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The failure of blood vessels to revascular-
ize ischemic neural tissue represents a
significant challenge for vascular biol-
ogy. Examples include proliferative reti-
nopathies (PRs) such as retinopathy of
prematurity and proliferative diabetic reti-
nopathy, which are the leading causes of
blindness in children and working-age
adults. PRs are characterized by initial
microvascular degeneration, followed by
a compensatory albeit pathologic hyper-
vascularization mounted by the hypoxic
retina attempting to reinstate metabolic
equilibrium. Paradoxically, this second-

ary revascularization fails to grow into
the most ischemic regions of the retina.
Instead, the new vessels are misdirected
toward the vitreous, suggesting that vas-
orepulsive forces operate in the avascu-
lar hypoxic retina. In the present study,
we demonstrate that the neuronal guid-
ance cue semaphorin 3A (Sema3A) is
secreted by hypoxic neurons in the avas-
cular retina in response to the proinflam-
matory cytokine IL-1�. Sema3A contrib-
utes to vascular decay and later forms a
chemical barrier that repels neo-vessels
toward the vitreous. Conversely, silenc-

ing Sema3A expression enhances normal
vascular regeneration within the ischemic
retina, thereby diminishing aberrant neovas-
cularization and preserving neuroretinal
function. Overcoming the chemical barrier
(Sema3A) released by ischemic neurons
accelerates thevascular regenerationofneu-
ral tissues, which restores metabolic supply
and improves retinal function. Our findings
may be applicable to other neurovascular
ischemic conditions such as stroke. (Blood.
2011;117(22):6024-6035)

Introduction

Proliferative retinopathies (PRs) are traditionally perceived as
disorders limited to the microvasculature because of the character-
istic profuse and deregulated growth of retinal vessels.1 The
mechanisms by which neovessels grow toward the vitreous and fail
to revascularize ischemic zones are thought to result from high
concentrations of proangiogenic factors such as VEGF in the
vitreous of PR patients. However, if such an explanation were
sufficient, retinal glial cells (astrocytes and Müller cells)2 and
neurons3 that produce vast amounts of growth factors under
hypoxic conditions should retain vessels on the retinal surface and
ensure revascularization of the retina proper. It is, therefore,
compelling to hypothesize the presence of a vasorepulsive force
originating from the significantly hypoxic avascular retina that
repels neovessels away from the vaso-obliterated retina and grows
toward the vitreous.

Neurovascular cross-talk shapes vascular development but has
received limited attention in the pathology setting. In PRs, evi-
dence points to an early decline in the function of ischemic regions
of the neural retina, as shown by multifocal electroretinogram
(mfERG).4,5 Throughout the vaso-obliterative phase of retinopathy,

the local retinal environment is hostile to both vasculature and
neurons.6 After blood vessel degeneration, neurons are metaboli-
cally starved and undergo several adaptive cellular changes to
counter the ischemic state of the tissue.3,6 If adequate vascular
supply is not reinstated in time to salvage deprived neurons, it is
conceivable that these severely hypoxic cells may mount a
repulsive front in an attempt to shunt metabolic resources away
from the perishing ischemic tissue toward less affected regions of
the retina. In the process, excessive production of VEGF7 induces
exaggerated neovascularization at the periphery of the ischemic
and repulsive zones into the pre-retinal region (normally devoid of
vasculature), because reestablishing a vascular network to neurons
that are unsalvageable would be wasteful.

Given their established role in influencing endothelial cell (EC)
behavior, classic neuronal guidance cues may mediate the mis-
guided growth of neovessels away from the ischemic retina.8

During embryonic development, nerves and blood vessels establish
architecturally optimized networks to ensure adequate transmission
of sensory information and tissue perfusion; of particular interest
are the class III semaphorins such as Sema3A. Sema3A binds to
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Neuropilin-1 (Nrp-1) to elicit (neuronal) cytoskeletal collapse.9,10

In addition, VEGF165 also binds to Nrp-1 to promote its angiogenic
effects.10-12 These opposing actions of Sema3A and VEGF, whereby
Sema3A directly provokes EC apoptosis and inhibits VEGF-
dependent chemotaxis, may be important contributors to the
vascular phenotypes observed in PRs. Previous studies have
demonstrated a role for Sema3A in vascular morphogenesis in
developing embryos13 and in the inhibition of angiogenesis during
tumor growth.14

Using an oxygen-induced model of PR (oxygen-induced retinop-
athy [OIR]),15,16 we demonstrate that the inflammatory environ-
ment present in the ischemic neural retina, notably involving
IL-1�, induces robust production of Sema3A specifically in retinal
ganglion neurons. Sema3A was found to contribute to vascular
decay and curtail revascularization of the ischemic zones, resulting
in misguided intravitreal vascular growth in ischemic retinopathies.
Our findings reach beyond previously reported antiangiogenic
properties of Sema3A, because we provide evidence for a counter-
intuitive uncoupling of neuronal metabolism and vascular supply.
We show that in response to hypoxia, neurons secrete a chemical
barrier (Sema3A) to repulse new vessels and in turn prevent
revascularization of hypoxic retinal tissue. Conversely, we demon-
strate that rapid enhancement of retinal revascularization during the
early ischemic stages effectively prevents aberrant pre-retinal
neovascularization.

Methods

Animals

All studies adhered to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Animal Care Committee of
the University of Montreal in accordance with the guidelines established by
the Canadian Council on Animal Care. C57Bl/6 wild-type, GFP mice
(C57BL/6-Tg UBC GFP 30Scha/J, stock number 004353) and RGC-YFP
mice (B6.Cg-Tg Thy1-YFPH 2Jrs/J, stock number 003782) were purchased
from The Jackson Laboratory.

OIR

This model serves as a proxy to human ocular neovascular diseases such as
retinopathy of prematurity and diabetic retinopathy, which are characterized
by a late phase of destructive pathologic angiogenesis.1,17 Mice were
exposed to 75% oxygen from postnatal day 7 (P7) to P12. On return to room
air, hypoxia-driven neovascularization develops from P14 on.15-18 Intravit-
real injections were performed as follows. Twice-daily intraperitoneal
injections of IL-1R antagonist (Kineret, 20 mg/kg; Biovitrum) were admin-
istered from P10 for 4 days. The eyes were collected at documented time
points. Retinal vaso-obliteration was evaluated at P12, P14, and P17,
whereas neovascularization was evaluated at the disease peak (P17), as
described previously.15 Briefly, mice were given a lethal dose of Avertin
(Sigma-Aldrich) and eyes were enucleated and fixed in 4% paraformalde-
hyde for 1 hour at room temperature. Retinas were dissected and stained
overnight at room temperature with fluoresceinated isolectin B4 (Alexa
Fluor 594, I21413; Molecular Probes) in 1mM CaCl2 in PBS. Lectin-
stained retinas were whole-mounted onto Superfrost Plus microscope slides
(Fisher Scientific) with the photoreceptor side down and imbedded in
SlowFade Antifade Reagent (Invitrogen). For quantification of retinal
neovascularization, 20 images of each whole-mounted retina were obtained
at 5� magnification using fluorescence microscopy (Eclipse E800; Nikon).
Vaso-obliterated areas were assessed as the retinal area devoid of vascula-
ture over the total retinal retina. Neovascularization was analyzed using the
SWIFT-NV method.19 All mice weighing less than 5.5 g at P17 were
excluded from the study to eliminate all runty animals.20

RT-PCR and real-time qRT-PCR analysis

Eyes were rapidly enucleated and whole retinas (or laser-captured retinal
layers or vessels) processed for RNA using TRIzol (Invitrogen), followed
by treatment with DNase I (QIAGEN) to remove any contaminating
genomic DNA. The DNase-treated RNA was then converted into cDNA
using M-MLV reverse transcriptase (Invitrogen). PCR primers targeting
mouse and rat VEGFA, Sema3A, Sema3E, Sema3F, Nrp-1, IL-1�, IL-6,
TNF�, and the control genes cyclophilin A and 18S were designed using
Primer Bank and NCBI Primer Blast. Quantitative analysis of gene
expression was generated using an ABI Prism 7700 sequence detection
system and the SYBR Green Master Mix Kit (BioRad), and gene expression
was calculated relative to cyclophilin A or 18S universal primer pair
(Ambion) expression using the �Ct method.

Western blot

Retinal samples were obtained as described in “OIR.” Samples were
centrifuged and 50 �g of pooled retinal lysate from a minimum of
3 different animals was loaded on an SDS-PAGE gel and electroblotted
onto a PVDF membrane. After blocking, the membranes were incubated
overnight with 1:200 rabbit antibody to mouse VEGFA (sc-152; Santa
Cruz Biotechnology), 1:1000 rabbit antibody to mouse Sema3A
(ab23393; Abcam); 1:1500 rabbit antibody to mouse IL-1RI (sc-689;
Santa Cruz Biotechnology), 1:200 goat antibody to rat IL-1� (MAB501;
R&D Systems); and 1:1000 mouse antibody to mouse �-actin (sc-47778;
Santa Cruz Biotechnology). After washing, membranes were incubated
with 1:5000 horseradish peroxidase–conjugated anti-rabbit, anti-goat, or
anti-mouse secondary antibodies (Amersham) for 1 hour at room tempera-
ture. Bands were assessed using densitometry plug-ins in Image Pro 4.5
software (Media Cybernetics).

Laser capture microdissection

Eyes with OIR or normoxic controls were enucleated at P14 or P17 and
embedded in optimal cutting temperature compound. The eyes were
sectioned at 12 �m in a cryostat, mounted on RNase-free polyethylene
naphthalate glass slides (11505189; Leica), and immediately stored at
�80°C. Slides containing frozen sections were fixed in 50% ethanol for
15 seconds, followed by 30 seconds in 75% ethanol, before being washed
with diethylpyrocarbonate-treated water for 15 seconds. Sections were
stained with hematoxylin/eosin or fluoresceinated isolectin B4 (Alexa Fluor
594, I21413; Molecular Probes) at a 1:50 dilution in 1mM CaCl2 in PBS,
and treated with RNase inhibitor (03 335 399 001; Roche) at 25°C for
3 minutes. Layers or neovessels were laser-microdissected with the LMD
6000 system (Leica Microsystems) and collected directly into lysis buffer
using the RNeasy Micro Kit (QIAGEN).

Immunohistochemistry

For immunohistochemistry, eyes were enucleated from mice and fixed in
4% paraformaldehyde at room temperature for 4 hours, incubated in 30%
sucrose overnight, and then frozen in optimal cutting temperature com-
pound. Sagittal cross-sections were permeabilized overnight at 4°C and
incubated with rabbit IL-1RI (sc-689; Santa Cruz Biotechnology) or rabbit
Sema3A (ab23393; Abcam) and mouse Thy1.1 (Millipore), followed by
fluoresceinated secondary antibodies (goat anti–mouse IgG Alexa Fluor
594 and goat anti-rabbit IgG Alexa Fluor 488 and 594; Invitrogen) for
localization studies according to the manufacturer’s recommendations.
Flat-mount retinas were stained with 0.1% Triton X-100 (T-8787; Sigma-
Aldrich) in PBS and with fluoresceinated isolectin B4 (Alexa Fluor 594,
I21413; Molecular Probes) in 1mM CaCl2 in PBS for retinal vasculature.
Antibodies to rabbit Nrp-1 (sc-5541; Santa Cruz Biotechnology) were
applied overnight and secondary Abs were added. Samples were visualized
using 40� objectives with fluorescence microscopy (Eclipse E800; Nikon).

Lentivirus production

Lentiviral vectors (HIV-1 derived) were prepared by transfecting HEK293T
cells with a vector plasmid containing the small hairpin RNA (shRNA)
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Figure 1. Sema3A expression is consistent with a role in retinopathy. (A) Frozen cross-section (left panel) and flat-mount retinas (central panel) taken at P17 of OIR
demonstrating the principal characteristics of PRs including avascular (A) and vascular (V) zones. Paraffin sections (right panel) demonstrating pre-retinal neovascular tufts
(black arrows). (B) Real-time PCR on whole retinas taken at P8 and P14 demonstrates an � 3-fold increase in Sema3A during the vaso-obliterative and neovascular phases of
PRs, respectively (n � 3). Values are gene copy number normalized to CyclophilinA standards 	 SEM. **P � .0015 and *P � .0157 compared with normoxia (Norm).
(C) Microdissection of avascular regions of the OIR retina at P14 reveals a 3.5-fold induction in Sema3A protein levels in the avascular area (n � 3). Values are shown relative
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against Sema3A or green fluorescent protein together with the third-
generation packaging plasmids pV-SVG, pMDL, and pREV (Open Biosys-
tems). Approximately 107 cells were seeded and transfected with the above
plasmids in DMEM complete medium (Invitrogen) and incubated for
30 hours. Subsequently, supernatant was replaced with fresh complete
DMEM medium and incubated for an additional 30 hours. Secreted virus
was collected and ultracentrifuged at 50 000g, resuspended in PBS,
aliquoted, and stored at �80°C.

Intravitreal injections

P2 or P14 C57BL/6 pups were anesthetized with 3.0% isoflurane and
injected intravitreally with 0.5�L of lentivirus (see “Lentivirus produc-
tion”) or recombinant Sema3A (rSema3A, 100 ng/�L), respectively, using
a 10-�L Hamilton syringe fitted with a 50-gauge glass capillary tip. Approxi-
mately 254 	 11.0 ng/�L of lentivirus shGFP and 323.3 	 15.3 ng/�L contain-
ing shSema3A was injected; virus titers were assessed with the p24 ELISA kit
(ZeptoMetrix).

Electroretinogram recordings and analysis

Adult (50 days old) mice subjected to OIR and receiving Lv.shSema3A in
the left eye and Lv.shGFP in the contralateral right eye were used in this
study and compared with room air–raised controls. Mice were housed in the
animal care facilities under a cyclic light environment (12 hours of light at
80 lux, 12 hours of dark). Electroretinogram (ERG) recordings were
obtained as described previously.21 Briefly, before the recordings, the
animals were dark adapted for a period of 12 hours and anesthetized. Drops
of 1% cyclopentolate hydrochloride (Alcon) were used to dilate the pupils.
The animals were then placed in a chamber with a photostimulator (model
PS22; Grass Instruments) and a rod-desensitizing background of 30 cd/sec/
m2. The active DTL fiber electrode (27/7 X-Static Silver coated conductive
nylon yarn; Sauquoit Industries) was placed on the cornea, a reference
electrode was positioned in the mouth (E5 disc electrode; Grass Instru-
ments), and a ground electrode (E2 subdermal electrode; Grass Instru-
ments) was inserted in the tail. Simultaneous recordings of full-field ERGs
(bandwidth 1-1000 Hz, 10 000�, 6-db attenuation, P-511 amplifiers; Grass
Instruments) was performed with a data acquisition system (MP 100 WS;
Biopac System). Scotopic ERGs were obtained in response to progressively
brighter flashes of white light ranging in intensity from �6.3 log to
0.9 log cd/s/m2 in 0.3-log-unit increments (using a photostimulator with an
interstimulus interval of 10 seconds, flash duration of 20 �s, and an average
of 2-5 flashes). ERG amplitudes were measured according to a method
described previously.22 In brief, the amplitude of the a-wave was measured
from baseline to trough and the b-wave from the trough of the a-wave to the
highest peak of the b-wave.

Preparation of conditioned medium from hypoxic RGC-5

The RGC-5 cell line was kindly provided by Neeraj Agarwal (University of
North Texas Health Science Center, Fort Worth, TX). All cells were
terminally differentiated and prepared as described previously.6 Approxi-
mately 106 cells were seeded before exposure to 2.0% O2 levels. Superna-
tant was collected at the appropriate time points, centrifuged to remove
debris, filtered with 0.2-�m filters (Millipore), and distributed for prolifera-
tion assays (see “Cell proliferation assay”).

IL-1� stimulation of cultured RGC-5

Terminally differentiated RGC-5 cells (105/well) were seeded in 6-well
plates and incubated for 0-8 hours with recombinant murine IL-1�

(500 pg/mL; 211-11B; PeproTech). Cells were collected at each time point
using TRIzol reagent for mRNA extraction, as described in “RT-PCR and
real-time qRT-PCR.”

Cell-proliferation assay

Rat brain microvascular ECs (RBMVECs) were obtained from Cedarlane
Laboratories and used from passage 2-7. Cell number and division rates
were determined using thymidine incorporation, in which [methyl-3H]-
thymidine (1 �Cu/well; Amersham) was introduced to RGC-5 conditioned
medium after seeding in 24-well plates. Cell proliferation was assessed
after 24 hours.

Aortic explant microvascular growth assay

Aortas were explanted from adult C57BL/6 mice, sectioned into 1-mm
rings, and placed into growth-factor reduced Matrigel (BD Biosciences) in
24-well plates. Rings were cultured in supplemented endothelial basal
medium (Lonza) before a 40-hour exposure to RGC-5 conditioned medium.
Treated rings were photographed using an inverted phase contrast micro-
scope (Eclipse TE300; Nikon), and microvascular growth was assessed
using Image Pro 4.5 software (Media Cybernetics), as described previously.6

Real-time migration assay

RBMVEC migration rates were assessed after exposure to the conditioned
medium using a real-time cell analyzer with a dual-plate apparatus
(xCELLigence RTCA DP; Roche). This migration assay provides a
real-time measurement of EC migration by extrapolating changes in
electrical impedance with the number of cells passing through a porous
membrane. Briefly, 160 �L of complete RBMVEC medium with or without
0.5 or 1.0 �g/mL of Sema3A was loaded on the lower chamber of a cellular
invasion and migration plate (CIM-Plate 16; Roche). The upper chamber
was then fitted on the lower chamber and loaded with 50 �L of RBMVEC
basal medium. After 1 hour of equilibration, 2.8 � 104 of RBMVECs were
loaded on each well of the upper chamber. The cellular invasion and
migration plate was subsequently placed on the RTCA analyzer in a
37°C incubator. The cellular migration was recorded every 15 minutes
(100 sweeps at 15-minute intervals) using the cellular index provided by the
manufacturer of the RTCA DP instrument (Roche). RBMVEC basal
medium was used as a negative control. Four independent reactions were
assayed for each condition.

Microdeposition of Sema3A

Aortic explants from adult GFP mice (see above) were plated on polycarbon-
ate slides adjacent to microdeposited Sema3A (100 ng/�L) and vehicle
controls using micropipettes. Samples were covered with growth factor-
reduced Matrigel (as described in “Aortic explant microvascular growth
assay”). Nascent vessels were visualized using 63� objectives with
fluorescence microscopy (Eclipse E800; Nikon).

Morphometric analysis and live cell imaging

RBMVECs incubated with Sema3A and retinal ganglion cell (RGC)
supernatants were photographed using a 40� air objective on a Leica
DMI6000 microscope coupled to a Ultraview Vox spinning disc confocal
unit (PerkinElmer). The camera was a Hamamatsu Orca-R2. Cells were
maintained at 37°C using an environment chamber system from Pathology
Devices. Images were acquired every 2 minutes for 45 minutes, and surface
areas were calculated using ImageJ 1.40g software.

Figure 1. (continued) to vascularized areas 	 SEM. *P � .0447 compared with the vascularized zone (V). At P19, when physiologic retinal revascularization is reinstated,
Sema3A in the avascular retina returns to control levels. Levels of Sema3A in the peripheral (P) and central (C) retina of normoxic controls are comparable. (D) Laser capture
microdissection on retinal layers (F) (also see supplemental Figure 1B) demonstrates that Sema3A is primarily produced in the ganglion cell layer (GCL), with lower expression
in the inner nuclear layer (INL). ONL indicates outer nuclear layer. Levels of Sema3A surge 4.4-fold in the GCL at P14 after OIR (n � 3). **P � .0075 and *P � .0143 relative to
normoxia (Norm). (E) Confocal imaging of immunohistochemistry on central avascular retinal cross-sections (OIR P14) reveals a predominant expression of Sema3A by
RGCs as confirmed by merging with RGC marker Thy1.1. (G) At P17, laser capture microdissection and RT-PCR of normal vessels versus neovascular tufts revealed a
2.2-fold induction in Nrp-1 in tufts (n � 3). Values are gene copy number normalized to CyclophilinA standards 	 SEM. ***P � .0007 compared with controls (Ctl).
(H) Immunohistochemistry on flat-mount retinas confirms pronounced staining of Nrp-1 on lectin-stained neovascular tufts (P17). Images are representative of 5 experiments.
Scale bars represent 300 �m (A right panel), 500 �m (A central panel), 50 �m (A right panel) 25 �m (E), 100 �m (F), and 25 �m (H).
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Actin network visualization and RhoA pull-down

RBMVECs were incubated for 1 hour with RGC conditioned medium or
Sema3A, and cells were fixed with 4% paraformaldehyde and permeabil-
ized with 0.2% Triton X-100. Subsequently, cells were stained using
rhodamine-phalloidin (0.15�M) for 30 minutes and 4
,6-diamidino-2-
phenylindole, dihydrochloride (DAPI; 0.1 �g/mL) for an additional
5 minutes. Actin network collapse was assessed by confocal microscopy
(LMS5; Zeiss). RhoA activity was determined using a RhoA pull-down kit
(Pierce Biotechnology) according to the manufacturer’s instructions. Briefly,
the active RhoA (GTP-bound) fraction was isolated from 200 �g of protein
lysates from RBMVECs incubated with RGC conditioned medium; 5 �g of
total RhoA was used as the loading control.

Statistical analysis

Data are presented as means 	 SEM. Two-tailed independent Student
t tests was used to analyze data. Comparisons between groups were made
using 1-way ANOVA followed by the post hoc Tukey multiple comparisons
test among means. P � .05 was considered statistically significant.

Results

The expression pattern of Sema3A is temporally and
geographically consistent with a role in both the
vaso-obliterative and vasoproliferative phases of PR

In humans, the initial retinal vascular degeneration observed in PR
yields pockets of nonperfused neuronal tissue that result in local
hypoxia. Similarly, in mice, the OIR model (75% oxygen from
P7-P12 and room air until P17) provokes a central avascular retinal
region (Figure 1A left and center panels). As the retina revascular-
izes, aberrant neovascularization peaks at P173,23 (supplemental
Figure 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article), when vascular tufts
protruding into the vitreous are found bordering the avascular zone
(Figure 1A right and center panels). In accordance with a role in
retinopathy, Sema3A levels in whole retina (as determined by

Figure 2. IL-1� in the ischemic avascular retina
induces Sema3A expression. (A) The inflammatory
cytokines IL-6, TNF-�, and IL-1� are induced in OIR
retinas, in particular IL-1�, which was up-regulated
6.8-fold compared with normoxia. n � 3; P � .01 com-
pared with normoxia (Norm). (B) Microdissection of avas-
cular (A) regions of the OIR retina reveals a marked
induction in IL-1� (17 kDa) protein levels compared with
the vascular regions (V) and the central (C) and periph-
eral (P) normoxic retina; higher molecular weight bands
correspond to pro-IL-1�. n � 3; P � .01 compared with
time 0. (C) RGC-5 stimulated with IL-1� (0.5 ng/mL)
elicited a delayed (8 hours) but significant 4-fold increase
in Sema3A(n � 3-4). (D) Confocal imaging of immunohis-
tochemistry on retinal cross-sections (OIR P14) reveals a
predominant expression of IL-1RI by RGCs, as confirmed
by merging with RGC marker Thy1.1. (E) IL-1RI antago-
nist IL-1ra (Kineret) abrogated the OIR-dependent induc-
tion of Sema3A compared with vehicle-treated normoxia
and OIR controls. Values are the fold increase of con-
trol 	 SEM. n � 3; **P � .01 compared with normoxic
vehicle (Veh). (D) Scale bar represents 25 �m.
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RT-PCR) surge 3-fold (P � .0015) during the height of vascular
obliteration immediately after exposure to high O2 concentrations
at P8, and persist during pre–retinal neovascularization formation
at P14 (P � .0157; Figure 1B). At P14, when pre–retinal neovascu-
larization commences (supplemental Figure 1), this increase in
Sema3A is precisely located to central avascular zones in microdis-
sected retinas (Figure 1C). Although VEGF levels significantly
increase in this avascular zone (supplemental Figure 2), nascent
vessels fail to enter. Moreover, Sema3A mRNA expression (by
RT-PCR) was markedly increased in OIR in the ganglion cell
layer (Figure 1D; P � .0075) as isolated by laser capture
microdissection (Figure 1F), whereas less expression was noted
in the inner nuclear layer (Figure 1D). These findings were
confirmed by immunohistochemical localization of Sema3A in
the ganglion cell layer of the central avascular retina in OIR
(P14), specifically in RGCs expressing Thy1.1 (Figure 1E). At
P19, when physiologic revascularization progresses after the
earlier peak of neovascularization (supplemental Figure 1),15-17

Sema3A levels decreased in the central avascular zones to
values detected at the periphery (Figure 1C), which is consistent
with a revascularization of the retina (supplemental Figure 1).
Bordering the Sema3A-rich avascular retina, Nrp-1 expression
was increased in pathologic pre-retinal vascular tufts. In contrast to
Sema3A, which was mainly found within the avascular zone, Nrp-1 was
increased in pre-retinal vascular tufts (P17; supplemental Figure 1B)
that are present in the periphery of this central avascular zone
(Figure 1G-H). These data suggest that Sema3A generated by
RGCs is induced during the vaso-obliterative phase of PR and is
positioned to block subsequent desirable revascularization during
the proliferative phase (Figure 7C).

IL-1� in the ischemic core of the retina induces Sema3A
expression

During vascular injury, the neural retina mounts an inflammatory
response to the insult. Accordingly, levels of various cytokines such
as IL-1�,24,25 IL-6,25-27 and TNF-�7,28 are increased in the vitreous
fluid of patients with diabetic PR, in the retinas of diabetic rats, and
during the proliferative phase of retinopathy of prematurity. We

determined whether the induction of Sema3A in the ischemic core
of the retina was dependent on inflammation. Retinal levels of the
key inflammatory mediators IL-6, TNF-�, and IL-1� were in-
creased at P14 in OIR (Figure 2A; P � .05). Although cytokine
signaling is interrelated, we focused on IL-1�, which was markedly
elevated and largely confined to the avascular retina (Figure 2B) in
regions of elevated Sema3A expression (Figure 1C). Stimulation of
IL-1RI–expressing RGCs (supplemental Figure 3A) with IL-1�
induced a robust rise in Sema3A expression (Figure 2C). The
induction of Sema3A was only noted after prolonged exposure to
IL-1� (starting at 8 hours), and therefore suggests that a sustained
inflammatory stress is required to trigger the production of this cue.
Concordant with RGCs being the main source of Sema3A, we
localized IL-1RI in this neuronal population in retinal cross-
sections (Figure 2D) and in retinal astrocytes (supplemental Figure
3B). To ascertain the role of the inflammatory stimulus, specifically
IL-1�, in the generation of Sema3A in OIR, we determined the
effects of an IL-1 receptor antagonist (IL-1ra; Kineret) on Sema3A
expression. IL-1ra administered twice daily starting at P10 fully
inhibited the production of Sema3A in OIR at P14 (Figure 2E),
further confirming a role for inflammatory stress in governing the
expression of this repulsive cue.

RGC-derived Sema3A partakes in vaso-obliteration, hinders
vascular regeneration, and contributes to pre-retinal
neovascularization in OIR

Physiologic and pathologic retinal vascularization is orchestrated
by the coordinated interplay of ECs, astrocytes, microglia,2,29,30 and
neurons such as RGCs.3 Given the pivotal role of the latter in
retinal vascular homeostasis3 and the relative abundant expression
of Sema3A in RGCs (Figure 1D-E), we proceeded to knock down
Sema3A mRNA in these neurons using shRNA encoded in
lentivectors (Lv); this approach was favored over the use of
Sema3A transgenic mice, which exhibit high mortality rates and
confounding neuronal deficits.31 Surviving Sema3A transgenic
pups are also small for gestational age,32 which would indepen-
dently alter their OIR phenotype.20 Intraocular injection of Lv at P2
effectively infected � 70% of RGCs, as determined 72 hours after

Figure 3. RGC-derived Sema3A partakes in vaso-
obliteration, hinders vascular regeneration, and con-
tributes to preretinal neovascularization in OIR.
(A) Representative photomicrographs of Griffonia simplici-
folia lectin-stained flat-mount retinas at P12 reveal that
mice receiving an intravitreal injection of Lv.shSema3A
show a 32% reduction in the area of vaso-obliteration
compared with contralateral eyes receiving Lv.shGFP
injections and noninjected eyes (basal) revealing the
vasotoxic properties of Sema3A in the first phase of OIR
(n � 13-15; additional quantification is presented in
supplemental Figure 4A). The inhibition of RGC-derived
Sema3A significantly enhanced the rate of vascular
regeneration secondary to OIR as determined at P12
(n � 13-15), P14 (n � 12-13), and P17 (n � 15-18). Val-
ues are presented as the rate change in vaso-obliterated
areas relative to Lv.shGFP-treated controls 	 SEM.
P � .02 by ANOVA factoring for time and group. (B) At
peak neovascularization (P17) lectin-stained flat-mount
retinas reveal that inhibition of Sema3A (n � 9-12) signifi-
cantly reduced areas of pathologic neovascularization
from 9.3% to 4.5%, as determined using the SWIFT-NV
quantification protocol (supplemental Figure 4B). Values
are presented as areas of neovascularization relative to
total retinal area 	 SEM. ***P � .0002 compared with
control. Scale bars in panels A and B represent 500 �m.
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infection3 (GFP colocalization with the RGC marker Thy1.1;
supplemental Figure 4A) and led to a � 50% reduction (P � .05)
in retinal Sema3A, whereas the Sema3A levels in contralateral
control eyes infected with Lv.shGFP were unaffected (supplemen-
tal Figure 4B-C). The expression of related semaphorins and VEGF
remained unaltered, confirming the specificity of the Lv.shSema3A
(supplemental Figure 4C-D).

Mice injected with Lv.shSema3A exhibited 32% less O2-
induced vaso-obliteration at P12, which is consistent with Sema3A’s
proapoptotic properties in ECs33 (P � .01) (Figure 3A and supple-
mental Figure 5A). Moreover, before and during the vaso-
proliferative phase (P12-P17), revascularization of the central
avascular zone was accelerated by 3.7-fold in animals treated with
Lv.shSema3A (P � .02 linear regression; Figure 3A). More rapid
restoration of retinal vasculature was associated with less pre-
retinal neovascularization (Figure 3B and supplemental Figure 5B),
as expected.23,34,35 These findings introduce a new neurovascular
paradigm in which stressed neurons express Sema3A and contrib-
ute to promoting the degeneration of the surrounding vasculature,
which deviates nascent vessels away from the most severely
ischemic areas in an attempt to redistribute metabolic resources to
areas deemed “more salvageable.”36

Inhibition of RGC-derived Sema3A during PR preserves
neuroretinal function

Maintaining neural function in ischemic tissue requires preserva-
tion of the local vascular supply. Accelerated postischemic revascu-
larization is associated with improved neural recovery.37,38 OIR is
associated with sustained depression in retinal function,39 primarily
in the inner retina (as reflected by the b-wave amplitude of the
ERG).5 To assess the functional benefits of inhibition of RGC-

derived Sema3A, we performed short-flash ERG analysis in
50-day-old OIR mice. We found that suppression of Sema3A (using
Lv.shSema3A) in animals subjected to OIR preserves inner neu-
roretinal function, as demonstrated by enhanced scotopic (mixed
cone-rod) b-wave amplitudes compared with Lv.shGFP-injected
controls (P � .0049; Figure 4A-B). This Lv.shSema3A-induced
improvement in amplitude was accompanied by renormalization of
the delayed b-wave peak times (P � .001; Figure 4C). Outer retinal
function, as determined by a-wave amplitudes, was not signifi-
cantly affected (Figure 4B).

Sustained hypoxia in RGCs induces Sema3A and blocks
EC growth

Given the inferred neurovascular cross-talk observed, we sought to
decipher the cellular dynamics governing Sema3A expression and
actions. We first explored Sema3A production using an in vitro
model of RGCs40 exposed to hypoxia (2% O2).3 As expected, in
response to hypoxia, VEGF mRNA increased promptly (within
6 hours; Figure 5A), which is consistent with the initial attempt of
VEGF to protect ischemic neurons and promote vascular regrowth.
This was confirmed by increased proliferation of RBMVECs and
vascular sprouting of aortic explants exposed to 12 hours of
hypoxia in RGC medium; the addition of rSema3A (800 ng/mL) to
this VEGF-rich medium abolished its proliferative effect (Figure
5B-C). By 24 hours of hypoxia, VEGF levels subsided, followed at
36 and 48 hours by sharp increases in Sema3A mRNA (P � .0001;
Figure 5A), which is in agreement with hypoxia- and/or oxidant
stress–induced regulation of other semaphorins.41 Accordingly,
conditioned medium from hypoxic RGCs taken at 40 hours
reduced basal RBMVEC division by 70% (suggestive of cell death;
P � .01), as well as vessel sprouting from aortic explants (Figure

Figure 4. Inhibition of RGC-derived Sema3A during
PR preserves neuroretinal function. (A) Representa-
tive recordings of full-field scotopic ERGs in response to
progressively brighter flashes of white light ranging in
intensity from �6.3 to 0.9 log cd/s/m2 in 0.3 log-unit
increments (using a photostimulator with an interstimulus
interval of 10 seconds, flash duration of 20 �s, and an
average of 2-5 flashes). (B) Lv.shSema3A-treated mice
show a significant gain in inner-retinal scotopic (mixed
cone-rod) b-wave response (418.2 �V; n � 6) compared
with control contra-lateral Lv.shGFP �V (234.3; n � 8)
injected eyes. **P � .01 and ***P � .001 compared with
corresponding controls. Similarly, knockdown of Sema3A
enhances the response time to light stimulus, as illus-
trated by decreased peak times (56.4 ms) with respect to
controls (67.1 ms). Inner retinal function as determined
by a-wave amplitudes and peak times was not signifi-
cantly affected.
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5B-C). These effects were abolished by Sema3A knockdown in the
hypoxic RGCs using Lv.shSema3A (�95% infection efficiency
and 50% knockdown; supplemental Figure 6A) compared with
Lv.shGFP controls. Our findings reveal that Sema3A is produced
by hypoxic stress–injured neurons and support our hypothesis that
these injured RGCs participate in hindering revascularization of
ischemic retinal tissue.

Revascularization of ischemic tissues begins with the selection
at the vascular front of highly motile ECs known as tip cells, which
express several chemosensitive receptors (eg, Sema3A-responsive
Nrp1) and are believed to follow guidance and growth cues with
their elaborate filopodial extensions.10 Accordingly, in control (as
well as in Lv.shGFP-treated) mice subjected to OIR, tip cells at the
retinal vascular front bordering the avascular zone rich in Sema3A
exhibited mostly short and dystrophic filopodia (Figure 5D).
Conversely, in mice with RGC knockdown of Sema3A, vascular
filopodia were 3-fold more abundant (Figure 5D). These data
underscore the role of neuron-derived Sema3A in stalling vascular
regeneration of ischemic tissues.

RGC-derived Sema3A repels nascent vessels

Aberrant vessel guidance as an etiology of disease has thus far not
been considered. Although Sema3A has been reported to affect EC
motility,9 its role in guiding vessels remains elusive. We corrobo-
rated this influence on cell motility in a real-time migration assay,
demonstrating that hypoxic RGCs produce sufficient Sema3A to
significantly impede EC movement and thus reduce rates of
migration (P � .05; Figure 6A). The effect of Sema3A in specifi-
cally deviating vessels was also observed, because nascent vessels
(from aortic explants of germline-GFP mice) steered away from
microdeposited Sema3A (Figure 6B-C).

Steering endothelial tip cells toward the desired trajectories
requires dynamic cytoskeletal rearrangement involving actin polym-
erization, the formation of stress fibers, and focal adhesion points,
which together modulate cytoplasmic morphology and are required
to instigate movement. In agreement with this, RGC-derived
Sema3A influences EC shape. Conditioned medium from hypoxic
RGCs (40 hours) caused rapid EC deformation (assessed using live
spinning-disk imaging) (Figure 6D) to a similar extent as that
observed with rSema3A (Figure 6E and supplemental Figure 6B).
The effects on cell shape and motility translate into a loss of stress
fibers (as determined by F-actin staining with rhodamine-
phalloidin) by hypoxia-inducing Sema3A (Figure 6F); these
changes are abrogated by Sema3A knockdown in RGCs (Figure
6D and 6F).

Actin alignment, cell shape, and stress fiber formation are under
the control of small GTPases such as RhoA, which activate Rho
kinase, leading to myosin light-chain phosphorylation and contrib-
uting to actomyosin contraction and cell motility. In agreement
with the promotion of tip cell formation and subsequent growth of
vessels, conditioned medium from RGCs silenced of Sema3A
promoted RhoA activation in ECs (as determined by RhoA-GTP

Figure 5. Sema3A produced by hypoxic RGCs prevents retinal EC growth.
(A) VEGF and Sema3A release by cultured RGC-5 cells exposed to hypoxia (2%). In
the initial 12 hours after hypoxia, VEGF levels rapidly rise � 9-fold, whereas Sema3A
remains unaffected. Later, as hypoxic exposure is prolonged, Sema3A levels rise
(6-fold at 36 hours and 10-fold at 48 hours). Values represent the fold increase
relative to time 0. **P � .01 and ***P � .0001 compared with corresponding time 0.
(B) Neuromicrovascular EC proliferation as measured by thymidine incorporation.
Incubation of ECs with conditioned medium from RGCs exposed to hypoxia for
12 hours (high VEGF, low Sema3A) caused a 1.7-fold (vehicle) and 2.3-fold
(nonspecific shRNA; LV.shGFP) increase in cell number within 24 hours; this effect
was abrogated by rSema3A (800 ng/mL). Conversely, ECs treated with conditioned
medium from RGCs exposed to hypoxia for 40 hours (low VEGF, high Sema3A),
showed a Sema3A-dependent reduction in EC division (5-fold diminution). Knock-
down of Sema3A in hypoxia-exposed RGCs using Lv.shSema3A prevented the
decrease in EC division compared with vehicle- and Lv.shGFP-treated RGCs.
n � 4-6; *P � .05 and **P � .01 compared with vehicle during normoxia (Norm) at
time 0. (C) Aortic sprouting more than doubled in explants grown in conditioned
medium from vehicle- and LV.shGFP-treated RGCs exposed to 12 hours of hypoxia;
this vascular growth was curbed by rSema3A (800 ng/mL). Conditioned medium from
RGCs exposed to 40 hours of hypoxia reduced their sprouting by � 60% compared
with normoxic medium controls. When Sema3A was knocked down in RGCs,
vascular sprouting was doubled compared with Lv.shGFP, underscoring the inhibitory

Figure 5. (continued) properties of Sema3A toward nascent vessels. Values are
represented as the fold change relative to controls. n � 3-6; *P � .05 and **P � .01
compared with vehicle during normoxia (Norm) at time 0. (D) Representative confocal
images of the revascularization front (images on left) and high magnification of tip
cells (images on right) at OIR P14. The number of filopodia (asterisks) per tip cell was
increased 3-fold in Lv.shSema3A animals, whereas contralateral eyes treated with
Lv.shGFP showed fewer filopodia and dystrophic tip cells. n � 10; ***P � .0001
compared with value for Lv.shGFP. Scale bars represent 1 mm (C), 50 �m (D left),
and 10 �m (D right).
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pull-down; supplemental Figure 6C). These findings are consistent
with changes in EC migration affected by Sema3A (Figure 6A-C)
and by the tip cell phenotype observed at the vascular front of OIR
mice (Figure 5D).

The source of Sema3A release dictates the direction of the
repulsive and anti-angiogenic force acting on tip cells. In OIR (as
presented in Figure 1), Sema3A was produced by ischemic RGCs
of the avascular zone under the superficial retinal vascular layer
(Figure 7A), causing neovessels to steer away from the central zone
toward the vitreous to form pathologic vascular tufts. Intravitreal
injections of rSema3A (into the pre-retinal vitreous) after OIR
(P14) prevented the entry of neovessels in the vitreous body and
thus decreased vascular tuft formation at P17 (Figure 7B). Al-
though a trend was noted, vaso-obliteration in rSema3A-treated
retinas also tended to decrease, albeit not significantly (Figure 7B).
Our data suggest that regional production of Sema3A by markedly
hypoxic RGCs participates in deviating neovessels away from the
avascular ischemic retina, thus hindering functional revasculariza-
tion of avascular retinal zones, as depicted in the schematic
diagram in Figure 7C.

Discussion

Neuronal metabolism is tightly coupled to vascular supply by
regulating vasomotoricity and in a more sustained manner through
the release of several growth factors.3 However, the reasons that
vessels fail to invade distinct zones of ischemic yet salvageable
neural tissue are to date poorly understood. This study provides the
first proof of concept for a neuronal factor implicated in microvas-
cular degeneration, and identifies neuronally derived Sema3A as a
vascular repulsive cue that also actively participates in mediating
the key features of PRs. Paradoxically, our findings show that

hypoxic ischemia causes neurons to reverse their signaling machin-
ery from VEGF production to the expression of the vascular
chemorepellent and the cytotoxic cue Sema3A at the expense of
VEGF (Figure 5A). This sacrifice of injured neurons could be a
mechanism to preserve the integrity of the remaining neurovascular
network by shunting revascularization away from irreversibly
damaged tissue (sustained loss of inner retinal function). In doing
so, neurons mount a chemical barrier that deviates neovessels,
isolating the damaged retina away from healthy regions. This novel
mechanism involving Sema3A also provides an alternative explana-
tion for the pathognomonic phenotype of ridge and tuft formation
observed in ischemic PRs.

The factors that regulate expression of Sema3A remain elusive.
Although general hypoxia and/or oxidant stress have been shown
to affect other semaphorins,41,42 our study is the first to draw a
direct link between the inflammatory stress present in ischemic
neural tissue and the induction of semaphorins. Consistent with the
theory of segregating damaged areas of tissue, the induction of
Sema3A requires prolonged exposure to inflammatory cytokines
(here notably IL-1�), a scenario akin to prolonged exposure to
damaging ischemia. Our findings thus expose a new pathophysi-
ologic role for neuronally derived Sema3A that extends beyond its
previously reported antiangiogenic properties.

The paradigm presented herein may also apply to other areas of
the eye and the central nervous system. Increased levels of
repulsive guidance cues (including Sema3A) are released from
choroidal neovascular retinal pigmented epithelium.43 Guidance
cues may therefore also contribute to diseases of the outer retina,
such as age-related macular degeneration. Shortly after an ischemic
stroke,44 Sema3A is produced by injured cells45,46 and localizes to
regions immediately adjacent to the infarct.46 A similar pattern is
observed after spinal cord injury, when neurons near the site of
lesion increase production of Sema3A.47 The timing of this

Figure 6. Sema3A produced by hypoxic RGCs repels
nascent vessels. (A) Rates of RBMEC migration using a
real-time cell analyzer. EC motility was significantly
blocked by hypoxia-induced Sema3A (4.2-fold) and res-
cued by conditioned medium from hypoxic RGC in which
Sema3A was silenced (40 hours). n � 4; *P � .05 com-
pared with vehicle at 40 hours of hypoxia. (B) Effect of
rSema3A on EC migration rate (over 45 minutes). n � 3;
**P � .01 compared with vehicle (Veh). (C) Propensity of
Sema3A to deviate (repel) nascent vessels was estab-
lished using microdeposited Sema3A adjacent to aortic
explants from GFP mice. Vascular sprouts invaded ve-
hicle-coated regions but avoided Sema3A-coated zones.
(D) RGC-derived Sema3A modulates EC cytoskeletal
arrangements and morphology, as demonstrated by time-
lapse morphometric analysis of RBMECs subjected to
conditioned medium (supplemental Figure 6B). ECs ex-
posed for 45 minutes to conditioned medium from hy-
poxic RGCs (40 hours) contracted, whereas knockdown
of Sema3A in the RGCs largely abrogated this effect.
n � 3; **P � .01 compared with vehicle at 40 hours of
hypoxia. (E) rSema3A provoked a dose-dependent cellu-
lar contraction (22.5%), similar in magnitude to 40 hours
of hypoxic conditioned medium. n � 3; **P � .01 compared
with vehicle (Veh). (F)Actin stress fibers in ECs. Treatment of
ECs with hypoxic conditioned medium from hypoxic retinas
resulted in loss of actin stress fibers and collapse of the actin
network (as determined by rhodamine-phalloidin staining
[red]); knockdown of Sema3A in RGCs abrogated this effect.
Therefore, changes in actin are consistent with those on cell
shape and movement (panels A-E). Images are representa-
tive of 4 experiments. Nuclei are stained with 4
,6-diamidino-
2-phenylindole, dihydrochloride (blue). Scale bars represent
20 �m (C) and 50 �m (F).
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increase corresponds to the early phases of the response to injury
when vascular remodeling occurs and axonal sprouting is induced.
However, in addition to the direct effects of repulsive cues such as
semaphorins on cellular proliferation in models of tumorigen-
esis,48,49 the involvement of guidance cues in pathologic settings
has not been explored previously. In light of the ubiquitous release

of Sema3A by injured neurons elsewhere in the central nervous
system, the present study suggests that modulation of this guidance
cue could be harnessed as a therapeutic strategy to promote prompt
revascularization of ischemic neural tissue.

In agreement with our current mechanistic understanding of
PRs, VEGF has been the most promising therapeutic target for
ocular vasoproliferative diseases, albeit with concerns. Notwith-
standing the contribution of excessive levels of VEGF in PRs, this
growth factor also plays a pivotal protective role in the normal
physiologic development and health of the retina.50,51 Inhibiting
VEGF may curb neovascularization, but may also cause unwanted
damage to neuronal networks; accordingly, the appropriate dose of
anti-VEGF treatment remains a challenge.52 Alternatively, inhibit-
ing the repulsive forces that are only present during a pathologic
insult may prove to be a more selective therapeutic approach.

Although the mechanisms governing vascular degeneration and
the ensuing pre-retinal neovascularization in PRs have been
studied,13,53-57 there are currently no strategies to accelerate revas-
cularization of the vaso-obliterated area and consequently limit
aberrant pre-retinal neovascularization. We propose that inhibition
of neuronally derived Sema3A aids the physiologic vascular
regeneration of the retina by overriding the vaso-inhibitory status
of the injured tissue, thus alleviating the hypoxic stress that is
central to disease progression. Accordingly, inhibition of RGC-
derived Sema3A or upstream inflammatory mediators (notably
IL-1�), while harnessing the growth potential of VEGF (supplemen-
tal Figures 2 and 4), may also force vessels to promptly revascular-
ize injured neurons and improve retinal function. rSema3A may
also curb pathologic neovascularization; however, as is the case
with anti-VEGF therapy, this approach would curtail beneficial
rapid retinal revascularization.7 Therefore, the modulation of
RGC-derived Sema3A may be a preferable therapeutic modality to
remedy PRs without directly sequestering growth factors such as
VEGF that are essential for endothelial and neuronal homeostasis.
Because Sema3A is also released by injured neurons elsewhere in
the central nervous system,9,46,47 the concept proposed herein may
not only apply to ischemic retinopathies, but also to other
pathologies such as cerebral infarct, in which vascular growth is a
key determinant of outcome.37,38
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