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Expression of netrin-1 receptors in retina of
oxygen-induced retinopathy in mice
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Abstract

Background: Netrin-1 has been reported to promote retinal neovascularization in oxygen-induced retinopathy
(OIR). However, netrin-1 receptors, which may mediate netrin-1 action during retinal neovascularization, have not
been characterized. In this study, we investigated netrin-1 receptor subtype expression and associated changes in
the retinas of mice with OIR.

Methods: C57BL/6J mice were exposed to 75±2% oxygen for 5 days and then returned to normal air to induce
retinal neovascularization. Reverse transcriptase polymerase chain reaction (RT-PCR) and Western blot were used to
examine the expression of netrin-1 receptor subtypes in the mouse retinas. Double staining of netrin-1 receptor
subtypes and isolectin B4 was used to determine the location of the netrin-1 receptor subtypes in the retinas.
Inhibition of retinal neovascularization was achieved by UNC5B shRNA plasmid intravitreal injection. Retinal
neovascularization was examined by fluorescein angiography and quantification of preretinal neovascular nuclei in
retinal sections.

Results: RT-PCR results showed that, except for UNC5A, netrin-1 receptor subtypes UNC5B, UNC5C, UNC5D, DCC,
neogenin, and A2b were all expressed in the retinas of OIR mice 17 days after birth. Western blots showed
that only UNC5B expression was significantly increased on that day, and immunofluorescence results showed that only
UNC5B and neogenin were expressed in retinal vessels. Treatment of OIR mice with the UNC5B shRNA plasmid
dramatically reduced neovascular tufts and neovascular outgrowth into the inner limiting membrane.

Conclusions: UNC5B may promote retinal neovascularization in OIR mice.
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Background
Netrin-1 has been reported to stimulate proliferation
and migration of endothelial cells in vitro, and promote
developmental and pathological angiogenesis in vivo
[1,2]. To investigate the role of netrin-1 in retinal angio-
genesis, we characterized the expression of netrin-1 in
the retinas of mice with oxygen-induced retinopathy
(OIR) [3], and injected netrin-1 shRNA into the vitreous
cavity of OIR mice [4]. We showed that netrin-1 expres-
sion was simultaneously elevated with an increase of ret-
inal neovascularization. Intravitreal injection of netrin-1
shRNA effectively inhibited retinal neovascularization,
indicating that netrin-1 may promote retinal angiogen-
esis in OIR mice.
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In mammals, receptors of netrin-1 include the DCC
family (deleted in colorectal cancers) and the UNC5 ho-
mologs. Together, the receptors include DCC, neogenin,
UNC5A, UNC5B, UNC5C, and UNC5D. A2b was also re-
ported to be a netrin-1 receptor [5]. As an axonal guidance
cue, netrin-1 attracts or repels axonal growth, depending
on which receptor subtype it recognizes. DCC mediated
chemoattraction [6], while repulsion required a UNC5
homolog, acting alone or together with DCC family re-
ceptors [7,8]. However, whether netrin-1 receptors are
expressed in the retinas of OIR mice, and which subtypes
are involved in retinal neovascularization during this ex-
pression, are presently unknown. The current study was
designed to characterize these receptors and subtypes. We
have developed an OIR model in mice, and have charac-
terized the expression of the netrin-1 receptors UNC5A-D,
DCC, neogenin, and A2b in the retinas of normal and OIR
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mice. We observed that increased levels of UNC5B corre-
lated with retinal angiogenesis in OIR mice, and the ex-
pressions of UNC5B and neogenin were located in new
OIR vessels. Based upon these observations, UNC5B and/
or neogenin may be involved in retinal neovascularization.
We then injected a UNC5B shRNA plasmid into the vitre-
ous cavity of OIR mice, and observed that the inhibition of
retinal neovascularization, consistent with UNC5B, may
promote retinal neovascularization in these mice.

Methods
Animal model
C57BL/6 J mice were available from the animal center of
Central South University, were used in the present study.
IR was produced as described by Smith et al. [9]. Seven-
day-old mice were exposed to 75 ± 5% oxygen for 5 days,
together with their nursing mothers. At postnatal day 12
(P12), the animals were returned to room air (21% oxygen).
The mice were then exposed to 12 hours of cyclical broad
spectrum light. The room temperature was maintained
at 23°C − 28°C. For biochemical studies, mice were sacri-
ficed by neck dislocation, and for histological analyses,
mice were sacrificed by hyper-anesthesia. All experimental
procedures used in the present study were approved by
Ethics Committee of Xiangya School of Medicine, in ac-
cordance with the NIH guidelines for use and care of la-
boratory animals.

Assessment of retinal vascularization
Angiography with high-molecular-weight fluorescein-dextran
was performed on P17. Normal and OIR mice were anes-
thetized using intraperitoneal injection of pentobarbital
sodium, and perfused through the left ventricle with
phosphate-buffered saline (PBS) containing 1 mL 50 g/L
fluorescein-labeled high-molecular-weight (2 million) dex-
tran (Sigma-Aldrich, St. Louis, MO, USA). Subsequently,
the eyes were enucleated and fixed in 40 g/L paraformal-
dehyde for 10 minutes. The retinas were dissected and
placed in 40 g/L paraformaldehyde for 10 minutes, then
flat-mounted using a 1:1 solution of glycerol and PBS.

Histological analysis of neovascularization
On P17, the eyes of normal and OIR mice were enucleated,
fixed with 40 g/L paraformaldehyde in PBS overnight at 4°C,
then embedded in paraffin. Serial cross sections (5 μm) of
the whole eye were stained with hematoxylin and eosin to
visualize the cell nuclei. Ten non-serial sections, except
sections containing the optic nerve, were analyzed per eye.
The nuclei of new vessels extending from the retina to the
vitreous were counted in 60 sections in each group.

Immunofluorescent staining of netrin-1 receptor subtypes
Eyeballs were removed following transcardiac perfusion
with 4% paraformaldehyde in PBS at certain survival
time points, then postfixed in perfusion solution over-
night, followed by cryoprotection in 30% sucrose. Sagittal
frozen sections of retina were cut to a thickness of 12 μm,
and mounted on glass slides. The retinal sections were
covered with 5% BSA for 2 hours at room temperature to
reduce nonspecific background staining. To identify the
expression of receptor subtypes in vascular endothelial
cells, double staining to detect UNC5B-D, DCC, and neo-
genin with isolectin B4 (an endothelial cell marker) was
performed. The retinal sections were incubated with the
primary antibodies, which were diluted in PBS containing
3% bovine serum albumin (BSA), overnight at 4°C. The
primary antibodies included goat polyclonal anti-UNC5B
(AF1006 1:50, R&D Systems, MN, USA), goat polyclonal
anti-UNC5C (SC-54441 1:100, Santa Cruz Biotechnology,
CA, USA), rabbit polyclonal anti-UNC5D (SC-135262
1:100, Santa Cruz Biotechnology), rabbit polyclonal anti-
neogenin (SC-15337 1:100, Santa Cruz Biotechnology),
rabbit polyclonal anti-DCC (SC-35184 1:100, Santa Cruz
Biotechnology), rabbit polyclonal anti-A2b (SC-28996
1:100, Santa Cruz Biotechnology), and mouse anti-GAPDH
(Mab-2005079 1:8000, ProMab, CA, USA).
The sections were rinsed with PBS three times and incu-

bated with 1:300 Cy3-conjugated secondary (Sigma-Aldrich)
and 1:400 Alexa 488-conjugated antibody (Invitrogen,
Grand Island, NY, USA) for 2 hours at room temperature.
Control sections were prepared by incubating with the
BSA mixture without the primary antibody. Sections were
counterstained with Hoechst 33342 (1:50, Sigma-Aldrich),
washed, and mounted with anti-fading medium, before
microscopy examination. Digital images were obtained
using fluorescence microscopy (BH-40; Olympus, Tokyo,
Japan). The immunofluorescence staining procedure was
repeated three times.

RT-PCR analysis of netrin-1 receptor mRNA expression
Expressions of UNC5A-D, DCC, and neogenin mRNA
were determined using reverse transcriptase polymerase
chain reaction (RT-PCR). We used brain tissue as a posi-
tive control. Retinas were lysed in TRIzol, and RNA was
extracted and purified without any contaminating gen-
omic DNA, according to the manufacturer’s instructions
(Invitrogen). The first strand of cDNA was transcribed
from 2 μg total RNA using oligo(dT) (Invitrogen). The
first strand with cDNA not added was used as a negative
control and generated using Moloney murine leukemia
virus transcriptase (Invitrogen). PCR was performed using
the following primer pairs:
A2b, 5′-CTACTTTCTGGTATCCCTGG-3′ and 5′-

CTCGGTTCCTGTAGGCATAG-3′;
DCC, 5′-AACGCTGTCTGTGGACCGAG-3′ and 5′-

GTTGCTTCATTAGCCCTTCC-3′;
neogenin, 5′-TCAGATGATCGACGCCAGCT-3′ and

5′-GTCCCAGCATCATCCTCAGT-3′;
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UNC5A, 5′-GCTTCCAGCCTGTCAGCATC-3′ and 5′-
AGAGCATCGTGGGTGTCGTG-3′;
UNC5B, 5′-GGGCACGTACCCAGGCGATT-3′ and

5′-CGAAGTAGTTTAGGTACCGGTCC-3′;
UNC5C, 5′-TAACCTGAAGAACCAGAGCC-3′ and 5′-

AGGGTCCAGGAGAGGTAAGT-3′;
UNC5D, 5′-ATTGAGAATGCCAGCGACAT-3′ and

5′-TGTCCACACAGTAAACTCTC-3′; and
tubulin, 5′-GCTTCAAGGTTGGCATCAAC-3′ and

5′-TAGTATTCCTCTCCTTCTTC-3′.
Amplification was performed with a cycle (94°C/

5 minutes), (94°C/45 seconds, Tm/45 seconds, 72°C/
45 seconds) × 32 cycles, 72°C/10 minutes. The Tm of each
receptor was UNC5A, 56°C; UNC5B, 56°C; UNC5C, 5°C;
UNC5D, 52°C; A2b, 60°C; DCC, 60°C; and neogenin, 52°C.

Western blot analysis of the netrin-1 receptor protein
For biochemical studies, the eyeballs were removed after
neck dislocation on P12, P17, and P21, and the animals
with weight >6 g were used. The retinas were dissected
and placed in cold PBS on ice, carefully soaked with a
piece of filter paper, and collected in 1.5-ml test tubes
and weighed. They were dissected and lysed in radio-
immunoprecipitation assay (RIPA) lysis buffer (Pierce,
Rockford, IL, USA). Protein concentrations were de-
termined with a protein assay reagent (Pierce, Rockford,
IL, USA), using the bicinchoninic acid assay method.
For each sample, 100 μg protein was fractionated using
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and transferred onto polyvinylidene mem-
branes (Pierce). The membranes were incubated with
anti-UNC5B (1:100), anti-UNC5C (1:100), anti-UNC5D
(1:100), anti-DCC (1:50), anti-A2b(1:100), or anti-neogenin
(1:100) for 2 hours at room temperature, then incu-
bated with a specific secondary antibody (horseradish
peroxidase-conjugated anti-immunoglobulin G). Bind-
ing was detected using an enhanced chemiluminescence
(ECL) method.
Working solutions for the ECL method were prepared

according to the manufacturer’s instructions, and added
to the membranes for 1 minute. The membranes were
removed from the solutions and placed in plastic sheet
protectors. Each membrane was exposed to CL-Xposure
film (Pierce) for 90 seconds. The experiments were re-
peated three times. Band intensities were quantified with
BandScan software Version 4.5 (Glyko Software, Novato,
CA, USA). Levels of glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) production were used for
standardization. Results are expressed as the ratio of
specific protein to GAPDH production.

Intravitreal injection for UNC5B shRNA infection
On P12, ten mice were anesthetized by intraperitoneal
injection of 10% chloral hydrate (30 mg/kg body weight).
Intravitreal injections were performed using a 32-gauge
Hamilton needle and syringe. Among the 10 mice, one
eye was intravitreally injected with 1 μl of the UNC5B
shRNA plasmid (Santa Cruz Biotechnology, sc-61847-
SH), and the other eye, as the negative control, received
an intravitreal injection with 1 μl of the control shRNA
plasmid-A (Santa Cruz Biotechnology, sc-108060). To
assess the angiostatic effect of UNC5B shRNA on retinal
neovascularization, fluorescein angiography and quantifi-
cation of preretinal neovascular nuclei in retinal sections
were performed on P17.

Statistical analysis
All data were expressed as the mean ± SD. Student’s t-
test was used to compare groups. Significance was set at
p < 0.05.

Results
Analysis of retinal neovascularization
Fluorescence angiography was used to visualize the ret-
inal vasculature of normal and OIR mice. Retinas from
normal mice had both superficial and deep vascular
layers, which extended from the optic nerve to the per-
iphery. Vessels in the superficial retinal layer formed a
fine radial branching pattern. In deep retinal layers, the
vessels formed a polygonal reticular pattern (Figure 1a).
Retinas from OIR mice were characterized by central
nonperfused areas and neovascular tufts (Figure 1b). Ser-
ial paraffin cross sections were used to count the num-
ber of neovascular nuclei on the vitreal side of the
internal limiting membrane. In OIR mouse retinas, many
vascular cell nuclei extended beyond the internal limit-
ing membrane (Figure 1d,e), and the average number of
neovascular nuclei per section was 50.70 ± 4.56, while
there were very few neovascular nuclei in the normoxic
control mice (Figure 1c,e).

RT-PCR results
Brain tissue was used as a positive control, and no RNA
was used as a negative control. Except UNC5A, we de-
termined that netrin-1 receptors, UNC5B, UNC5C,
UNC5D, neogenin, A2b, and DCC were all expressed in
the retinas of OIR mice on P17 (Figure 2).

Western blots
Compared with normal mice, expression of all the re-
ceptors showed no differences in the OIR mice on P12
(Figure 3, p > 0.05). The expression of UNC5B in the ret-
ina of OIR mice was significantly upregulated, compared
with normal mice, on P17 and P21 (Figure 3, p < 0.05),
while the expression of UNC5C, UNC5D, neogenin, A2b,
and DCC showed no difference between normal and OIR
mice (Figure 3, all p > 0.05). In normal mice, DCC expres-
sion was greater on P12 than on P17 and P21 (Figure 3,



Figure 1 Assessment of retinal vascularization. (a, b) Angiographic analysis by fluorescein-dextran. (c, d) Histological demonstration of retinal
neovascularization. (a, c) Normal mice. (e) Quantification of retinal neovascularization. (b, d) Oxygen-induced retinopathy (OIR) mice. (a) Normal
mice, retinal vessels form a polygonal reticular pattern. (b) OIR mice, neovascular tufts appear as hyperfluorescence at the junction between the
perfused and nonperfused areas (indicated by red arrows). The nonperfused areas are marked with an asterisk. (c) Normal mice, no neovascular
cell nuclei extend beyond the internal limiting membrane. (d) OIR mice, many neovascular cell nuclei protrude into the vitreous cavity
(indicated by arrows). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer. Bar = 50 μm.
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p < 0.05). There was no difference in expression between
P17 and P21 (Figure 3, p > 0.05), while neogenin expres-
sion increased (Figure 3, p < 0.05) from P12 to P21. Last,
the expressions of UNC5B, UNC5C, UNC5D, and A2b
showed no differences on P12, P17, and P21 in normal
mice (Figure 3, p > 0.05).

Staining of netrin-1 receptors in retina
Confocal microscopy of double immunostaining showed
that UNC5B, UNC5C, UNC5D, neogenin, A2b, and DCC
were expressed in the ganglion cell layer, inner plexi-
form layer, and outer plexiform layer of retinas. There
was no significant difference among the six receptor
subtypes (Figures 4,5,6,7,8,9, green). However, isolec-
tin B4 staining (an endothelial cell marker) was greater in
OIR than in normal mice (Figures 4,5,6,7,8,9, red),
and only UNC5B and neogenin were colocalized with
isolectin B4 in OIR mice (Figures 4 and 8, yellow, in-
dicated by arrows).
Suppression of UNC5B expression by UNC5B shRNA in
OIR mice
The effects of targeting UNC5B with RNAi on UNC5B ex-
pression were investigated by infection of UNC5B shRNA
or scrambled shRNA control in retinas of OIR mice. Com-
pared with scrambled shRNA injection, intravitreal injec-
tion of UNC5B shRNA on P12 resulted in downregulation
of UNC5B expression in the retinas of OIR mice on
P17 (Figure 10).

Suppression of retinal neovascularization by the UNC5B
shRNA plasmid
To determine the angiostatic effect of UNC5B shRNA plas-
mid on ischemia-induced retinal neovascularization, fluor-
escein angiography was performed on OIR mice on P17.
Retinas of OIR mice transfected with scrambled shRNA
hadmultiple neovascular tufts (hyperfluorescence, Figure 11a).
In contrast, fewer neovascular complexes were observed
in the retinas of OIR mice transfected with the UNC5B



Figure 3 Expression of UNC5B-D, DCC, neogenin, and A2b in retinas of normal and OIR mice on P12, P17, and P21. (a) Expression of
UNC5B-D, DCC, neogenin, and A2b in normal and OIR mice. (b) Relative grayscale of UNC5B-D, DCC, neogenin, A2b, and GAPDH in normal and
OIR groups. The UNC5B level of the OIR group is increased significantly compared with the normal group on P17 and P21 (p < 0.05), while the
expressions of UNC5C, UNC5D, neogenin, A2b, and DCC show no significant differences between the normal and OIR mice (p > 0.05). In normal
mice, DCC expression is greater on P12 than P17 and P21 (p < 0.05), and neogenin expression increases (p < 0.05) from P12 to P21.

Figure 2 RT-PCR analysis of netrin-1 receptor mRNA in retinas of OIR mice. The expressions of UNC5B, UNC5C, UNC5D, neogenin, A2b, and
DCC are all detected in retinas of OIR mice, while UNC5A is not detected.
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Figure 4 Double immunostaining of UNC5B with isolectin B4. UNC5B is expressed in the ganglion cell layer, inner plexiform layer, and outer
plexiform layer, and the expression of UNC5B is elevated in OIR mice compared with normal mice. (a, e; green). Endothelial cells increase more
in OIR mice than in normal mice (b, f; red). Hoechst staining in normal and OIR mice (c, g, blue). UNC5B colocalizes with isolectin B4 in OIR mice
(d, h; yellow, indicated by arrows). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer. Bar = 50 μm.
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shRNA plasmid (Figure 11b). To further confirm the in-
hibitory effects of UNC5B shRNA on angiogenesis, retinal
neovascularization was assessed histologically by counting
the neovascular nuclei protruding into the vitreous cavity
(Figure 11c,d). The average number of neovascular nuclei
extending beyond the internal limiting membrane per
section was 47.32 ± 4.05 in OIR mice transfected with
UNC5B shRNA and 25.76 ± 3.68 in OIR mice injected
with scrambled shRNA, thus approximately represent-
ing a 50% reduction in retinal neovascularization.

Discussion
In OIR mice, retinal neovascularization formed after P14
and reached a maximum at P17 and P21 [9], so we de-
tected netrin-1 receptor expression on P12 (neovasculari-
zation not formed yet), P17, and P21 (neovascularization
peaked). Compared with normal mice, the expression of
UNC5B did not show statistical significance in the OIR
mice on P12, but increased significantly on P17 and P21.
Our results showed a positive correlation between UNC5B
overexpression and retinal neovascularization. For the
Figure 5 Double immunostaining of UNC5C with isolectin B4. UNC5C
outer plexiform layer in normal and OIR mice (a, e, green). There are more
staining in normal and OIR mice (c, g, blue). UNC5C did not colocalize with
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, ou
other receptors, there were no significant differences be-
tween the normal and OIR mice on P12, P17 and P21.
Our immunohistochemistry results showed that UNC5B,

UNC5C, UNC5D, DCC, A2b, and neogenin were all
expressed in the ganglion cell layer, inner plexiform layer,
and outer plexiform layer, but only UNC5B and neogenin
were expressed in the retinal vessels of OIR mice. Regard-
ing the seven netrin-1 receptors, our study showed that
UNC5B and/or neogenin may have been implicated in ret-
inal neovascularization.
Among the netrin-1 receptors, UNC5B appeared to be

the best receptor candidate to mediate the angiogenic ef-
fects of netrin-1. UNC5B was expressed in developing
blood vessels in murine embryos, and controlled morpho-
genesis of the vascular system [10]. In addition to being
expressed in embryos, recent studies showed that UNC5B
was also expressed during postnatal and pathological
angiogenesis [11]. In the study by Larrive et al. [11],
UNC5B was expressed in sprouting angiogenesis induced
by OIR, matrigel, or tumor implantation, suggesting that
UNC5B may be required during sprouting angiogenesis.
is expressed in the ganglion cell layer, inner plexiform layer, and
endothelial cells in OIR mice than in normal mice (b, f, red). Hoechst
isolectin B4 in OIR mice (d,h). GCL, ganglion cell layer; IPL, inner
ter nuclear layer. Bar = 50 μm.



Figure 6 Double immunostaining of UNC5D with isolectin B4. UNC5D is expressed in the ganglion cell layer, inner plexiform layer, and outer
plexiform layer in normal and OIR mice. (a, e, green). There are more endothelial cells in OIR mice than in normal mice (b, f, red). Hoechst
staining in normal and OIR mice (c, g, blue). UNC5D does not colocalize with isolectin B4 in OIR mice (d, h). GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Bar = 50 μm.
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In our study, double staining of UNC5B and isolectin
B4 in cross sections showed that UNC5B was expressed
in the endothelial cells of newly formed retinal vessels
in OIR mice. This result confirmed the conclusions of
Larrive et al. [11], and indicated that UNC5B may be
required for retinal neovascularization. Furthermore, in
the current study, we showed that expression of UNC5B
was significantly elevated on P17, compared with normal
age-matched mice. At the same time, new vessels were
formed in OIR mice, so there was a significant positive
correlation between UNC5B overexpression and retinal
neovascular formation. Because the expression of UNC5B
was localized to the sprouting vessels and was significantly
elevated during the active angiogenic period of the OIR
mice, we postulated a role of UNC5B in hypoxia-driven
neovascularization. In our previous studies [3,11], we de-
tected the overexpression of netrin-1 in OIR mice on P17,
so there was also a positive correlation between netrin-1
overexpression and UNC5B overexpression in OIR mice
on P17, suggesting that UNC5B mediated netrin-1 action
during retinal neovascularization.
Figure 7 Double immunostaining of DCC with isolectin B4. DCC is exp
plexiform layer in normal and OIR mice. (a, e, green). There are more endo
staining in normal and OIR mice (c, g, blue). DCC does not colocalize with
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, ou
However, the possible role of UNC5B in angiogenesis
has been controversial. Some studies [10,11] suggested
that UNC5B was a repulsive netrin-1 receptor in endo-
thelial cells, controlling morphogenesis of the vascular
system. Activation of UNC5B could therefore inhibit de-
velopmental and pathological angiogenesis. However,
others [12,13] reported that UNC5B was a proangiogenic
factor for vessels in vivo and in vitro. Navankasattusas
et al. [12] observed that umbilical arteries isolated from
UNC5B-deficient embryos were unable to support vessel
outgrowth in vitro, and deletion of UNC5B in endothe-
lial cells in mice led to reduction of placental arterioles.
Epting et al. [13] reported that netrin-1 and its receptor,
UNC5B, were upstream regulators of ELMO1/DOCK180
in endothelial cells, leading to Rac1 activation in vitro,
which has been reported to be necessary for vascular de-
velopment [14]. To reconcile this controversy, Castets
et al. [15] reported that unbound UNC5B acted in a proa-
poptotic manner in endothelial cells, while netrin-1 bound
to UNC5B acted as a survival signal for endothelial cells,
provoking a proangiogenic response. However, whether
ressed in the ganglion cell layer, inner plexiform layer, and outer
thelial cells in OIR mice than in normal mice (b, f, red). Hoechst
isolectin B4 in OIR mice (d, h). GCL, ganglion cell layer; IPL, inner
ter nuclear layer. Bar = 50 μm.



Figure 8 Double immunostaining of neogenin with isolectin B4. Neogenin is expressed in the ganglion cell layer, inner plexiform layer, and
outer plexiform layer in normal and OIR mice (a, e, green). There are more endothelial cells in OIR mice than in normal mice (b, f, red). Hoechst
staining in normal and OIR mice (c, g, blue). Neogenin colocalizes with isolectin B4 in OIR mice (d, h; yellow, indicated by arrows). GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL = outer nuclear layer. Bar = 50 μm.
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UNC5B promoted or inhibited retinal neovasculariza-
tion of OIR mice was still unknown. To further investi-
gate the role of UNC5B in retinal neovascularization, we
observed the effects of inhibition of retinal angiogenesis
by RNA interference (RNAi) of UNC5B in the OIR
mouse model. As shown in the present study, UNC5B
expression decreased dramatically following UNC5B
shRNA infection, and retinal neovascularization was
clearly reduced by UNC5B shRNA infection. Together,
these results showed that UNC5B functioned as a
proangiogenic growth factor in the pathological neo-
vascularization of OIR mice. Therefore, UNC5B could
be a novel target for the therapy of diabetic retinopathy,
retinopathy of prematurity, and other ocular neovascular
diseases.
Neogenin is another receptor subtype of netrin-1 impli-

cated in angiogenesis. A previous study [1] reported that
neogenin was expressed in vascular smooth muscle cells
(VSMCs), showing that it was responsible for cell migra-
tion and proliferation of VSMCs mediated by netrin-1.
Lejmi et al. [16] reported that neogenin was upregulated
Figure 9 Double immunostaining of A2b with isolectin B4. A2b is exp
plexiform layer in normal and OIR mice (a, e, green). There are more endot
staining in normal and OIR mice (c, g, blue). A2b does not colocalize with
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, ou
in vascular endothelial growth factor-stimulated endo-
thelial cells, choroidal neovessels, and tumor angio-
genesis, while silencing of either neogenin or UNC5B
abolished netrin-4′s inhibitory effect on endothelial
cell migration, choroidal neovascularization, and tumor
angiogenesis.
Consistent with these studies, we also observed that

neogenin was expressed in the newly formed retinal ves-
sels. This result may indicate a role of neogenin in ret-
inal neovascularization, although neogenin expression
was not elevated during the active angiogenic period of
OIR mice. However, in addition to being a receptor
for netrin-1, neogenin is also a receptor for the repul-
sive guidance molecule (RGM) families. While netrin-
1–neogenin interactions resulted in a chemoattractive
axon guidance response, the interaction between neo-
genin and RGM induced a chemorepulsive response [17].
Thus, further studies are needed to determine whether
neogenin binds to netrin-1 or RGM in retinas of OIR
mice, and whether neogenin participates in retinal
neovascularization.
ressed in the ganglion cell layer, inner plexiform layer, and outer
helial cells in OIR mice than in normal mice (b, f, red). Hoechst
isolectin B4 in OIR mice (d, h). GCL, ganglion cell layer; IPL, inner
ter nuclear layer. Bar = 50 μm.



Figure 10 Western blot analysis of the effects of UNC5B shRNA on UNC5B expression in murine retinas. Representative western blot
(a) and relative expression of UNC5B in murine retinas (b). UNC5B expression is significantly decreased in the retinas of OIR mice transfected with
UNC5B shRNA, compared with scrambled shRNA on P17 (p < 0.01).

Liu et al. BMC Ophthalmology 2014, 14:102 Page 9 of 10
http://www.biomedcentral.com/1471-2415/14/102
In the present study, we did not detect UNC5A in
the retinas of OIR mice on P17. In addition, although
we observed the expression of UNC5C, UNC5D, DCC,
and A2b in the retinas of OIR mice, the expressions
of these receptors were not significantly different
Figure 11 Inhibition of ischemia-induced retinal neovascularization
shRNA. (b, d) Retinas transfected with UNC5B shRNA. (e) Quantification
fluorescein-dextran, the numbers of neovascular tufts (marked by white
(c,d) Histological demonstration of retinal neovascularization, UNC5B sh
preretinal neovascularization. GCL, ganglion cell layer; IPL, inner plexifor
outer nuclear layer. Bar = 50 μm.
between the OIR mice and normal mice. They were
also not detected in newly formed vessels by im-
munofluorescent staining, suggesting that these recep-
tors may not be involved in retinal neovascularization
in OIR mice.
by UNC5B shRNA. (a, c) Retinas transfected with scrambled
of retinal neovascularization. (a, b) Angiographic analysis by
arrows) are reduced in the retinas transfected with UNC5B shRNA.
RNA infection results in approximately a 50% reduction of
m layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,



Liu et al. BMC Ophthalmology 2014, 14:102 Page 10 of 10
http://www.biomedcentral.com/1471-2415/14/102
Conclusions
UNC5B may promote retinal neovascularization in OIR
mice, and may be a novel target for the therapy of ocular
neovascular diseases.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
DL and X-BX designed the experiments; DL and S-QX performed the
experiments; LS, X-FT, and JY analyzed the data; DL and S-QX drafted
the manuscript; LS and X-FT revised the manuscript and participated in
revisions; X-BX revised the manuscript for English writing; and all authors
participated in critical revision of the manuscript and approval of the
final manuscript.

Acknowledgments
This study was supported by the National Natural Science Foundation of
China, grant 30872822, and NIH grant R01EY20900.

Author details
1Department of Ophthalmology, Xiangya Hospital, Central South University,
Changsha, Hunan 410008, China. 2Department of Anatomy and
Neurobiology, School of Basic Medical Sciences, Central South University,
Changsha, Hunan 410013, China.

Received: 23 March 2014 Accepted: 18 August 2014
Published: 22 August 2014

References
1. Park KW, Crouse D, Lee M, Karnik SK, Sorensen LK, Murphy KJ, Kuo CJ, Li DY:

The axonal attractant Netrin-1 is an angiogenic factor. Proc Natl Acad Sci
U S A 2004, 101(46):16210–16215.

2. Wilson BD, Ii M, Park KW, Suli A, Sorensen LK, Larrieu-Lahargue F, Urness LD,
Suh W, Asai J, Kock GA, Thomas KR, Chien C-B, Losordo DW, Li DY: Netrins
promote developmental and therapeutic angiogenesis. Science 2006,
313(5787):640–644.

3. Tian XF, Xia XB, Xiong SQ, Jiang J, Liu D, Liu JL: Netrin-1 overexpression
in oxygen-induced retinopathy correlates with breakdown of the
blood-retina barrier and retinal neovascularization. Ophthalmologica 2011,
226(2):37–44.

4. Xu H, Liu J, Xiong S, Le YZ, Xia X: Suppression of retinal neovascularization
by lentivirus-mediated netrin-1 small hairpin RNA. Ophthalmic Res 2012,
47(3):163–169.

5. Moore SW, Tessier-Lavigne M, Kennedy TE: Netrins and their receptors.
Adv Exp Med Biol 2007, 621:17–31.

6. Fazeli A, Dickinson SL, Hermiston ML, Tighe RV, Steen RG, Small CG, Stoeckli
ET, Keino-Masu K, Masu M, Rayburn H, Simons J, Bronson RT, Gordon JI,
Tessier-Lavigne M, Weinberg RA: Phenotype of mice lacking functional
Deleted in colorectal cancer (Dcc) gene. Nature 1997, 386(6627):796–804.

7. Hong K, Hinck L, Nishiyama M, Poo MM, Tessier-Lavigne M, Stein E: A
ligand-gated association between cytoplasmic domains of UNC5 and
DCC family receptors converts netrin-induced growth cone attraction to
repulsion. Cell 1999, 97(7):927–941.

8. Keleman K, Dickson BJ: Short- and long-range repulsion by the Drosophila
Unc5 netrin receptor. Neuron 2001, 32(4):605–617.

9. Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, Sullivan R,
D’Amore PA: Oxygen-induced retinopathy in the mouse. Invest
Ophthalmol Vis Sci 1994, 35(1):101–111.

10. Lu X, Le Noble F, Yuan L, Jiang Q, De Lafarge B, Sugiyama D, Breant C,
Claes F, De Smet F, Thomas JL, Autiero M, Carmeliet P, Tessier-Lavigne M,
Eichmann A: The netrin receptor UNC5B mediates guidance events
controlling morphogenesis of the vascular system. Nature 2004,
432(7014):179–186.

11. Larrivee B, Freitas C, Trombe M, Lv X, Delafarge B, Yuan L, Bouvree K,
Breant C, Del Toro R, Brechot N, Germain S, Bono F, Dol F, Claes F,
Fischer C, Autiero M, Thomas JL, Carmeliet P, Tessier-Lavigne M, Eichmann A:
Activation of the UNC5B receptor by Netrin-1 inhibits sprouting angiogenesis.
Genes Dev 2007, 21(19):2433–2447.
12. Navankasattusas S, Whitehead KJ, Suli A, Sorensen LK, Lim AH, Zhao J, Park
KW, Wythe JD, Thomas KR, Chien CB, Li DY: The netrin receptor UNC5B
promotes angiogenesis in specific vascular beds. Development 2008,
135(4):659–667.

13. Epting D, Wendik B, Bennewitz K, Dietz CT, Driever W, Kroll J: The Rac1
regulator ELMO1 controls vascular morphogenesis in zebrafish. Circ Res
2010, 107(1):45–55.

14. Tan W, Palmby TR, Gavard J, Amornphimoltham P, Zheng Y, Gutkind JS:
An essential role for Rac1 in endothelial cell function and vascular
development. FASEB J 2008, 22(6):1829–1838.

15. Castets M, Coissieux MM, Delloye-Bourgeois C, Bernard L, Delcros JG, Bernet
A, Laudet V, Mehlen P: Inhibition of endothelial cell apoptosis by netrin-1
during angiogenesis. Dev Cell 2009, 16(4):614–620.

16. Lejmi E, Leconte L, Pedron-Mazoyer S, Ropert S, Raoul W, Lavalette S,
Bouras I, Feron JG, Maitre-Boube M, Assayag F, Feumi C, Alemany M, Jie TX,
Merkulova T, Poupon MF, Ruchoux MM, Tobelem G, Sennlaub F, Plouët J:
Netrin-4 inhibits angiogenesis via binding to neogenin and recruitment
of Unc5B. Proc Natl Acad Sci U S A 2008, 105(34):12491–12496.

17. Cole SJ, Bradford D, Cooper HM: Neogenin: a multi-functional receptor
regulating diverse developmental processes. Int J Biochem Cell Biol 2007,
39(9):1569–1575.

doi:10.1186/1471-2415-14-102
Cite this article as: Liu et al.: Expression of netrin-1 receptors in retina of
oxygen-induced retinopathy in mice. BMC Ophthalmology 2014 14:102.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animal model
	Assessment of retinal vascularization
	Histological analysis of neovascularization
	Immunofluorescent staining of netrin-1 receptor subtypes
	RT-PCR analysis of netrin-1 receptor mRNA expression
	Western blot analysis of the netrin-1 receptor protein
	Intravitreal injection for UNC5B shRNA infection
	Statistical analysis

	Results
	Analysis of retinal neovascularization
	RT-PCR results
	Western blots
	Staining of netrin-1 receptors in retina
	Suppression of UNC5B expression by UNC5B shRNA in OIR mice
	Suppression of retinal neovascularization by the UNC5B shRNA plasmid

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


