an inhibition of angiogenesis in oxygen-induced
retinopathy. These observations are consistent with previ-
ous reports that have shown that compromised interaction
of pericyte and endothelial cells in retinal blood vessels are
associated with defective angiogenesis during development,
such as in endothelium-specific Pdgfb knockout mice (35)
and in response to ANG-2 in a model of diabetic retinopathy
(36). In addition, our results suggest that ANGPTL4 is not
involved in pericyte recruitment per se but rather that peri-
cytes failed to spread on angptl4-deficient endothelial cell
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tubes. Whether these changes in pericyte morphology are a
cause or a consequence of defects in vascular maturation
remains to be elucidated. The magnitude of these morpho-
logic changes rather suggests a secondary effect to the endo-
thelial defects, where angptl4 expression is detected.

These results show that ANGPTL4 regulates retinal neovas-
cularization as ANG-2 but prevents vascular permeability (14,
15), as ANG-1 (37). Although ANGPTL4 does not bind to
TIE-2, these findings raise the hypothesis that ANGPTL4
may participate in the normalization of retinal vessels. The
concept of vessel normalization was first established in
tumor angiogenesis (38, 39) in which HIF-2« has recently
been shown to regulate proper maturation and function of
newly formed vessels (40). In such a hypoxic environment,
immature vessels are permeable and lack stabilizing peri-
cytes, leading to edema and defects in nutritive flow (41).
The goal of anti-angiogenic strategies is therefore to inhibit
plasma leakage, increase pericyte coverage, and reduce ves-
sel diameter and tortuosity, thereby restoring optimal blood
flow (42). In vascular ocular diseases, normalization of
excessive angiogenesis might constitute a relevant therapeu-
tic approach, as reestablishment of a proper vascular barrier
would also reduce plasma leakage and edema. Indeed, pre-
clinical studies report the beneficial effect of blocking
VEGFA signaling in diabetic retinopathy (43) and in “wet”
age-related macular degeneration (44), and VEGFA blocking
antibodies are prescribed to patients suffering from wet age-
related macular degeneration (45).

Taken together, our results suggest that ANGPTL4 controls
hypoxia-driven angiogenesis and vessel maturation in the ret-
ina and might therefore represent a double-edged therapeutic
sword in treatments aimed at both reducing uncontrolled path-
ological angiogenesis and reinforcing the vascular barrier dur-
ing ocular vascular pathologies.
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