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Abstract

In the retina blood vessels are required to support a high metabolic rate, however, uncon-
trolled vascular growth can lead to impaired vision and blindness. Subretinal vascularization
(SRV), one type of pathological vessel growth, occurs in retinal angiomatous proliferation
and proliferative macular telangiectasia. In these diseases SRV originates from blood ves-
sels within the retina. We use mice with a targeted disruption in the VidI-receptor (Vidir)
gene as a model to study SRV with retinal origin. We find that Vidir mRNA is strongly
expressed in the neuroretina, and we observe both vascular and neuronal phenotypes in
VIdir’”- mice. Unexpectedly, horizontal cell (HC) neurites are mistargeted prior to SRV in this
model, and the majority of vascular lesions are associated with mistargeted neurites. In
Foxn4™~ mice, which lack HCs and display reduced amacrine cell (AC) numbers, we find
severe defects in intraretinal capillary development. However, SRV is not suppressed in
Foxn4™;Vidir’~ mice, which reveals that mistargeted HC neurites are not required for vascu-
lar lesion formation. In the absence of VLDLR, the intraretinal capillary plexuses form in an
inverse order compared to normal development, and subsequent to this early defect, vascu-
lar proliferation is increased. We conclude that SRV in the Vidlr’~ model is associated with
mistargeted neurites and that SRV is preceded by altered retinal vascular development.

Introduction

Retinal vascular diseases are a leading cause of impaired vision and blindness. The subretinal
space contains photoreceptor segments, and is the target of harmful neovascularization in
several vision threatening pathologies, including retinal angiomatous proliferation (RAP).
RAP is characterized by subretinal vascularization (SRV) that originates from intraretinal
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capillaries [1], and is estimated to occur in 8-22% of individuals initially diagnosed with exu-
dative AMD [2].

Very low-density lipoprotein receptor knockout (VIdlr”") mice provide a model system to
study SRV with retinal origin. Mice exhibit a retinal vascular organization that is similar to
humans. A superficial vascular plexus resides on the inner surface of the retina and two addi-
tional intraretinal vascular plexuses are embedded in the inner plexiform layer (IPL) and outer
plexiform layer (OPL) [3]. VIdlr”" mice develop vascular lesions that extend from capillaries in
the OPL into the subretinal space [4]. At late stages, VIdlr”" vascular lesions are associated with
Miiller glia activation, retinal rosette formation, inflammation, vascular leakage, altered growth
factor expression [5-10], and reactive oxygen species accumulation [11-14]. These changes
(with the exception of reactive oxygen species accumulation) occur focally in areas directly
adjacent to vascular lesions.

VLDLR is a multi-functional single-pass transmembrane protein. It is a member of the low-
density lipoprotein receptor (LDLR) family of endocytic receptors, functions as a receptor for
triglyceride-rich lipoproteins [15], and mediates neuronal positioning in the cerebral cortex
and cerebellum through Reelin/Dab-1 signaling [16]. In humans, VLDLR has been associated
with an increased risk of developing AMD, [17] but the role of VLDLR in SRV remains incom-
pletely defined.

How retinal neurons and glia instruct angiogenesis is not well understood [18]. In this study
we focused on horizontal cells (HCs), a type of interneuron that displays intimate contact with
retinal capillaries in the OPL (a schematic representation of the retina and its cell types is pro-
vided in S1 Fig). HCs modulate photoreceptor/bipolar cell neurotransmission in visual pro-
cessing [19]. During retinogenesis HC cell bodies migrate to the outer edge of the inner nuclear
layer (INL), transiently extend vertical neurites towards both the apical and basal retinal sur-
faces, then remodel these nascent processes into a laterally-oriented network in the OPL during
the first postnatal week [20]. HC neurite mistargeting into the outer nuclear layer (ONL) is
observed when photoreceptor neurotransmission or Semaphorin6A/PlexinA4 signaling is
impaired (see discussion).

Here, we report the unexpected finding that HC neurites are mistargeted into the ONL and
subretinal space prior to SRV in VIdlr”" mice, and that most vascular lesions are associated
with mistargeted neurites. We find that Vidlr mRNA is highly expressed in the neuroretina,
suggesting a role for retinal neurons in the VIdlr”~ SRV phenotype. We use Foxn4 knockout
(Foxn4™") mice, which completely lack HCs and display reduced numbers of ACs, to demon-
strate the importance of interneurons in normal retinal angiogenesis. We then use Foxnd™;
V1dlr”" double knockout mice to show that SRV can occur in the absence of HCs. Our analysis
of early postnatal development establishes that SRV in VIdlr”" mice is preceded by develop-
mental defects including an inverse order of intraretinal capillary plexus formation and a sub-
sequent increase in vascular cell proliferation.

Materials and Methods
Animals

Mice heterozygous for the VIdlr"™'"*" mutation were obtained from the Jackson laboratory

(strain B6;129S7-VIdlr"""™*'/]) and maintained on a C57BL/6] background. Vidlr mice were
genotyped using a set of three primers: a forward primer upstream of the targeting cassette
(5" -TGGTGATGAGAGGCTTGTATGTTGTC-3"), a reverse primer within the targeting cas-
sette (5'-CCAGCTGGGGCTCGATCGAG-3"), and a reverse primer downstream of the target-
ing cassette (5 ' -TTGACCTCATCGCTGGCGGCCTTG-3"), this set amplifies a 148 bp product
for the mutant allele and a 461 bp product for the WT allele. Mice heterozygous for Foxn4
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were generated previously [21], maintained on a C57BL/6] background, and genotyped as
described [22]. In order to improve postnatal viability of both Foxn4”" and Foxn4™;Vidlr"
pups, these mice were bred on a mixed CD1 and C57BL/6] background. Mice were euthanized
using a CO, chamber and subsequent cervical dislocation, or using an isoflurane drop jar and
subsequent decapitation. We observed that postnatal retinal angiogenesis progressed slightly
faster than expected in all mouse lines kept at the animal facility in Boulder. We attributed this
difference to a lower oxygen concentration at 5500 ft elevation. All experiments used mice of
either sex.

Fluorescent immunostaining

Tissues were fixed for 3 hours in 10% neutral buffered formalin (NBF) on ice. For whole
mount preparations, retinas were dissected in PBS. For retinal sections, eyeballs were immersed
in PBS and opened by incising the cornea. Eyeballs were then cryoprotected in 30% sucrose,
PBS at 4°C overnight, embedded in a cryomold filled with O.C.T. compound (Tissue-Tek), and
rapidly frozen on dry ice. Frozen specimens or sections were stored at -80°C until use. For
whole mount immunostaining, retinas were blocked and permeabilized in PBS, 0.5% TritonX-
100 (0.5% PBST) with 5% goat serum for 2-4 hours at RT, then incubated overnight at 4°C
with primary antibody diluted in blocking buffer. Retinas were then washed 5 times for 1 hour
at 25°C with 0.5% PBST, and incubated overnight with the appropriate secondary antibody
and DAPI (1 pg/ml) in blocking buffer at 4°C (Alexa Fluor 488 or Alexa Fluor 555 anti-IgG (H
+L) antibodies, Invitrogen, dilution 1:800). The retinas were then washed again as above, post-
fixed for 5 min in 10% NBF, washed 3x with PBS and mounted in Fluoromount-G (Southern
Biotech). For immunostaining of retinal sections, slides were warmed to 37°C, blocked and per-
meabilized in 0.1% PBST with 5% goat serum for 40 min at RT, then incubated with primary
antibodies diluted in blocking buffer overnight at 4°C. Slides were then washed with 0.1%
PBST 3 times for 2 min, incubated with the appropriate secondary antibody for 1 hour at RT,
washed 3 times for 2 min in 0.1% PBST, post-fixed, and mounted as described above. The fol-
lowing primary antibodies were used for this study: CD31 1:50 (BD Biosciences, 550274), Iso-
lectin GS-1B4 Alexa Fluor 488 conjugate 1:100 (Invitrogen, 121411), Pals1 1:800 (Millipore,
07-708), GFAP 1:400 (DAKO, Z033429), F4/80 1:350 (AbD Serotec, MCA497R), PLVAP
1:200 (BD Biosciences, 550563), Neurofilament-L 1:100 (Cell Signaling, 2837), Calbindin
1:2500 (Millipore, AB1778), PSD95 1:500 (Cell Signaling, 3450), Calretinin 1:2000 (Millipore
AB1550), ChAT 1:200 (Millipore AB144P), Syt2b 1:7500 (ZIRC, zpn-1), VGLUT3 1:2500
(Millipore, AB5421), Tyrosine Hydroxylse 1:1000 (Millipore, AB152), Melanopsin 1:2500
(Advanced Targeting Systems, AB-N38), Neuropeptide Y 1:3200 (Millipore, 11976P), Sox9
1:2000 (Millipore, AB5535), PKCalpha 1:250 (Santa Cruz, sc-208), Recoverin 1:1000 (Milli-
pore, AB5585). Extravasated mouse IgG was detected using Alexa 555 coupled goat anti-
mouse antibody (Invitrogen, A21424).

Expression of mVLDLR constructs in HelLa cells

Image clone 3968213 was obtained and PCR was used to subclone the coding sequence with a
c-terminal HA-tag into Xbal and HindIII site of an existing modified pcDNA3.3 vector. To
generate pcDNA3.3 mVLDLRAexon5-HA, total RNA from a VIdlr”" retina was reverse tran-
scribed into cDNA (Roche High Fidelity RT). An N-terminal fragment of the mutant message
in which exonb5 is skipped was subcloned into pcDNA3.3 mVLDLR-HA using Xbal and Apal
sites. Constructs were verified by sequencing. HeLa CCL-2 cells cultured in 4-well chamber
slides (LabTek) were transfected with 400 ng mVLDLR-HA or mVLDLRAexon5-HA con-
structs using Lipofectamine 2000 (Invitrogen). After 48 hours of expression, wells were fixed in
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10% NBF for 5 minutes at 25°C and processed for immunostaining as described above, or used
for branched DNA in situ hybridization assays.

Branched DNA in situ hybridization

Retinal tissue sections were prepared as described above. 12 um sections at the level of the optic
nerve head were collected, stored at -20°C, and assayed for VIdIr expression the following day.
The assay was performed according to manufacturer instructions (QuantiGene ViewRNA ISH
Tissue 1-Plex Assay Kit, Affymetrix). Branched DNA probes were from Affymetrix
(mvldir_ex5: VB1-16261) and were used at a 1:50 dilution. Immunostaining was performed
subsequent to in situ hybridization.

Quantification of mistargeted neurites and vascular lesions

Sixteen (P9) or twenty-four (P14, P21) uninterrupted 20 um serial sections surrounding the
optic nerve head were quantified per retina for 3 VIdlr’" and 3 WT retinas. In order to avoid
counting a single vascular lesion multiple times, lesion maps were created by imaging each
isloectinB4 stained retinal section and then tracking each vascular lesion throughout the series
of sections. A vascular lesion was counted as neurite-associated (NF") if it was in contact with
one or more mistargeted neurites. An HC neurite was counted as mistargeted only if it
extended more than halfway across the width of the ONL.

Administration and staining of EdU

An EdU stock solution was prepared by dissolving 1 mg of EAU (Invitrogen, A10044) in 10 ul
DMSO and 90 ul PBS. Animals were intraperitoneally injected with 10 ul EAU stock solution
per gram body weight 3 hours prior to sacrifice. Whole eyes were then harvested and fixed in
10% NBF for 3 hours on ice. Immunostaining of retinal whole mounts was performed as
described above using Alexa Fluor 488 conjugated anti-CD31 or isolectinB4. After staining
with a vascular marker, retinas were washed 3 times for 1 hour with 0.5% PBST and EdU posi-
tive cells were identified using the Click-iT EAU Alexa Fluor-555 Imaging kit (Invitrogen,
C10338) according to manufacturers instructions.

Quantification of EAU™ vascular cells and quantification of vertical
vessels in the INL

For quantification of EdU positive cells in the superficial vascular plexus at P6, 4 petals were
imaged per retina using confocal microscopy. The number of EdU/IsolectinB4 double positive
vascular cells was then counted in one 500 um? area per petal (four petals were averaged per
retina). 3 whole mount specimens were analyzed per group.

For quantification of EAU positive cells in the superficial, intermediate, and deep vascular
plexuses at P14, 4 petals were imaged per retina close to the optic nerve head (one 636 um?
area per petal, 35 optical sections of 0.91 pm per stack). Separate Z-projections were generated
for the superficial, intermediate and deep vascular plexuses and EdU/IsolectinB4 double posi-
tive vascular cells were counted in each vascular layer. The NFL and IPL were quantified side-
by-side to ensure each cell was only counted once. The number of proliferating vascular cells
was averaged per retina and 4 retinas were analyzed per group. To quantify the number of
lesions with EdU positive vascular cells at the base, one 636 um?2 area near the optic nerve head
was imaged per retina (n = 4) from the OPL through the lesion heads (40 optical sections of
0.91 um per stack). Lesions were counted as EAU positive if an EAU positive cell was present in
a 10 um radius around the lesion base.
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The number of INL-spanning vertical vessels at P14 was counted on the same whole mounts
used for EAU quantification by manually scanning through the entire stack to identify vertical
vessels that span the INL to join the deep vascular plexus in the OPL.

Vascular branch-point quantification

For quantification of branch points in the deep vascular plexus at P14, 4 petals were imaged
per retina and confocal z-projections of the OPL were generated for 600 um? areas within
200 pm of the optic nerve head (central) or 200 pm of the rim of the retina (periphery). The
number of branch points was counted manually, 3-4 specimens were analyzed per group.

Imaging

Images of retinal sections were taken on an epifluorescent Leica DM IL LED Microscope using
QCapture Pro 6.0 imaging software. Images of retinal whole mounts (except where indicated)
were taken on a Zeiss 510 LSM confocal microscope using ZEN imaging software. All images
were processed using Fiji software, and figures were prepared using Adobe Photoshop and
Adobe Illustrator software.

Statistics

Graphs are shown as mean + standard deviation. Statistical analyses were performed using
two-tailed, heteroscedastic Student’s ¢-tests and p-values less than 0.05 were considered statisti-
cally significant.

Study approval

All animal use for this study was approved by the Institutional Animal Care and Use Commit-
tee (IACUC) at the University of Colorado Boulder (protocol 1307.04). Animal experimenta-
tion was conducted in accordance with federal animal experimentation guidelines and all
efforts were made to minimize animal suffering.

Results

Outer limiting membrane disruption is a key step in the progression from
early to late stage phenotypes in VidIr’” retinas

. . . tm1Her/tm1H
Previous characterizations of VIdly/m1er/tm1Her

(VIdlr”") mice have revealed the involvement of
several retinal cell types at vascular lesion sites including photoreceptors, Miiller glia, and mac-
rophages [5, 8, 11]. However, the temporal sequence of phenotypic changes remained unclear.
To determine which retinal cell types exhibit phenotypes first, we systematically analyzed early
postnatal time points. We found that the onset of vascular lesion formation was at postnatal
day 12 (P12) when multiple isolectinB4 positive endothelial cells invaded the normally avascu-
lar ONL predominantly in the central retina (Fig 1A). By P14, numerous angiogenic sprouts
penetrated the outer limiting membrane (OLM), a belt of adherens junctions between photore-
ceptors and Miiller glia (Fig 1B). Staining for the OLM subapical region component PALS1
(Protein associated with Lin7) revealed that vascular lesions locally disrupted the OLM, while

it appeared intact in adjacent areas (Fig 1B) and prior to penetration by SRV. Disruption of the
OLM could trigger key secondary changes because it provides mechanical strength to the retina
and is involved in maintaining photoreceptor cell polarity [23]. Loss of proteins required for
photoreceptor cell polarity and OLM adherens junction integrity, (e.g., Crumbs2 and PalsI),
leads to the formation of retinal rosettes and reactive gliosis [24, 25]. Indeed, we observed the
formation of retinal rosettes and reactive gliosis in VIdlr”" retinas, but only after the OLM was
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Fig 1. Secondary phenotypes triggered by vascular lesions and outer limiting membrane disruption. (A) Early vascular lesion formation in isolectinB4
stained P12 retinal sections. Endothelial cells invade the ONL from the OPL capillary bed. (B) Vascular lesions penetrate the Pals1 positive OLM by P14. (C)
Retinal rosettes develop subsequent to OLM disruption. (D-F) Muller glia activation marked by GFAP staining in P21 retinal sections and whole mounts (E)
imaged from the outer retinal side. GFAP is focally upregulated adjacent to vascular lesions. GFAP expression is normal at P14, the dense GFAP staining in
the inner retina is from GFAP positive astrocytes. (G) At P21 F4/80 positive macrophages cluster in Vidlr’ lesion heads, (H) similar macrophage
accumulation is also seen on whole mounts imaged from the outer retinal side. (I) Macrophage distribution in P14 VIdIr’” retinas appears normal. (J) In wild
type P21 retinas, PLVAP positive endothelial cell fenestrations are present only in choriocapillaries. In the mutant retina, PLVAP is locally upregulated in
vascular lesion heads. Higher magnification (K) shows PLVAP expression in lesion heads (arrow) and choriocapillaries (bracket). (L) PLVAP is not yet
upregulated in P14 vascular lesions. (M, N) IgG extravasation is confined between the OLM and retinal pigment epithelium in the peripheral retina. Aside from
lesions, the retinal vasculature does not leak IgG at P42 and no IgG extravasation is detected in P12 mutant sections. GCL, ganglion cell layer; OLM, outer
limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: 20 um.

doi:10.1371/journal.pone.0132013.g001

disrupted by SRV. While retinal rosettes were usually absent in immature P14 lesions, progres-
sive rosette formation was observed at P21 and P56 (Fig 1C). In addition, we detected focal
upregulation of the reactive gliosis marker glial fibrillary acidic protein (GFAP) in VIdlr”" reti-
nas at P21 but not at P14. Analysis of GFAP-stained P21 whole mounts showed that Miiller
glia had infiltrated vascular lesion heads and thus exhibited an abnormal localization in the
subretinal space (Fig 1D-1F). We also detected the accumulation of F4/80 positive macro-
phages in vascular lesion heads at P21 but not at P14 (Fig 1G-1I). Rosettes, reactive gliosis,
Miiller glia mislocalization, and macrophage recruitment only occurred in locations where
aberrant neovessels had penetrated the OLM, thus they are likely consequences of local OLM
disruption.

To maintain the integrity of the inner blood-retina barrier, retinal endothelial cells are not
fenestrated and express very low levels of plasmalemma vesicle-associated protein (PLVAP), a
component of endothelial cell fenestrations. Interestingly, we found that PLVAP was upregu-
lated in vascular lesion heads in the subretinal space at P21, while it was not significantly
expressed in any other part of the retinal vasculature in VIdlr”~ mice. PLVAP was not upregu-
lated in VIdlr” retinas at P14, suggesting that defective blood-retina barrier formation is not
involved in early stages of vascular lesion formation (Fig 1J-1L). Consistent with the presence
of aberrant endothelial cell fenestrations in vascular lesion heads we found massive
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extravasation of mouse IgG into the subretinal space and interphotoreceptor matrix in Vidlr”
retinas at P42 but not at P12 (Fig 1M and IN). Importantly, we found that blood vessels in
other retinal layers (in the NFL, IPL, and OPL) did not leak substantial amounts of IgG.

Our analysis of the temporal sequence of vascular lesion formation in VIdlr”" mice extends
earlier phenotypic characterizations and shows that OLM disruption is a key step in the pro-

gression from early SRV to Miiller glia activation, macrophage recruitment, and vascular
leakage.

VLDLR is broadly expressed in the neuroretina

To define which retinal cell types express Vidlr, we localized Vidlr mRNA using a branched
DNA (bDNA) signal amplification in situ hybridization assay [26]. We employed a probe set
that consists of 6 pairs of bDNA oligonucleotides targeted to the portion of exon5 that is
deleted in the VIdir"™ 1" allele (probe mvldir_ex5) [27]. To validate this probe we expressed
full-length and exon5-deficient VLDLR (mVLDLR-HA and mVLDLRAexon5-HA) in Hela
cells. Staining with anti-HA antibody confirmed that mVLDLR-HA and mVLDLRAexon5-HA
mRNA and protein were present, however as expected, we observed a strong in situ hybridiza-
tion signal only in cells expressing mVLDLR-HA (S2 Fig).

In situ hybridization on wild type retinal sections at P14 revealed Vidlr expression in all
three nuclear layers, i.e., in the ganglion cell layer (GCL), INL and ONL (Fig 2A), while the
optic nerve, choroid, ciliary body, iris, and cornea reacted largely negative (Fig 2B and S2 Fig).
Importantly, virtually no signal was detected in VIdlr”" tissue (Fig 2C and 2E). The IPL con-
tains no neuronal or glia nuclei, therefore vascular cells in IPL-spanning vessels can be ana-
lyzed in the absence of overlapping signal from other cell types. Analysis of IPL vasculature
yielded no evidence for significant expression of Vidlr in endothelial cells (Fig 2D).

VidIr expression was similarly restricted to the GCL, INL, and ONL at earlier (P8) and later

(P28) timepoints (S2 Fig). The expression profile of VIdir suggests that vascular lesions could
develop secondary to neural defects.

P14 Vidir* P14 Vidir*

probemvldlrgexorﬁ
IB4 DAPI

P14 Vidir" P14 Vidir*
mvldir_exon5 probem\/ldlriexonS B4 probem\/ldlriexonS probemv/d/r;exonB B4

Fig 2. VLDLR is broadly expressed in the neural retina. (A) /n situ hybridization using a bDNA probe set
that hybridizes to a portion of exon5 that is not presentin Vidir" mice due to homologous recombination. The
probe set reveals broad expression in the three nuclear layers of the retina. (B) No substantial Vidir
expression is detected in isolectinB4 stained retinal endothelial cells or in the central retinal artery extending
from the optic nerve head. (C) Vidir’ tissue was used as a specificity control. (D, E) Enlargement of the boxed
areas shows that IPL-spanning capillaries (arrows) display no substantial V/diIr expression. ONH, optic nerve
head; GCL, ganglion cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform
layer. Scale bars: 20 ym.

doi:10.1371/journal.pone.0132013.g002
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Horizontal cell neurite mistargeting precedes vascular lesion formation
and most vascular lesions form along mistargeted neurites

In order to identify potential neuronal phenotypes in VIdlr”" retinas, we stained major retinal
cell populations for appropriate markers (see Materials and Methods). Staining for neurofila-
ment, an HC neurite marker, revealed a neurite mistargeting phenotype. At P6.5 and P9.5, WT
HC neurites were laterally oriented and typically confined to the OPL, however a significant
number of HC neurites in VIdlr” retinas aberrantly projected through the ONL (Fig 3A and
3C). The mistargeted neurites stained positive for neurofilament at all developmental stages
(P6.5-P21), whereas neurites were calbindin positive only at slightly later stages (P14-P21)
(Fig 3B, 3D, 3F and 3H). Confocal analysis of retinal whole mounts revealed that the dense
meshwork of laterally oriented HC neurites in the OPL appeared largely unaltered in mutant
retinas at P8.5 (Fig 3I). However, optical sections at the level of the photoreceptor inner seg-
ments showed mistargeted, branched neurites in the mutant retina (Fig 3]), which could be
traced back to the OPL in confocal 3D-renderings (Fig 3K).

We asked if mistargeted HC neurites form ectopic synapses in the ONL, but found no post-
synaptic density protein 95 (PSD-95) positive synapses associated with mistargeted neurites
(Fig 3N). In addition, dendrites of another cell type participating in OPL triad synapses, rod
bipolar cells, exhibited no evidence for mistargeting when stained for the rod bipolar cell
marker protein kinase C alpha (PKCalpha) prior to lesion formation (Fig 30). These findings
differentiate the Vidlr mutant neurite mistargeting phenotype from similar phenotypes
observed in mouse mutants with impaired photoreceptor glutamate release (see discussion).
Because Reelin is a functional ligand for VLDLR in the context of cortical neuron migration,
we asked if Reelin”~ mice exhibit HC neurite mistargeting. Reelin mutant mice showed occa-
sional ectopic rod bipolar cell synapses as previously reported [28, 29], but did not display HC
neurite mistargeting (S3 Fig).

Vascular lesions begin to form at P12, thus neurite mistargeting occurs well before the onset
of lesion formation and may play an important role in the subsequent development of vascular
phenotypes. To test the hypothesis that mistargeted neurites provide a template for vascular
invasion into the ONL, we co-labeled retinal sections with isolectinB4 and neurofilament. We
observed a striking overlap between mistargeted HC neurites and endothelial cells of vascular
lesions (Fig 3E-3H). At P14, nascent vascular lesions were associated with one or several mis-
targeted neurites, and this association persisted at later time points (P21, P28, P56). Quantifica-
tion of mistargeted neurites and vascular lesions from serial sections revealed that the number
of mistargeted neurites increased slightly, though not significantly, from P9.5 to P21 (Fig 3L).
Vascular lesions were not present at P9.5 and the number of vascular lesions remained largely
constant between P14 and P21 (Fig 3M), although individual vascular lesions grew in size. The
number of mistargeted neurites exceeded the number of vascular lesions in Vidlr”" retinas, as
only 47% of mistargeted neurites were lesion-associated at P21. In contrast, the vast majority of
vascular lesions aligned with neurofilament-positive mistargeted neurites (83% at P21) (Fig 3L
and 3M). Our finding that the majority of vascular lesions formed on mistargeted HC neurites
raised the possibility that mistargeted neurites could facilitate SRV.

Defective retinal angiogenesis in Foxn4™” mice

Despite the spatial overlap between blood vessels and HC neurites in the OPL of WT retinas, it
remains unknown if HCs play important roles in retinal angiogenesis. To evaluate the role of
HCs in developmental angiogenesis we turned to mouse models that lack HCs. Driving diph-
teria toxin receptor expression under the connexin57 promoter causes the genetic ablation of
HC:s in adult tissues [30]. However, because HC loss occurs in a slow and progressive fashion
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ONL. (0) Rod bipolar cells exhibit no neurite sprouting into the ONL. INL, inner nuclear layer; IS, photoreceptor inner segments; ONL, outer nuclear layer;
OPL, outer plexifom layer; PR, photoreceptor. Scale bars: 20 um.

doi:10.1371/journal.pone.0132013.9003

in this model it is not suitable for the study of early developmental angiogenesis. Several tran-
scription factor knock out mice, e.g., Ptfl, Prox1, and Foxn4, display HC specification defects
[31]. Of these mouse lines, Foxn4”~ mice are the only model that is not lethal at birth and
Foxn4™" retinas display a complete absence of HCs and a reduced number of ACs [21]. How-
ever, whether these changes affect retinal vascular development is not known. Although the
postnatal viability of Foxn4”™ mice is impaired, we were able to analyze mice from P0-21 for
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vascular defects. The P10 WT OPL was vascularized as expected, however intraretinal vessels
were completely absent in Foxn4™'" littermates at this stage (Fig 4A-4C). By P14, WT mice dis-
played two well-developed intraretinal vascular plexuses in the IPL and OPL, while only a sin-
gle, sparse, ectopic plexus had formed in Foxn4™" littermates (Fig 4D-4F). At P21, vessels in
the ectopic intraretinal plexus (Fig 4G-4I) were localized within or on either side of nuclei-free
gaps (Fig 4H, right panel) that had formed in the INL of Foxn4 ™" retinas. To confirm that the
location of the intraretinal plexus was ectopic, we localized vessels relative to SOX9 positive
Miiller glia nuclei, PKCalpha positive rod bipolar cells, and Recoverin positive photoreceptors.
Capillaries were found in a range of locations within the inner portion of the fused ONL/INL,
but were generally displaced towards the inner boundary of the retina. Capillaries frequently
overlapped with Miiller glia nuclei (Fig 4G), which are positioned below rod bipolar cell bodies,
and staining for photoreceptor nuclei further confirmed a shift in capillary location towards
the inner boundary of the retina both at P14 and P21 (Fig 4I).

Analysis of retinal whole mounts showed that vascular defects in Foxn4”'" retinas predomi-
nantly affected the intraretinal capillaries. Vascular development in the NFL was delayed at
P10 (Fig 4]-4L) but by P14, the NFL vasculature appeared less affected than the intraretinal
capillaries. The ectopic vascular plexus in Foxn4”" retina was incomplete and poorly developed
at P14 (Fig 4M-40).

The finding that intraretinal capillaries are poorly developed and ectopic in Foxn4™ retinas
demonstrates that Foxn4-dependent neuronal differentiation is required for normal retinal
vascular morphogenesis. These results highlight that interneurons have key roles in instructing
intraretinal capillary formation.

Altered vascular lesion formation in Foxn4” ';Vldlr'/ “mice

In order to determine the role of mistargeted HC neurites in SRV we generated Foxn4™;Vidlr"
mice. Analysis of P20 retinal whole mounts showed that Foxn4”";Vidlr”" mice, like Foxn4™"
mice, displayed a single, poorly developed intraretinal vascular plexus. Importantly, Foxn4™;
VIdlr”" mice developed a significant number of vascular lesions directed towards the subretinal
space (Fig 5B and 5C). SRV in VIdlr”" mice developed predominantly in the central retina and
originated from OPL capillaries, however, in Foxn4”;VIdlr’~ mice lesion formation was more
homogenous across the retina (Fig 5A and 5B) and vascular lesions originated from either the
superficial vascular plexus in the NFL (Fig 5E) or from the ectopic intraretinal plexus (Fig 5F).

Our analysis of Foxn4'";VIdlr”~ mice shows that vascular lesions can form in the absence of
HCs and mistargeted HC neurites. Conversely, we observed HC neurite mistargeting in VIdlr”"
mice at P6.5 before the deep layers of the retina are vascularized (Fig 3A). Thus, HC neurite
mistargeting and SRV appear to be independent phenotypes despite the high degree of associa-
tion between vascular lesions and mistargeted neurites in VIdlr”" mice (Fig 3).

The OPL and IPL are vascularized in an inverse order in Vidir’~ mice

To extend our phenotypic analysis of the VLDLR model of SRV we investigated vascular devel-
opment at early postnatal stages. In normal murine retinal vascular development, vertical vas-
cular sprouts emerge from the NFL vasculature and populate the OPL between P8 and P12,
then the IPL becomes vascularized [3]. While the exact timing of intraretinal capillary develop-
ment can be influenced by genetic background and other factors, the OPL is always vascular-
ized before the IPL. When we analyzed vascular development in the NFL, IPL, and OPL using
confocal microscopy, we found that the sequence of vascular development was strikingly
altered in VIdlr”" mice. In P8.5 WT retinas, as expected, the IPL was devoid of a capillary
plexus, and only vertically oriented sprouts passed through the IPL and INL in order to form
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Fig 4. Defective intraretinal vascular developmentin Foxn4™ mice. (A-l) Vascular development relative to Miiller cell nuclei (Sox9), rod bipolar cells
(PKCalpha), and photoreceptors (Recoverin) at the indicated time points. Foxn4™" retinas display no intraretinal capillaries at P10, only sporadic isolectinB4
positive macrophages are seen within the retina. By P14, the NFL, IPL, and OPL are vascularized in WT mice, while Foxn4”- mice exhibit only a single,
aberrant intraretinal vascular plexus. Capillaries in this plexus are found in a range of locations, i.e., overlapping with Sox9 positive nuclei (white arrow in G),
below rod bipolar cells, and in varying distances from the recoverin positive photoreceptors. Between P10 and P14 the Foxn4™" retina looses lamination in the
OPL region, and by P21 frequent splits in the INL portion of the retina are observed (H, right panel). Rod bipolar cell neurites sprout into the ONL. (J-O)
Confocal z-projections of the indicated vascular layers. Panels were generated by stitching 5 projections per panel. Vascular development in the NFL is
delayed at P10 in Foxn4”" mice but less affected by P14. No intraretinal capillaries are present in P10 Foxn4™" mice, but many isolectinB4 positive
macrophages are present (inset in K shows enlarged macrophage). The ectopic intraretinal plexus is poorly developed by P14. GCL, ganglion cell layer;
ONL, outer nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer; NFL, nerve fiber layer. Scale bars: 20 um (sections), 50 um (whole mounts).

doi:10.1371/journal.pone.0132013.g004
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Fig 5. Pathological angiogenesis in Foxn4™;VidIr’”- mice. (A-B) Retinal whole mounts stitched from confocal depth projections (color coded). In Vidir’
mice, vascular lesions occur predominantly in the central retina. In the Foxn4™;Vidir’- DKO retina, lesions are seen in both the central and peripheral retina.
(C) Epifluorescent images taken from the outer retinal side of the boxed areas in A and B show vascular lesion heads. (D-F) SRV originates from OPL
capillaries in the Vidir”” retina, while vascular lesions stem from either the single intraretinal plexus (arrow in E, relative to bipolar cell marker PKCalpha) or
from the superficial plexus (arrow in F, relative to the HC and ganglion cell marker neurofilament) in the Foxn4™-;Vidir’ retina. Neurofilament staining confirms
the absence of HCs. GCL, ganglion cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: A-B, 100 um; C-F, 20 pm.

doi:10.1371/journal.pone.0132013.9005

the first intraretinal plexus in the OPL. In stark contrast, we found that VIdlr”" littermates dis-
played the opposite order of intraretinal plexus formation. At P8.5, a dense vascular plexus had
formed in the IPL, while only a few vertically oriented sprouts had passed to an OPL still largely
devoid of capillaries (Fig 6B-6E). To our knowledge, no mouse mutant that phenocopies this
inverse order of intraretinal plexus formation has been reported. By P14, the OPL vasculature
had formed in both WT and VIdlr”" mutant retinas (Fig 6G—6]), however, branch point analy-
sis (a metric used to quantitatively assess vascular density) revealed that the OPL vasculature
remained sparser in the mutant retina (34% and 41% reduction in vascular density in the cen-
tral and peripheral retina, respectively, Fig 6K). In addition, significantly fewer vertical sprouts
passed through the INL in the central mutant retina as compared to WT littermates (71%
reduction, Fig 6L). While intraretinal vascular development in VIdlr mutant mice was strongly
altered, we found that the NFL vasculature in the central retina appeared largely normal (Fig
6A and 6F).

Analysis of the vascular networks in the IPL and OPL using P9.5 retinal sections further
confirmed that the IPL capillary bed forms before the OPL is vascularized in VIdlr”" retinas
(Fig 6M). In addition, relative to Calbindin—a marker for ACs in the INL and displaced ACs
in the GCL—the IPL capillaries in mutant retinas were mislocalized. IPL capillaries in P21 WT
retinas were tightly associated with cell bodies at the IPL/INL border in stratum S1 (Fig 6N left
panel), whereas capillaries in the mutant retina at P9.5 and at P21 were consistently detected in
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doi:10.1371/journal.pone.0132013.9g006

a position shifted towards the inner portion of the IPL and were often found in strata S2-S3
(Fig 6M and 6N, right panels). This subtle mislocalization of IPL capillaries in VIdlr”" mice
may represent ectopic vascularization, or alternatively, a significant expansion of the intersu-
blaminar plexus [32].

Because vascular defects in the outer retina are associated with neurite mistargeting in
VIdlr”" mice, we further analyzed IPL stratification and the location of IPL capillaries. Co-
staining of isolectinB4 (to visualize blood vessels) with neurofilament (ganglion cell processes),
calretinin (ACs and ganglion cells), choline acetyl transferase (ChAT, cholinergic ACs),
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Fig 7. The IPL vascular plexus is incorrectly positioned, but IPL neurite stratification appears normal
in VIdIr" retinas. (A-H) While most IPL capillaries are juxtaposed to the cell bodies of the INL in WT retina,
capillaries in Vidir” retinas are frequently and consistently mislocalized towards the inner surface of the
retina. Analysis of neurite stratification of several classes of amactrine cells and one class of ganglion cells
shows no defect in neurite stratification. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform
layer; S 1-5, strata 1-5. Scale bar: 20 um.

doi:10.1371/journal.pone.0132013.g007

Synaptotagmin 2 (Syt2, cone OFF bipolar cells), vesicular glutamate transporter type 3
(VGLUTS3, glutamatergic ACs), tyrosine hydroxylase (TH, dopaminergic ACs), Melanopsin
(intrinsically photosensitive retinal ganglion cells), or Neuropetide Y (NPY positive ACs) con-
firmed that the location of IPL capillaries is altered in VIdlr”’~ mice (Fig 7A-7H). None of the
markers of neurite stratification in the IPL showed detectable structural differences between
WT and mutant retinas. Our finding that the two intraretinal capillary plexuses form in an
inverse order and that the IPL capillary position is shifted in VIdlr’~ mice shows that SRV
occurs against the backdrop of severe defects in vascular development in the VIdlr”" model.

Retinal vascular proliferation in Vidlr’~ mice is increased in the second

but not the first postnatal week

Abnormalities in early VIdlr” vascular development may play important roles in subsequent
SRV in these mice. To determine if developmental phenotypes are associated with changes in
vascular cell proliferation, we used the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU) to
measure active DNA synthesis in vascular cells. At P6.5, vascular cell proliferation at the vascu-
lar front in WT and mutant retinas was virtually equal, and the superficial vascular plexus in
Vldlr’~ mice was morphologically indistinguishable from WT littermates (Fig 8A and 8B).
However, at P14, proliferation in all three vascular layers was significantly increased. This dif-
ference was especially noticeable in the OPL, where an approximately 3-fold increase in prolif-
eration relative to WT littermates was observed (Fig 8C-8F). Proliferating vascular cells did
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doi:10.1371/journal.pone.0132013.g008

not specifically cluster around the origins of vascular lesions in the OPL (Fig 8G), indicating
that lesion formation is not due to foci of increased vascular proliferation. Proliferating cells
were, however, frequently detected in lesion heads, i.e., at the level of the subretinal space at
P14 (S1 Video).

Our analysis demonstrates that the inverse order of intraretinal capillary bed formation has
a critical role in triggering subsequent vascular defects, including delayed vascularization of the
OPL. The delayed OPL vascularization in VIdlr”~ mice (Fig 6) is followed by a delayed onset of
endothelial quiescence (Fig 8). Thus, developmental vascular defects and increased vascular
cell proliferation may contribute to the development of SRV in VIdlr”" mice.
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Discussion

Our phenotypic analysis places SRV in VIdlr”’™ mice into a complex developmental context.
We observed both neuronal and vascular phenotypes before the onset of SRV, but we detected
strong expression of Vidlr mRNA only in the neural retina (Fig 2), suggesting that VLDLR
functions in neural cells (though perhaps not exclusively). We found that HC neurite mistar-
geting precedes vascular lesion formation in the VIdlr” model of SRV, and that SRV is associ-
ated with mistargeted neurites (Fig 3). However, despite the association between vascular
lesions and mistargeted HC neurites, we found that HCs are not required for SRV in Foxn4™;
VIdlr’~ mice (Fig 5). Conversely, it is unlikely that neurite phenotypes are caused by vascular
defects because aberrant neurite stratification in VIdlr” retinas can be detected as early as
P6.5, before the retinal vasculature appears atypical or is in contact with HCs. More likely,
HC neurite mistargeting and SRV occur as separate consequences of a pathologically changed
neuroretina.

The neurovascular interaction that we describe here between intraretinal blood vessels and
HCs is novel. During development, neurovascular congruence has been described in the
peripheral nervous system, e.g., between peripheral nerves and the vasculature [33, 34], how-
ever, interactions between subcellular processes of central neurons and pathological retinal vas-
culature have not been studied. In light of the novel neurovascular interaction between HC
neurites and SRV it is important to consider how frequently SRV occurs in the context of neur-
ite mistargeting in other mouse models of SRV and in human disease. It is interesting to note
that in the Ccl2/Cx3crl/rd8 model, which develops vascular lesions originating from both the
choroidal vasculature [35] and the retinal vasculature [36], HC and bipolar cell neurite mistar-
geting into the ONL has been reported [37]. It is unclear, however, if neurites are closely associ-
ated with SRV in these mice. It is also not known if mistargeted neurites contribute to SRV in
human disease, e.g., in RAP, proliferative macular telangiectasia, or choroidal neovasculariza-
tion with retinal anastomosis. Reduced neurotransmission at the photoreceptor triad synapse
triggers HC and bipolar cell neurite sprouting [38-44] and previous studies have suggested
that declining photoreceptor function causes neurite mistargeting in elderly human donors
and in aged rodents [45-48]. Therefore, SRV may commonly develop in a context where reti-
nal neurons extend aberrant neurites into the ONL and it will be important to determine if the
mistargeted neurites have roles in facilitating, stabilizing, or localizing SRV.

The neurite mistargeting phenotype in VIdlr”~ mice appears to be distinct from similar phe-
notypes in other mouse models. Mutations that alter photoreceptor neurotransmission also
cause bipolar cell neurite mistargeting and ectopic glutamatergic synaptogenesis in the ONL
[38-44]—neither of which we observed in VIdlr”" mice (Fig 3N and 30). Mistargeted HC neur-
ites in Sema6A and PlexinA4 mice [49] have a different microscopic appearance than those
observed in VIdlr’" mice, and these mice also display dopaminergic AC and melanopsin positive
ganglion cell stratification defects in the IPL, which we did not observe in VIdlr”’~ mice (Fig 7).

A central conclusion of the present study is that HCs and ACs play important roles in nor-
mal retinal angiogenesis. Although interactions between astrocytes, retinal ganglion cells, and
blood vessels have been previously studied [18], it is incompletely understood how the neurore-
tina instructs retinal vascular morphogenesis. Our finding that loss of Foxn4-dependent HC
and AC differentiation causes severe vascular phenotypes provides important evidence that
additional neuronal populations play a major role in normal angiogenesis (Fig 4). Our observa-
tions raise questions about which pro-angiogenic factors, cell-cell adhesion molecules, and
matricellular proteins are expressed by HCs and ACs and how the expression of these factors is
controlled. The associations of mistargeted HC neurites and SRV suggest that HCs may nor-
mally provide guidance cues that help localize capillaries in the laminated retina.
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Our developmental analysis also revealed novel retinal vascular phenotypes in VIdlr’"~ mice
that precede SRV. The intermediate capillary plexus develops in the IPL before the formation
of the outer plexus in the OPL, and intraretinal capillary morphogenesis is severely altered
before the onset of vascular lesion formation (Figs 6 and 7). Importantly, these early pheno-
types are followed by increased vascular proliferation, particularly in the OPL. Interestingly,
Inhibition of VEGF signaling, Norrin/Frizzled4 signaling, and Ras activity partially or fully
suppress SRV in VIdlr”" mice [10, 11, 50, 51], possibly by normalizing the increased vascular
proliferation we observed in vivo.

Our analysis also showed that OLM disruption is an important intermediate step in the pro-
gression from early phenotypes to late phenotypes. We found that blood vessels in the subret-
inal space were leaky despite the fact the SRV originated from non-fenestrated OPL capillaries
(i.e., endothelial cells that lack substantial PLVAP expression). This finding is consistent with a
previous report that documents increased PLVAP expression in VIdlr”’~ mice [10], and suggests
that SRV leakiness is not determined by the origin of SRV vasculature (choroidal vs. retinal
vasculature), but appears to be a property of blood vessels in the subretinal space. This could be
due to the absence of ligands activating the Norrin/Frizzled4 pathway, a key driver of blood-
retina-barrier formation and PLVAP repression in endothelial cells [52-54], in this location.
Our analysis also highlights similarities and differences between SRV in the VIdlr”" animal
model and in human instances of SRV. While the consequences of OLM disruption are likely
similar in the VIdlr" model and in human SRV with retinal origin, our finding that SRV in the
Vldlr’~ model develops in the context of complex developmental phenotypes indicates that
there are important differences.

Given that mutations in photoreceptor-specific genes can cause HC neurite mistargeting
and that photoreceptors express anti-angiogenic molecules [55], it will be important to deter-
mine if VLDLR is functionally required in photoreceptors. Instead of a direct role in cell-cell
signaling, VLDLR loss of function phenotypes could result primarily from its role in lipopro-
tein uptake and metabolism. For example, a metabolic imbalance in photoreceptors could
cause changes in expression or function of factors that control both neurite stratification and
vascular morphogenesis. One factor that could affect both the retinal vasculature and HC neur-
ites are ROS. ROS accumulate in VIdlr”" retinas [11] and pharmacological suppression of ROS
reduces SRV [12-14, 56], but whether ROS are involved in HC neurite mistargeting or the
inverse order of intraretinal plexus formation is not known. Alternatively, defects in photore-
ceptors and/or other retinal neurons may alter the function of a guidance cue that repels both
endothelial cells and HC neurites [57].

Supporting Information

S1 ARRIVE ChecKlist.
(PDF)

S1 Fig. Schematic horizontal section through the murine retina. (A) The retina is laminated
and contains three nuclear layers, the ganglion cell layer (GCL), inner nuclear layer (INL), and
outer nuclear layer (ONL). Synapses form in the inner plexiform layer (IPL) and outer plexi-
form layer (OPL). Other structures: outer limiting membrane (OLM) and retinal pigment epi-
thelium (RPE) with Bruch's membrane. Simplified circuit: photoreceptors (purple) synapse to
bipolar cells (green), which control the activity of ganglion cells, the retinal output neurons
(yellow). Horizontal cells (black) and amacrine cells (red) modulate the circuit. Not shown:
Neurite strata (layers) in the IPL formed by specific connectivity of different classes of bipolar
cells, amacrine cells, and ganglion cells. (B) Three layers of retinal vasculature. The outer retina
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is also supplied by choroid capillaries. (C) Vascular lesions in the VIdlr mutant mouse.
(TIF)

S2 Fig. Branched DNA ISH supporting information. (A) Validation of the Vidir exon5
probe set (probe"'¥™-*"%) in HeLa cells transfected with the indicated constructs. (B) Trans-
fected constructs express at similar levels as shown by immunostaining for the HA tagged pro-
tein. (C-G) Branched DNA ISH on ocular tissues as indicated.

(TIF)

$3 Fig. No horizontal cell neurite mistargeting in Reelin”™ mice. (A-B) Staining of rod bipo-
lar cells with PKCalpha confirms occasional ectopic synaptic terminals in Reelin”~ mice. (C)
No neurofilament positive mistargeted HC neurites were seen in adult Reelin™™ mice.

(TTF)

S1 Video. P14 vascular lesion with EdU positive cells. Confocal 3-D rendering spanning an
area of the outer retina from the OPL to the photoreceptor layer in a VIdlr”" retina. IB4 stained
blood vessels (green) and a single vascular lesion with two EdU positive cells (red) in the lesion
head are shown.

(AVI)

Acknowledgments

The authors would like to thank the MCDB light microscopy core facility (Drs. Jolien Tyler
and Chris English) and animal facility (Micah Stoltz) for assistance, Dr. Wai Wong for provid-
ing materials, Dr. Julie Siegenthaler for critically reading the manuscript, and Dr. Shengguo Li
for logistical help.

Author Contributions

Conceived and designed the experiments: V] ZC HJ. Performed the experiments: V]. Analyzed
the data: VJ. Contributed reagents/materials/analysis tools: MX. Wrote the paper: V] HJ.

References

1. YannuzziLA, Negrao S, lida T, Carvalho C, Rodriguez-Coleman H, Slakter J, et al. Retinal angioma-
tous proliferation in age-related macular degeneration. 2001. Retina. 2012; 32 Suppl 1:416-34. Epub
2012/03/28. PMID: 22451953.

2. Marticorena J, DiLeva V, Cennamo GL, de Crecchio G. Retinal angiomatous proliferation. Curr Drug
Targets. 2011; 12(2):199-205. Epub 2010/10/05. doi: BSP/CDT/E-Pub/00176 [pii]. PMID: 20887242.

3. Dorrell MI, Friedlander M. Mechanisms of endothelial cell guidance and vascular patterning in the
developing mouse retina. Prog Retin Eye Res. 2006; 25(3):277-95. Epub 2006/03/07. doi: S1350-
9462(06)00002-4 [pii] doi: 10.1016/j.preteyeres.2006.01.001 PMID: 16515881.

4. Heckenlively JR, Hawes NL, Friedlander M, Nusinowitz S, Hurd R, Davisson M, et al. Mouse model of
subretinal neovascularization with choroidal anastomosis. Retina. 2003; 23(4):518-22. Epub 2003/09/
16. PMID: 12972764.

5. LiC, Huang Z, Kingsley R, Zhou X, Li F, Parke DW 2nd, et al. Biochemical alterations in the retinas of
very low-density lipoprotein receptor knockout mice: an animal model of retinal angiomatous prolifera-
tion. Arch Ophthalmol. 2007; 125(6):795-803. Epub 2007/06/15. doi: 125/6/795 [pii] doi: 10.1001/
archopht.125.6.795 PMID: 17562991.

6. ChenY,HuY,LuK, Flannery JG, Ma JX. Very low density lipoprotein receptor, a negative regulator of
the wnt signaling pathway and choroidal neovascularization. J Biol Chem. 2007; 282(47):34420-8.
Epub 2007/09/25. doi: M611289200 [pii] doi: 10.1074/jbc.M611289200 PMID: 17890782.

7. HuW,Jiang A, Liang J, Meng H, Chang B, Gao H, et al. Expression of VLDLR in the retina and evolu-
tion of subretinal neovascularization in the knockout mouse model's retinal angiomatous proliferation.
Invest Ophthalmol Vis Sci. 2008; 49(1):407—-15. Epub 2008/01/04. doi: 49/1/407 [pii] doi: 10.1167/iovs.
07-0870 PMID: 18172119.

PLOS ONE | DOI:10.1371/journal.pone.0132013  July 15,2015 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132013.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132013.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132013.s005
http://www.ncbi.nlm.nih.gov/pubmed/22451953
http://www.ncbi.nlm.nih.gov/pubmed/20887242
http://dx.doi.org/10.1016/j.preteyeres.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16515881
http://www.ncbi.nlm.nih.gov/pubmed/12972764
http://dx.doi.org/10.1001/archopht.125.6.795
http://dx.doi.org/10.1001/archopht.125.6.795
http://www.ncbi.nlm.nih.gov/pubmed/17562991
http://dx.doi.org/10.1074/jbc.M611289200
http://www.ncbi.nlm.nih.gov/pubmed/17890782
http://dx.doi.org/10.1167/iovs.07-0870
http://dx.doi.org/10.1167/iovs.07-0870
http://www.ncbi.nlm.nih.gov/pubmed/18172119

@’PLOS ‘ ONE

Developmental Defects in VidIr Mutant Mice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

ChenY, Hu Y, Moiseyev G, Zhou KK, Chen D, Ma JX. Photoreceptor degeneration and retinal inflam-
mation induced by very low-density lipoprotein receptor deficiency. Microvasc Res. 2009; 78(1):119—
27. Epub 2009/03/14. doi: 10.1016/j.mvr.2009.02.005 S0026-2862(09)00073-9 [pii]. PMID: 19281829;
PubMed Central PMCID: PMC2728019.

Xia CH, Lu E, Liu H, Du X, Beutler B, Gong X. The role of VIdIr in intraretinal angiogenesis in mice.
Invest Ophthalmol Vis Sci. 2011; 52(9):6572—9. Epub 2011/07/16. doi: 10.1167/iovs.10-7082 iovs.10-
7082 [pii]. PMID: 21757581; PubMed Central PMCID: PMC3176028.

Xia CH, Lu E, Zeng J, Gong X. Deletion of LRP5 in VLDLR Knockout Mice Inhibits Retinal Neovascular-
ization. PLoS One. 2013; 8(9):e75186. Epub 2013/09/24. doi: 10.1371/journal.pone.0075186 PONE-
D-13-16871 [pii]. PMID: 24058663; PubMed Central PMCID: PMC3772893.

Dorrell Ml, Aguilar E, Jacobson R, Yanes O, Gariano R, Heckenlively J, et al. Antioxidant or neuro-
trophic factor treatment preserves function in a mouse model of neovascularization-associated oxida-
tive stress. J Clin Invest. 2009; 119(3):611-23. Epub 2009/02/04. doi: 10.1172/JCI35977 35977 [pii].
PMID: 19188685; PubMed Central PMCID: PMC2648679.

Hua J, Guerin Kl, Chen J, Michan S, Stahl A, Krah NM, et al. Resveratrol inhibits pathologic retinal neo-
vascularization in VIdir(-/-) mice. Invest Ophthalmol Vis Sci. 2011; 52(5):2809-16. Epub 2011/02/02.
doi: iovs.10-6496 [pii] doi: 10.1167/iovs.10-6496 PMID: 21282584; PubMed Central PMCID:
PMC3088563.

Zhou X, Wong LL, Karakoti AS, Seal S, McGinnis JF. Nanoceria inhibit the development and promote
the regression of pathologic retinal neovascularization in the VIdir knockout mouse. PLoS One. 2011; 6
(2):216733. Epub 2011/03/03. doi: 10.1371/journal.pone.0016733 PMID: 21364932; PubMed Central
PMCID: PMC3043063.

Kyosseva SV, Chen L, Seal S, McGinnis JF. Nanoceria inhibit expression of genes associated with
inflammation and angiogenesis in the retina of VidIr null mice. Exp Eye Res. 2013; 116:63—-74. Epub
2013/08/28. doi: 10.1016/j.exer.2013.08.003 S0014-4835(13)00242-X [pii]. PMID: 23978600.

Takahashi S, Sakai J, Fujino T, Hattori H, Zenimaru Y, Suzuki J, et al. The very low-density lipoprotein
(VLDL) receptor: characterization and functions as a peripheral lipoprotein receptor. J Atheroscler
Thromb. 2004; 11(4):200-8. Epub 2004/09/10. doi: JST.JSTAGE/jat/11.200 [pii]. PMID: 15356379.

Hippenmeyer S. Molecular pathways controlling the sequential steps of cortical projection neuron
migration. Adv Exp Med Biol. 2014; 800:1-24. Epub 2013/11/19. doi: 10.1007/978-94-007-7687-6_1
PMID: 24243097.

Haines JL, Schnetz-Boutaud N, Schmidt S, Scott WK, Agarwal A, Postel EA, et al. Functional candidate
genes in age-related macular degeneration: significant association with VEGF, VLDLR, and LRP6.
Invest Ophthalmol Vis Sci. 2006; 47(1):329-35. Epub 2005/12/31. doi: 47/1/329 [pii] doi: 10.1167/iovs.
05-0116 PMID: 16384981.

Sapieha P. Eyeing central neurons in vascular growth and reparative angiogenesis. Blood. 2012; 120
(11):2182-94. Epub 2012/06/19. doi: 10.1182/blood-2012-04-396846 blood-2012-04-396846 [pii].
PMID: 22705597.

Thoreson WB, Mangel SC. Lateral interactions in the outer retina. Prog Retin Eye Res. 2012; 31
(5):407—41. Epub 2012/05/15. doi: 10.1016/j.preteyeres.2012.04.003 S1350-9462(12)00028-6 [pii].
PMID: 22580106; PubMed Central PMCID: PMC3401171.

Poche RA, Reese BE. Retinal horizontal cells: challenging paradigms of neural development and can-
cer biology. Development. 2009; 136(13):2141-51. Epub 2009/06/09. doi: 10.1242/dev.033175 136/
13/2141 [pii]. PMID: 19502480; PubMed Central PMCID: PMC2729336.

Li S, Mo Z, Yang X, Price SM, Shen MM, Xiang M. Foxn4 controls the genesis of amacrine and horizon-
tal cells by retinal progenitors. Neuron. 2004; 43(6):795-807. Epub 2004/09/15. doi: 10.1016/j.neuron.
2004.08.041 S089662730400563X [pii]. PMID: 15363391.

Kunzevitzky NJ, Aimeida MV, Duan Y, Li S, Xiang M, Goldberg JL. Foxn4 is required for retinal ganglion
cell distal axon patterning. Mol Cell Neurosci. 2011; 46(4):731—41. Epub 2011/02/22. doi: 10.1016/j.
mcn.2011.02.004 S1044-7431(11)00032-7 [pii]. PMID: 21334440; PubMed Central PMCID:
PMC3081519.

Richard M, Roepman R, Aartsen WM, van Rossum AG, den Hollander Al, Knust E, et al. Towards
understanding CRUMBS function in retinal dystrophies. Hum Mol Genet. 2006; 15 Spec No 2:R235—
43. Epub 2006/09/22. doi: 15/suppl_2/R235 [pii] doi: 10.1093/hmg/ddI195 PMID: 16987889.

Park B, Alves CH, Lundvig DM, Tanimoto N, Beck SC, Huber G, et al. PALS1 is essential for retinal pig-

ment epithelium structure and neural retina stratification. J Neurosci. 2011; 31(47):17230—41. Epub
2011/11/25. doi: 10.1523/JNEUROSCI.4430-11.2011 31/47/17230 [pii]. PMID: 22114289.

Alves CH, Sanz AS, Park B, Pellissier LP, Tanimoto N, Beck SC, et al. Loss of CRB2 in the mouse ret-
ina mimics human retinitis pigmentosa due to mutations in the CRB1 gene. Hum Mol Genet. 2013; 22
(1):35-50. Epub 2012/09/25. doi: 10.1093/hmg/dds398 dds398 [pii]. PMID: 23001562.

PLOS ONE | DOI:10.1371/journal.pone.0132013  July 15,2015 19/21


http://dx.doi.org/10.1016/j.mvr.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19281829
http://dx.doi.org/10.1167/iovs.10-7082
http://www.ncbi.nlm.nih.gov/pubmed/21757581
http://dx.doi.org/10.1371/journal.pone.0075186
http://www.ncbi.nlm.nih.gov/pubmed/24058663
http://dx.doi.org/10.1172/JCI35977
http://www.ncbi.nlm.nih.gov/pubmed/19188685
http://dx.doi.org/10.1167/iovs.10-6496
http://www.ncbi.nlm.nih.gov/pubmed/21282584
http://dx.doi.org/10.1371/journal.pone.0016733
http://www.ncbi.nlm.nih.gov/pubmed/21364932
http://dx.doi.org/10.1016/j.exer.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23978600
http://www.ncbi.nlm.nih.gov/pubmed/15356379
http://dx.doi.org/10.1007/978-94-007-7687-6_1
http://www.ncbi.nlm.nih.gov/pubmed/24243097
http://dx.doi.org/10.1167/iovs.05-0116
http://dx.doi.org/10.1167/iovs.05-0116
http://www.ncbi.nlm.nih.gov/pubmed/16384981
http://dx.doi.org/10.1182/blood-2012-04-396846
http://www.ncbi.nlm.nih.gov/pubmed/22705597
http://dx.doi.org/10.1016/j.preteyeres.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22580106
http://dx.doi.org/10.1242/dev.033175
http://www.ncbi.nlm.nih.gov/pubmed/19502480
http://dx.doi.org/10.1016/j.neuron.2004.08.041
http://dx.doi.org/10.1016/j.neuron.2004.08.041
http://www.ncbi.nlm.nih.gov/pubmed/15363391
http://dx.doi.org/10.1016/j.mcn.2011.02.004
http://dx.doi.org/10.1016/j.mcn.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21334440
http://dx.doi.org/10.1093/hmg/ddl195
http://www.ncbi.nlm.nih.gov/pubmed/16987889
http://dx.doi.org/10.1523/JNEUROSCI.4430-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22114289
http://dx.doi.org/10.1093/hmg/dds398
http://www.ncbi.nlm.nih.gov/pubmed/23001562

@’PLOS ‘ ONE

Developmental Defects in VidIr Mutant Mice

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Itzkovitz S, van Oudenaarden A. Validating transcripts with probes and imaging technology. Nat Meth-
ods. 2011; 8(4 Suppl):S12-9. Epub 2011/04/06. doi: 10.1038/nmeth.1573 nmeth.1573 [pii]. PMID:
21451512; PubMed Central PMCID: PMC3158979.

Frykman PK, Brown MS, Yamamoto T, Goldstein JL, Herz J. Normal plasma lipoproteins and fertility in
gene-targeted mice homozygous for a disruption in the gene encoding very low density lipoprotein
receptor. Proc Natl Acad Sci U S A. 1995; 92(18):8453-7. Epub 1995/08/29. PMID: 7667310; PubMed
Central PMCID: PMC41175.

Rice DS, Nusinowitz S, Azimi AM, Martinez A, Soriano E, Curran T. The reelin pathway modulates the
structure and function of retinal synaptic circuitry. Neuron. 2001; 31(6):929-41. Epub 2001/10/03. doi:
S0896-6273(01)00436-6 [pii]. PMID: 11580894.

Trotter JH, Klein M, Jinwal UK, Abisambra JF, Dickey CA, Tharkur J, et al. ApoER2 function in the
establishment and maintenance of retinal synaptic connectivity. J Neurosci. 2011; 31(40):14413-23.
Epub 2011/10/07. doi: 10.1523/JNEUROSCI.3135-11.2011 31/40/14413 [pii]. PMID: 21976526;
PubMed Central PMCID: PMC3224795.

Sonntag S, Dedek K, Dorgau B, Schultz K, Schmidt KF, Cimiotti K, et al. Ablation of retinal horizontal
cells from adult mice leads to rod degeneration and remodeling in the outer retina. J Neurosci. 2012; 32
(31):10713-24. Epub 2012/08/03. doi: 10.1523/JNEUROSCI.0442-12.2012 32/31/10713 [pii]. PMID:
22855819.

Xiang M, Li S. Foxn4: a multi-faceted transcriptional regulator of cell fates in vertebrate development.
Sci China Life Sci. 2013; 56(11):985-93. Epub 2013/09/07. doi: 10.1007/s11427-013-4543-8 PMID:
24008385.

Ivanova E, Toychiev AH, Yee CW, Sagdullaev BT. Intersublaminar vascular plexus: the correlation of
retinal blood vessels with functional sublaminae of the inner plexiform layer. Invest Ophthalmol Vis Sci.
2014; 55(1):78-86. Epub 2013/12/19. doi: 10.1167/iovs.13-13196 iovs.13-13196 [pii]. PMID:
24346172; PubMed Central PMCID: PMC3883122.

Larrivee B, Freitas C, Suchting S, Brunet |, Eichmann A. Guidance of vascular development: lessons
from the nervous system. Circ Res. 2009; 104(4):428-41. Epub 2009/02/28. doi: 10.1161/
CIRCRESAHA.108.188144 104/4/428 [pii]. PMID: 19246687.

Mukouyama YS, Shin D, Britsch S, Taniguchi M, Anderson DJ. Sensory nerves determine the pattern
of arterial differentiation and blood vessel branching in the skin. Cell. 2002; 109(6):693-705. Epub
2002/06/28. doi: S0092867402007572 [pii]. PMID: 12086669.

Tuo J, Bojanowski CM, Zhou M, Shen D, Ross RJ, Rosenberg Ki, et al. Murine ccl2/cx3cr1 deficiency
results in retinal lesions mimicking human age-related macular degeneration. Invest Ophthalmol Vis
Sci. 2007; 48(8):3827-36. Epub 2007/07/27. doi: 48/8/3827 [pii] doi: 10.1167/iovs.07-0051 PMID:
17652758; PubMed Central PMCID: PMC2048751.

Zhou Y, Sheets KG, Knott EJ, Regan CE Jr., Tuo J, Chan CC, et al. Cellular and 3D optical coherence
tomography assessment during the initiation and progression of retinal degeneration in the Ccl2/
Cx3cr1-deficient mouse. Exp Eye Res. 2011; 93(5):636—48. Epub 2011/08/23. doi: 10.1016/j.exer.
2011.07.017 S0014-4835(11)00233-8 [pii]. PMID: 21854772; PubMed Central PMCID: PMC3221782.

Zhang J, Tuo J, Cao X, Shen D, Li W, Chan CC. Early degeneration of photoreceptor synapse in Ccl2/
Cx3cri-deficient mice on Crb1(rd8) background. Synapse. 2013; 67(8):515-31. Epub 2013/04/18. doi:
10.1002/syn.21674 PMID: 23592324; PubMed Central PMCID: PMC3745602.

Mansergh F, Orton NC, Vessey JP, Lalonde MR, Stell WK, Tremblay F, et al. Mutation of the calcium
channel gene Cacna1if disrupts calcium signaling, synaptic transmission and cellular organization in
mouse retina. Hum Mol Genet. 2005; 14(20):3035-46. Epub 2005/09/13. doi: ddi336 [pii] doi: 10.1093/
hmg/ddi336 PMID: 16155113.

Bayley PR, Morgans CW. Rod bipolar cells and horizontal cells form displaced synaptic contacts with
rods in the outer nuclear layer of the nob2 retina. J Comp Neurol. 2007; 500(2):286-98. Epub 2006/11/
18. doi: 10.1002/cne.21188 PMID: 17111373.

Dick O, tom Dieck S, Altrock WD, Ammermuller J, Weiler R, Garner CC, et al. The presynaptic active
zone protein bassoon is essential for photoreceptor ribbon synapse formation in the retina. Neuron.
2003; 37(5):775—-86. Epub 2003/03/12. doi: S0896627303000862 [pii]. PMID: 12628168.

Haeseleer F, Imanishi Y, Maeda T, Possin DE, Maeda A, Lee A, et al. Essential role of Ca2+-binding
protein 4, a Cav1.4 channel regulator, in photoreceptor synaptic function. Nat Neurosci. 2004; 7
(10):1079-87. Epub 2004/09/29. doi: 10.1038/nn1320 nn1320 [pii]. PMID: 15452577; PubMed Central
PMCID: PMC1352161.

Claes E, Seeliger M, Michalakis S, Biel M, Humphries P, Haverkamp S. Morphological characterization
of the retina of the CNGA3(-/-)Rho(-/-) mutant mouse lacking functional cones and rods. Invest Ophthal-
mol Vis Sci. 2004; 45(6):2039—48. Epub 2004/05/27. PMID: 15161873.

PLOS ONE | DOI:10.1371/journal.pone.0132013  July 15,2015 20/21


http://dx.doi.org/10.1038/nmeth.1573
http://www.ncbi.nlm.nih.gov/pubmed/21451512
http://www.ncbi.nlm.nih.gov/pubmed/7667310
http://www.ncbi.nlm.nih.gov/pubmed/11580894
http://dx.doi.org/10.1523/JNEUROSCI.3135-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21976526
http://dx.doi.org/10.1523/JNEUROSCI.0442-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22855819
http://dx.doi.org/10.1007/s11427-013-4543-8
http://www.ncbi.nlm.nih.gov/pubmed/24008385
http://dx.doi.org/10.1167/iovs.13-13196
http://www.ncbi.nlm.nih.gov/pubmed/24346172
http://dx.doi.org/10.1161/CIRCRESAHA.108.188144
http://dx.doi.org/10.1161/CIRCRESAHA.108.188144
http://www.ncbi.nlm.nih.gov/pubmed/19246687
http://www.ncbi.nlm.nih.gov/pubmed/12086669
http://dx.doi.org/10.1167/iovs.07-0051
http://www.ncbi.nlm.nih.gov/pubmed/17652758
http://dx.doi.org/10.1016/j.exer.2011.07.017
http://dx.doi.org/10.1016/j.exer.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/21854772
http://dx.doi.org/10.1002/syn.21674
http://www.ncbi.nlm.nih.gov/pubmed/23592324
http://dx.doi.org/10.1093/hmg/ddi336
http://dx.doi.org/10.1093/hmg/ddi336
http://www.ncbi.nlm.nih.gov/pubmed/16155113
http://dx.doi.org/10.1002/cne.21188
http://www.ncbi.nlm.nih.gov/pubmed/17111373
http://www.ncbi.nlm.nih.gov/pubmed/12628168
http://dx.doi.org/10.1038/nn1320
http://www.ncbi.nlm.nih.gov/pubmed/15452577
http://www.ncbi.nlm.nih.gov/pubmed/15161873

@’PLOS ‘ ONE

Developmental Defects in VidIr Mutant Mice

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Michalakis S, Schaferhoff K, Spiwoks-Becker |, Zabouri N, Koch S, Koch F, et al. Characterization of
neurite outgrowth and ectopic synaptogenesis in response to photoreceptor dysfunction. Cell Mol Life
Sci. 2013; 70(10):1831-47. Epub 2012/12/28. doi: 10.1007/s00018-012-1230-z PMID: 232694 35.

Donovan SL, Dyer MA. Developmental defects in Rb-deficient retinae. Vision Res. 2004; 44(28):3323—
33. Epub 2004/11/13. doi: S0042-6989(04)00395-5 [pii] doi: 10.1016/j.visres.2004.08.007 PMID:
15536000.

Jiang A, Hu W, Meng H, Gao H, Qiao X. Loss of VLDL receptor activates retinal vascular endothelial
cells and promotes angiogenesis. Invest Ophthalmol Vis Sci. 2009; 50(2):844-50. Epub 2008/10/22.
doi: iovs.08-2447 [pii] doi: 10.1167/iovs.08-2447 PMID: 18936153.

Samuel MA, Voinescu PE, Lilley BN, de Cabo R, Foretz M, Viollet B, et al. LKB1 and AMPK regulate
synaptic remodeling in old age. Nat Neurosci. 2014; 17(9):1190-7. Epub 2014/08/05. doi: 10.1038/nn.
3772 nn.3772 [pii]. PMID: 25086610.

Samuel MA, Zhang Y, Meister M, Sanes JR. Age-related alterations in neurons of the mouse retina. J
Neurosci. 2011; 31(44):16033—-44. Epub 2011/11/04. doi: 10.1523/JNEUROSCI.3580-11.2011 31/44/
16033 [pii]. PMID: 22049445; PubMed Central PMCID: PMC3238393.

Terzibasi E, Calamusa M, Novelli E, Domenici L, Strettoi E, Cellerino A. Age-dependent remodelling of
retinal circuitry. Neurobiol Aging. 2009; 30(5):819-28. Epub 2007/10/09. doi: S0197-4580(07)00341-7
[pii] doi: 10.1016/j.neurobiolaging.2007.08.017 PMID: 17920161.

Matsuoka RL, Jiang Z, Samuels IS, Nguyen-Ba-Charvet KT, Sun LO, Peachey NS, et al. Guidance-cue
control of horizontal cell morphology, lamination, and synapse formation in the mammalian outer retina.
J Neurosci. 2012; 32(20):6859-68. Epub 2012/05/18. doi: 10.1523/JNEUROSCI.0267-12.2012 32/20/

6859 [pii]. PMID: 22593055; PubMed Central PMCID: PMC3383066.

Paes KT, Wang E, Henze K, Vogel P, Read R, Suwanichkul A, et al. Frizzled 4 is required for retinal
angiogenesis and maintenance of the blood-retina barrier. Invest Ophthalmol Vis Sci. 2011; 52
(9):6452—-61. Epub 2011/07/12. doi: 10.1167/iovs.10-7146 iovs.10-7146 [pii]. PMID: 21743011.

Westenskow PD, Kurihara T, Aguilar E, Scheppke EL, Moreno SK, Wittgrove C, et al. Ras pathway
inhibition prevents neovascularization by repressing endothelial cell sprouting. J Clin Invest. 2013; 123
(11):4900-8. Epub 2013/10/03. doi: 70230 [pii] doi: 10.1172/JCI70230 PMID: 24084735; PubMed Cen-
tral PMCID: PMC3809796.

Junge HJ, Yang S, Burton JB, Paes K, Shu X, French DM, et al. TSPAN12 regulates retinal vascular
development by promoting Norrin- but not Wnt-induced FZD4/beta-catenin signaling. Cell. 2009; 139
(2):299-311. Epub 2009/10/20. doi: 10.1016/j.cell.2009.07.04850092-8674(09)01042-3 [pii]. PMID:

19837033.

Schafer NF, Luhmann UF, Feil S, Berger W. Differential gene expression in Ndph-knockout mice in reti-
nal development. Invest Ophthalmol Vis Sci. 2009; 50(2):906—16. Epub 2008/11/04. doi: 10.1167/iovs.
08-1731 iovs.08-1731 [pii]. PMID: 18978344.

Wang Y, Rattner A, Zhou Y, Williams J, Smallwood PM, Nathans J. Norrin/Frizzled4 signaling in retinal
vascular development and blood brain barrier plasticity. Cell. 2012; 151(6):1332—44. Epub 2012/12/12.
doi: 10.1016/j.cell.2012.10.042 S0092-8674(12)01305-0 [pii]. PMID: 23217714; PubMed Central
PMCID: PMC3535266.

Luo L, Uehara H, Zhang X, Das SK, Olsen T, Holt D, et al. Photoreceptor avascular privilege is shielded
by soluble VEGF receptor-1. Elife. 2013; 2:e00324. Epub 2013/06/26. doi: 10.7554/eLife.00324 00324
[pii]. PMID: 23795287; PubMed Central PMCID: PMC3687373.

Cai X, Seal S, McGinnis JF. Sustained inhibition of neovascularization in vidir-/- mice following intravi-
treal injection of cerium oxide nanoparticles and the role of the ASK1-P38/JNK-NF-kappaB pathway.
Biomaterials. 2014; 35(1):249-58. Epub 2013/10/22. doi: 10.1016/j.biomaterials.2013.10.022 S0142-
9612(13)01252-0 [pii]. PMID: 24140045; PubMed Central PMCID: PMC3911773.

Adams RH, Eichmann A. Axon guidance molecules in vascular patterning. Cold Spring Harb Perspect
Biol. 2010; 2(5):2001875. Epub 2010/05/11. doi: 10.1101/cshperspect.a001875cshperspect.a001875
[pii]. PMID: 20452960; PubMed Central PMCID: PMC2857165.

PLOS ONE | DOI:10.1371/journal.pone.0132013  July 15,2015 21/21


http://dx.doi.org/10.1007/s00018-012-1230-z
http://www.ncbi.nlm.nih.gov/pubmed/23269435
http://dx.doi.org/10.1016/j.visres.2004.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15536000
http://dx.doi.org/10.1167/iovs.08-2447
http://www.ncbi.nlm.nih.gov/pubmed/18936153
http://dx.doi.org/10.1038/nn.3772
http://dx.doi.org/10.1038/nn.3772
http://www.ncbi.nlm.nih.gov/pubmed/25086610
http://dx.doi.org/10.1523/JNEUROSCI.3580-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049445
http://dx.doi.org/10.1016/j.neurobiolaging.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17920161
http://dx.doi.org/10.1523/JNEUROSCI.0267-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22593055
http://dx.doi.org/10.1167/iovs.10-7146
http://www.ncbi.nlm.nih.gov/pubmed/21743011
http://dx.doi.org/10.1172/JCI70230
http://www.ncbi.nlm.nih.gov/pubmed/24084735
http://dx.doi.org/10.1016/j.cell.2009.07.048S0092-8674(09)01042-3
http://www.ncbi.nlm.nih.gov/pubmed/19837033
http://dx.doi.org/10.1167/iovs.08-1731
http://dx.doi.org/10.1167/iovs.08-1731
http://www.ncbi.nlm.nih.gov/pubmed/18978344
http://dx.doi.org/10.1016/j.cell.2012.10.042
http://www.ncbi.nlm.nih.gov/pubmed/23217714
http://dx.doi.org/10.7554/eLife.00324
http://www.ncbi.nlm.nih.gov/pubmed/23795287
http://dx.doi.org/10.1016/j.biomaterials.2013.10.022
http://www.ncbi.nlm.nih.gov/pubmed/24140045
http://dx.doi.org/10.1101/cshperspect.a001875cshperspect.a001875
http://www.ncbi.nlm.nih.gov/pubmed/20452960

