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Abstract
Vascular abnormalities in the eye are the leading cause of many forms of inherited and

acquired human blindness. Loss-of-function mutations in the Wnt-binding co-receptor

LRP5 leads to aberrant ocular vascularization and loss of vision in genetic disorders such

as osteoporosis-pseudoglioma syndrome. The canonical Wnt-β-catenin pathway is known

to regulate retinal vascular development. However, it is unclear what precise role LPR5

plays in this process. Here, we show that loss of LRP5 function in mice causes retinal hypo-

vascularization during development as well as retinal neovascularization in adulthood with

disorganized and leaky vessels. Using a highly specific Flk1-CreBreier line for vascular endo-

thelial cells, together with several genetic models, we demonstrate that loss of endothelium-

derived LRP5 recapitulates the retinal vascular defects in Lrp5-/- mice. In addition, restoring

LRP5 function only in endothelial cells in Lrp5-/- mice rescues their retinal vascular abnor-

malities. Furthermore, we show that retinal vascularization is regulated by LRP5 in a dosage

dependent manner and does not depend on LRP6. Our study provides the first direct evi-

dence that endothelium-derived LRP5 is both necessary and sufficient to mediate its critical

role in the development and maintenance of retinal vasculature.

Introduction
Vision impairment and blindness are devastating conditions afflicting over 4% of the world
population [1]. In developed countries, vascular abnormalities are the major cause of many
forms of inherited and acquired human blindness, such as Osteoporosis-Pseudoglioma Syn-
drome (OPPG), Norrie Disease (ND), Familial Exudative Vitreoretinopathy (FEVR) and dia-
betic retinopathy (DR) [2,3]. Both aberrant vascular development and pathological
neovascularization can critically impair the high metabolic activities in the retina. The retinal
vasculature consists of three vessel beds located in the nerve fiber layer (NFL), inner plexiform
layer (IPL) and outer plexiform layer (OPL). Its heavy reliance on a well-timed and balanced
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orchestration of many factors involving different cell types, multiple signaling inputs and
proper oxygen levels makes it susceptible to anomalies that are difficult to study [4]. However,
some of these blinding conditions have overlapping genetic causes and/or ocular manifesta-
tions, indicating that they likely have shared pathological mechanisms. Therefore, studies of
human genetic ocular disorders have provided insights into biological and pathological pro-
cesses that also underlie acquired diseases. Here, in the context of OPPG, we present data on
the critical role of low-density lipoprotein receptor-related protein-5 (LRP5) during retinal vas-
cular development.

OPPG is a rare autosomal recessive disorder characterized by severe childhood osteopenia
and congenital or infancy-onset visual loss [5–7]. Major manifestations in the eye include reti-
nal hypovascularization, retrolental fibrovascular tissue (pseudoglioma), microphthalmia and
various vitreoretinal abnormalities. The disorder is caused by loss-of-function mutations in
LRP5, a co-receptor in the canonical Wnt signaling pathway. Many of the ocular findings in
OPPG patients overlap with those of FEVR and ND, caused by loss-of-function mutations in
other Wnt signaling components, such as Frizzled-4 (FZD4) and Norrie disease protein (NDP)
[8–12].

Seminal studies by the Nathans group and others have shown that Müller glial cells secrete
Norrin that binds to FZD4 in endothelial cells (ECs) and regulates retinal vascular develop-
ment through the canonical Wnt-β-catenin pathway [13–16]. Disruption of this pathway
through loss of Norrin, FZD4 or LRP5 function not only leads to an overlapping spectrum of
ocular problems in patients, but also results in similar retinal vascular defects in mice. Mice in
which Fzd4 is conditionally knocked out (CKOmice) by using Tie2‐Cre (Tie2‐Cre;Fzd4fl/-)
exhibit the retinal hypovascularization phenotype seen in Fzd4 null (Fzd4-/-) and Ndp null
(Ndp-) mice, and inducing β-catenin function in ECs rescues these defects in Ndp- mice
[14,17]. Based on these data, it has been proposed that the pathway functions in ECs to control
retinal vascularization. However, cells that express Tie2-Cre include not only ECs but also sev-
eral other cell types [18], indicating a possible contribution of non-EC-derived FZD4 to retinal
vascular regulation. Furthermore, inducing β-catenin activity in ECs may bypass the need for
Norrin-FZD4-β-catenin signaling in non-ECs. In addition, although activation of the Norrin-
FZD4-β-catenin pathway requires the presence of either LRP5 or LRP6 in vitro [14], it is
unclear what exact roles LRP5 and LRP6 play during retinal vascular development in vivo, and
what cell types contribute to the incomplete vascularization in the retina of OPPG patients and
Lrp5-/- mice.

In this study, we use multiple genetic animal models to address these questions. Our use of a
highly endothelial-specific VEGF receptor 2-Cre line (Flk1-CreBreier) makes it possible, for the
first time, to evaluate the critical function of LRP5 in ECs during retinal vascular development.

Results

An Essential Role of LRP5 in Retinal Vascular Development
To examine the role of LRP5 in retinal vascular development, we first analyzed the retinal vas-
culature in Lrp5-/- mice at different developmental stages in detail. Retinal whole mount immu-
nofluorescence (IF) staining of collagen IV (ColIV) showed that Lrp5-/- retinas exhibited
retarded endothelial outgrowth with sparse vessel coverage in the NFL during early postnatal
development (Fig 1A). In adult Lrp5-/- mice, retinal angiography with FITC-dextran perfusion
showed that the intraretinal vessel layers in the IPL and OPL were mostly absent, with occa-
sional incomplete vascular development in the IPL, and vessels penetrating from the NFL ter-
minated in clusters without branching (Fig 1B and S1 Movie and S2 Movie). Intravitreal
hemorrhage was frequently observed and hyaloid vessels persisted into adulthood, long after

LRP5 in Retinal Vascular Development

PLOS ONE | DOI:10.1371/journal.pone.0152833 March 31, 2016 2 / 16



the time when they normally regressed in WT mice (Fig 1B). These retinal hypovascularization
defects in Lrp5-/- mice confirm findings in previous studies [14,19]. In addition, the NFL exhib-
ited chaotic vessel overgrowth (neovascularization) with arterio-venous anastomoses, microa-
neurysms, convoluted neovascular tufts, and leaky vessels (Fig 1B and 1C). Electron
microscopy (EM) showed widespread endothelial fenestrations (EF) in adult Lrp5-/- retinas but
not during early postnatal development (Fig 1D), indicating that EF is unlikely a primary defect
caused by loss of Lrp5. As increased levels of VEGF can often lead to endothelial fenestration
[20], we examined retinal VEGF amounts in the mice through ELISA assays. As shown in Fig
1E, total retinal VEGF levels in Lrp5-/- mice were only slightly increased, about 1.3-fold, at P5
and P8 compared to controls, but were 6.6-fold higher in adults. This suggests that elevated ret-
inal VEGF is likely a secondary response to the retinal hypovascularization defect in Lrp5-/-

mice during postnatal development and a contributor to EF defects when it reaches a high level
in adulthood.

Fig 1. Loss of Lrp5 causes retinal hypovascularization and neovascularization. (A) ColIV whole mount IF staining showing retinal vessels of Lrp5-/- and
control mice at P9 and P30. Quantification of vascular sprout numbers at P5 shown at right. (B) Adult Lrp5-/- retinas showing persistent hyaloid vessels (black
arrows, CD31 IHC staining), aneurysms (open arrow, CD31 IHC staining), neovascular overgrowth (white arrows, fibronectin IF staining) and lack of IPL and
OPL vascular development (lower panels, green: FITC-Dextran perfusion). (C) FITC-Dextran perfusion (green) showing retinal vascular leakage (white
arrows) in adult Lrp5-/- mice compared to control. Scale bars = 100μm. (D) EM analysis of endothelium of Lrp5-/- and control retinas at P5, P8 and P30.
Arrows point to area of endothelial fenestration. Scale bars = 500nm. (E) Total amounts of VEGF protein in retinas of Lrp5-/- and control mice at P5, P8 and
P30. Each ELISA was done in duplicate and normalized to total retinal protein amount. n = 9, 5, 12 for controls (at P5, P8, P30) and 9, 8, 8 for Lrp5-/- (at P5,
P8, P30). * p<0.05, ** p<0.01. Data are represented as means ± SD. Ctrl, control.

doi:10.1371/journal.pone.0152833.g001
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LRP5 Signaling in Tie2+ Cells but Not VE-Cadherin+ Cells is Essential for
Retinal Vascular Development
In the retina, Lrp5 is expressed predominantly in Müller glia and in ECs [19,21]. To identify
the primary cell population requiring Lrp5 expression for retinal vascularization, we used mice
with Lrp5 floxed alleles [22] to conditionally knock out Lrp5 in retinal neural/glial cells using
Rx-Cre [23] and in ECs using VE-cadherin-Cre (VE-Cad-Cre) [24] or Tie2-Cremice [25]. Loss
of Lrp5 in retinal neural/glial cells had no impact on retinal vessels (S3 Movie). Surprisingly,
while VE-Cad-Cre;Lrp5fl/- CKOmice (harboring one floxed and one null Lrp5 allele) also dem-
onstrated a completely normal retinal vasculature (Fig 2A), Tie2-Cre;Lrp5fl/fl mice exhibited
vascular defects that were almost identical to those of Lrp5-/- mice. Briefly, the hyaloid vessels

Fig 2. Conditional knockout of Lrp5with Tie2-Cre but not VE-Cad-Cre recapitulates retinal vascular defects in Lrp5-/- mice. (A and B) ColIV IF
staining (red) and FITC-Dextran perfusion (green) showing adult retinal vasculature in VE-Cad-Cre;Lrp5fl/- and Tie2-Cre;Lrp5fl/fl CKOmice (4w) compared to
Lrp5fl/fl control. Arrows: hyaloid vessels; open arrows: neovascular tufts; arrowheads: neovascular overgrowth. At right: Quantification of vascular branch
points in OPL at 4w; ns not significant. (C) TdTomato signals in VE-Cad-Cre;tdTomato (8w) and Tie2-Cre;tdTomato (7w) mice showing predominant
endothelial expression of VE-Cad-Cre and Tie2-Cre in the NFL, IPL and OPL of the retina. Note that VE-Cad-Cre is also widely expressed in myeloid cells
around the vessels in the NFL (upper left panel, also see D). Arrows point to IB4 (green) positive vascular area with negative VE-Cad-Cre;tdTomato signals
in a P5 mouse indicating incomplete VE-Cad-Cre recombination. (D) Myeloid and microglial localization of VE-Cad-Cre;tdTomato and Tie2-Cre;tdTomato
signals in P5 (left and mid-left panels) and adult (right and mid-right panels) retinas. Arrows point to myeloid cells and arrowheads point to microglial cell.
Green: F4/80 IF staining. Scale bars = 100nm.

doi:10.1371/journal.pone.0152833.g002
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failed to regress, intraretinal vascular beds were absent in adult mice, vessels penetrating from
the NFL terminated in club-like clusters and the NFL exhibited chaotic neovascularization
(Fig 2B).

As both VE-Cad-Cre and Tie2-Cre transgenes are predominantly expressed in ECs [24,25]
and are widely used in EC-related genetic studies, this large discrepancy of phenotypes in
VE-Cad-Cre;Lrp5fl/- and Tie2-Cre;Lrp5fl/fl CKOmice casts doubt on the conclusion that EC-
dependent LRP5 signaling is critical for retinal vascular development. First, VE-Cad-Cre+ and
Tie2-Cre+ cells are known to give rise to half and most adult hematopoietic cells, respectively,
in addition to ECs [18,24,26]. Therefore, we considered the possibility that the essential func-
tion of LRP5 may be associated with Tie2-Cre+ hematopoietic cells rather than the Tie2-Cre+

ECs. Secondly, although we increased the Lrp5 knockout efficiency in VE-Cad-Cre;Lrp5fl/-

CKOmice by incorporating one Lrp5 null allele, we also considered the possibility that
VE-Cad-Cremay have a much lower recombination efficiency in retinal ECs than Tie2-Cre,
and that incomplete endothelial deletion of Lrp5 in VE-Cad-Cre;Lrp5fl/- mice may explain the
lack of a vascular defect. To distinguish between these possibilities, we further investigated the
expression of VE-Cad-Cre and Tie2-Cre in the eye.

Endothelial and Non-endothelial Expression of VE-Cadherin-Cre and
Tie2-Cre in the Retina
Using a tdTomato reporter line [27], we generated VE-Cad-Cre;tdTomato and Tie2-Cre;tdTo-
mato double transgenic mice. Whole-mount retinal microscopy showed that both VE-Cad-Cre
and Tie2-Cre were predominantly expressed in retinal ECs in all three vascular beds (Fig 2C).
However, vascular patches with negative VE-Cad-Cre;tdTomato signals could often be
observed in the developing retina (Fig 2C), indicating incomplete recombination with VE-Cad-
Cre in endothelium. Tie2-Cre+ and VE-Cad-Cre+ signals were also widely present in microglia
and macrophage/myeloid cells (Fig 2D), but their distribution in these cells differed
developmentally.

In the first postnatal week, compared to VE-Cad-Cre, the Tie2-Cre;tdTomato signal was
seen in much more microglial cells both ahead of the vascular leading edge and around the
developing vessels (Fig 2D). Whole mount IF staining with F4/80, a macrophage marker,
showed that almost all F4/80+ macrophage/myeloid cells in the NFL had a Tie2-Cre+ origin
while only about half were VE-Cad-Cre;tdTomato+ (Fig 2D). In adult mice, a very large number
of myeloid cells around the NFL vessels showed VE-Cad-Cre;tdTomato signals with only a few
showing signs of being derived from Tie2+ cells (Fig 2D). However, intraretinal microglial cells
still presented strong tdTomato signals from a Tie2+ but not VE-Cad+ origin (Fig 2D).

These data indicate that compared to Tie2-Cre, VE-Cad-Cre is less efficient in recombining
targets in retinal ECs, and this may explain the lack of any vascular defects in VE-Cad-Cre;
Lrp5fl/- CKOmice. At the same time, Tie2+ cells also give rise to myeloid and microglial cells in
the retina, thus not excluding a possible contribution of these cells to the vascular phenotype in
Tie2-Cre;Lrp5fl/fl CKOmice.

LRP5 Signaling in Endothelial but Not Myeloid Cells is Essential for
Retinal Vascular Development
To further examine the potential contributions of Tie2+ myeloid/microglial cells to the vascular
phenotype in Tie2-Cre;Lrp5fl/fl CKOmice, we used two in vivo strategies. First, we conditionally
deleted Lrp5 in myeloid/glial cells with M lysozyme-Cre (LysM-Cre) [28] and CD11b-Cre [29].
Both LysM-Cre and CD11b-Cre have been shown to have a high degree of recombination in
bone marrow macrophages and granulocytes as well as peritoneal macrophages [28,29]. While
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CD11b-Cre also demonstrates recombination activity in brain microglial cells and LysM-Cre is
less effective in tissue macrophages, the expression of these Cre’s in the retina is unclear. We
generated double transgenic mice of tdTomato with these two Cre lines and showed that
LysM-Cre was primarily expressed in myeloid and microglial cells in developing retinas and
mostly in myeloid cells around adult NFL (Fig 3A and 3B). CD11b-Cre was abundantly
expressed in microglia and Müller glia both in developing and mature retinas (Fig 3D and 3E).
Nonetheless, both LysM-Cre;Lrp5fl/- and CD11b-Cre;Lrp5fl/- CKOmice developed a three-tier
retinal vasculature similar to controls (Fig 3C and 3F), indicating that myeloid/microglial
LRP5 is dispensable for retinal vascularization.

Next, we generated another endothelial Lrp5 CKO with VEGF receptor 2-driven Cre
(Flk1-CreBreier) transgenic mice [30]. Unlike Tie2-Cre and VE-Cad-Cre, Flk1-CreBreier;tdTomato
mice showed that Flk1-CreBreier was specifically expressed in ECs with few, if any, signs of mye-
loid expression in the retina as well as in bone marrow, bone and skeletal muscle (Fig 4A and
4B). This remarkable endothelial specificity is likely due to the limited set of Flk1 regulatory
promoter regions used to generate the Flk1-CreBreier line, although Flk1 expressing progenitor

Fig 3. Retinal vascular phenotype in mice with conditional knockout of Lrp5 in myeloid/microglial cells. (A) Whole mount IF staining with IB4 (blue) or
ColIV antibody (right panel, green) showing distribution of LysM-Cre;tdTomato+ (red) myeloid and microglial cells in retinas at P5, P8 and 6w. Most
LysM-Cre;tdTomato+ myeloid cells were also F4/80+ (green) (white rectangle in left panel indicates area shown at higher magnification in the upper right
corner inset). (B) Localization of LysM-Cre;tdTomato+ myeloid cells in three adult (6w) retinal vascular beds. Green: ColIV. (C) Retinal vasculature of
LysM-Cre;Lrp5fl/- CKOmice (12w). Red: IB4. (D) Distribution of CD11b-Cre;tdTomato+ (red) myeloid and microglial cells in retinas at P6 (left and mid panels,
green: IB4) and 4w (right panel, cross section). Blue: Hoechst. (E) Localization ofCD11b-Cre;tdTomato+ signals (red) in myeloid, microglial, Müller glial and
perivascular macrophage cells in adult (4w) retina. Blue: IB4. White rectangle in right panel outlines cell shown at higher magnification in upper right corner
inset. (F) Retinal vasculature of CD11b-Cre;Lrp5fl/-CKOmice (4w). Green: FITC-Dextran perfusion. Scale bars = 100nm.

doi:10.1371/journal.pone.0152833.g003
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cells give rise to endothelial, hematopoietic and muscle lineages [31]. In Flk1-CreBreier;Lrp5fl/-

CKOmice 43.8% of the retinal area exhibited similar vascular abnormalities as Tie2-Cre;Lrp5fl/
fl CKOmice, including absent intraretinal vessel layers, persistent hyaloid vessels and neovas-
cularization in the NFL (Fig 4C and S4 Movie). In the retinal OPL of these CKO mice, areas
with normal capillaries were often close to areas lacking any vascular development (Fig 4C).
This suggests that horizontal endothelial growth in the OPL alone is insufficient to form and
extend a large capillary network to areas where no vertical branches developed from the NFL.
In addition, when one tdTomato allele was incorporated in these CKO mice, the vessels in
areas with vascular abnormalities were always tdTomato+ while normal areas often included
many tdTomato negative vessel branches (Fig 4D). This indicates that LRP5 functions autono-
mously in retinal ECs. Collectively, our data provide the first direct evidence that ECs are the
primary cells that cause retinal hypovascularization during development and chaotic neovascu-
larization in adulthood when LRP5 signaling is lost. In addition, based on the unique

Fig 4. Flk1-CreBreier is specifically expressed in endothelial cells and conditional knockout of Lrp5with Flk1-CreBreier recapitulates retinal vascular
defects in Lrp5-/- mice. (A) Specific endothelial location of Flk1-CreBreier;tdTomato signals in developing retinas (P5, upper panels) overlapping with IB4 IF
signals (blue). F4/80 IF staining (green) showing that most macrophages were tdTomato negative. In adult retina, Flk1-CreBreier was specifically expressed in
all three layers of the retinal vascular beds (lower panels) with no signs of any myeloid cell expression. Penetrance of Flk1-CreBreier expression in ECs could
also be incomplete as shown in (D). (B) Specific endothelial location of Flk1-CreBreier;tdTomato signals in adult (4w) bone marrow, cortical bone and skeletal
muscle. M: muscle; CB: cortical bone; BM: bone marrow. Blue: Hoechst. (C) Whole mount IF staining of ColIV (red) and IB4 (green) showing retinal
vasculature in adult (4w) Flk1-CreBreier;Lrp5fl/- CKOmice with disorganized NFL vessels, vertical vessel branches terminating in ball-like structures in the IPL
and lack of OPL vascular bed. Arrow points to persistent hyaloid vessels. Note that regions with vascular abnormalities often had patchy normal-looking
areas located in the neighborhood. In the selected OPL image, an area with well-developed vessels is next to another with no vascular development. (D)
Whole mount IF staining of IB4 (green) showing that normally developed vascular areas in Flk1-Cre;Lrp5fl/-;tdTomato retinas (8w) included many Flk1-Cre;
tdTomato negative vessels (arrows), whereas abnormal vessel structures were all tdTomato positive (open arrows). Scale bars = 100μm.

doi:10.1371/journal.pone.0152833.g004
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endothelial specificity of Flk1-CreBreier, combined with other studies showing endothelial
requirement for Norrin-FZD4-β-catenin signaling in retinal vascularization, our data further
suggest that the Norrin-induced canonical Wnt pathway functions through endothelial LRP5.

Conditional Restoration of LRP5 Signaling in Endothelial Cells Rescues
the Vascular Defects in Lrp5-/- Mice
If loss of LRP5 in ECs alone is sufficient to cause the vascular defects observed in Lrp5-/- mice,
re-expressing LRP5 only in ECs in the Lrp5-/- background should rescue the defective retinal
vasculature in these mice. To test this hypothesis, we took advantage of an Lrp5 knock-in hypo-
morph allele, Lrp5 a214v(n), where Lrp5 is transcribed at a very low level [21]. Following Cre-
mediated removal of a neo cassette, this allele is converted into a high bone mass-causing allele
(Lrp5 a214v) that has been shown to be comparable to WT LRP5 in its ability to transduce
canonical Wnt signaling [32]. Retinal angiography with FITC-dextran perfusion showed that
the Lrp5 hypomorphic mice displayed retinal vascular defects similar to those of Lrp5-/- mice.
Adult Lrp5a214v(neo)/- mice had retinas lacking OPL vascular development with their NFL and
IPL vessels varying from normal to defective as in Lrp5-/- mice, albeit to a lesser degree (Fig 5A
and S5 Movie). Neovascularization in the NFL was also less prominent in Lrp5a214v(n)/- than in
Lrp5-/- mice. Conditional restoration of LRP5 expression in ECs using Flk1-CreBreier or
VE-Cad-Cre (Fig 5B and S6 Movie) in Lrp5a214v(n)/- mice, restored normal retinal vascular
development, while conditional restoration of Lrp5 in myeloid cells with LyzM-Cre had no
such effect (Fig 5B). These data strongly indicate that EC-derived LRP5 alone is sufficient for
its control in normal retinal vascular development.

Endothelial Cell-Derived LRP5 Does Not Share Redundant Roles with
LRP6 in Its Regulation of Retinal Vascular Development
LRP5 and LRP6 often serve as interchangeable co-receptors for the canonical Wnt pathway
and share redundant roles in many developmental or pathological processes [22]. Activation of
Norrin-FZD4-β-catenin signaling requires the presence of either LRP5 or LRP6 in vitro [14].
Endothelial deletion of Lrp6 in the background of Lrp5-/- mice resulted in severely attenuated
brain vascularization and bleeding, but had little impact on the retinal vascular defects seen in
Lrp5-/- mice [17]. To further examine whether LRP5 and LRP6 have similar redundant func-
tions in ECs during retinal vascular development, we deleted different copies of Lrp5 and Lrp6
with the most robust endothelial Cre line–Tie2-Cre–among the three that were used in this
study. As shown in Fig 6A and 6B, when a single copy of Lrp5 is deleted in ECs, additional
removal of either one or both copies of Lrp6 had no impact on retinal vascular development.
Similarly, when both copies of Lrp5 were deleted in ECs, adding a deletion of one Lrp6 allele
had no impact on the observed vascular defects in Tie2-Cre;Lrp5fl/fl CKOmice (Fig 6C and
6D). Our data are consistent with the Zhou et al. study [17] and further suggest that while
LRP5 is essential for retinal vascularization, LRP6 has a dispensable role in this process in vivo.
This further indicates that the Norrin-FZD4-β-catenin pathway regulates retinal vascular
development in vivo exclusively through LRP5 and not LRP6.

Discussion
In the current study, we report that loss of LRP5 causes a profound change in the retinal vascu-
lature including both hypovascularization and neovascularization. Through the use of multiple
genetic models we demonstrate that specific endothelial deletion of Lrp5 recapitulates the reti-
nal vascular defects observed in Lrp5-/- mice, while specific endothelial restoration of LRP5 in
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Lrp5-/- mice rescues those defects. This suggests that LRP5 regulates an essential retinal vascu-
larization program solely through ECs. In addition, LRP5 likely exerts a dosage dependent
effect as the severity of the retinal vascular defects in Lrp5 hypomorphic mice was between that
of WT and Lrp5-/- mice. Finally, LRP6 is completely dispensable in this process.

The overlapping ocular manifestations and genetic causes in OPPG, FEVR and ND patients
strongly suggest a common genetic pathway involved in the pathogenesis of the disorders. Our
findings that the retinal vascular defects in Lrp5-/- mice also highly resemble those in Ndp- and
Fzd4-/- mice [13,14,16] further confirm the critical regulation by each component of the ligand
(Norrin)—receptor (FZD4)—co-receptor (LRP5) trio in the canonical Wnt pathway. Although
Norrin-FZD4 has been shown to control retinal vascularization in ECs through β-catenin, how
exactly LRP5 functions in this process remained to be determined. In addition, the use of
Tie2-Cre, a Cre line that shows robust recombination in both endothelial and hematopoietic

Fig 5. Conditionally restoring Lrp5 in endothelial but not myeloid cells rescues retinal vascular defects in Lrp5-/- mice. (A) FITC-Dextran perfusion
showing distorted NFL and IPL vessels and lack of OPL vascular development in Lrp5a214v(n)/- hypomorph mice (lower panels) compared to controls (upper
panels) both in retinal whole mount (4w) and cross section (2m) images. (B) VE-Cad-Cre;Lrp5a214v(n)/+ (upper left panels, FITC-Dextran perfusion), VE-Cad-
Cre;Lrp5a214v(n)/- (lower left panels, FITC-Dextran perfusion) and Flk1-Cre;Lrp5a214v(n)/- (upper right panels, red: ColIV, green: IB4) mice all developed a
normalized three-tier retinal vascular structure, while LysM-Cre;Lrp5a214v(n)/- (lower right panels, red: ColIV) mice displayed similar retinal vascular
abnormalities compared to control Lrp5a214v(n)/-mice (A, lower panels). Quantification of vascular branch points in OPL is shown in graph at right; **P<0.01,
ns not significant. All mice are between 4 to 5 weeks of age except otherwise labeled. Scale bars = 100nm.

doi:10.1371/journal.pone.0152833.g005
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cells, in conditional knockout studies of Fzd4 has left open the possibility of non-EC contribu-
tions to the essential regulation of Norrin-FZD4-mediated retinal vascular development. In the
present study, we exclude any essential contribution of retinal myeloid/microglial cells to
LRP5-mediated retinal vascularization. Using the highly endothelial specific Flk1-CreBreier line
and Flk1-CreBreier;Lrp5fl/- and Flk1-CreBreier;Lrp5a214v(n)/- mice, we directly demonstrate an
endothelial autonomous function of LRP5, as well as the Norrin-FZD4-LRP5-β-catenin path-
way, during retinal vascular development.

Interestingly, although both LRP5 and LRP6 function as interchangeable essential co-recep-
tors for activation of β-catenin signaling by Norrin-FZD4 in vitro [14] and have redundant func-
tions in canonical Wnt signaling-mediated brain vascular formation in vivo [17], our study
shows that LRP5, but not LRP6, is the critical co-receptor in Norrin-FZD4-β-catenin-mediated
retinal vascularization, consistent with a previous report [17]. The differential requirement for
LRP5 and LRP6 in the retina and brain could reflect different availability of the Wnt ligands in
the two tissues during vascular development or different adaptation to additional regulation
from other local factors, such as macrophages in the eye and oxygen levels in the brain.

The lack of a phenotype in VE-Cad-Cre;Lrp5fl/- CKOmice is likely associated with incom-
plete Cre recombination and a wild type EC rescue effect. However, additional factors may also
contribute, because in Flk1-CreBreier;Lrp5fl/- CKOmice, we often observed retinal areas with
fully developed OPL vessels next to areas with no vessels. The fact that horizontal branching of
capillaries alone is not sufficient to vascularize a large area in the OPL indicates that different
cues may guide ECs to grow vertically into the OPL and horizontally throughout the OPL.
Angiopoietin 2 (ANG2) has been shown to be essential for hyaloid vessel regression and OPL
vascular development as Ang2-/- mice lack OPL vasculature and have persistent hyaloid vessels
[33,34], two major abnormalities observed in Lrp5-/- retinas as well. This suggests that ANG2
may have an important interaction with Norrin-FZD4-LRP5 signaling in regulating retinal vas-
cular development. Several lines of evidence support this enticing possibility. During hyaloid
vessel regression, ANG2 critically stimulates WNT7B expression in macrophages, which is
essential for inducing hyaloid EC death (also see the next paragraph); ANG2 is highly
expressed in endothelial tip cells [35] and the leading edge of proliferating vessels [36].

Fig 6. Endothelium-derived Lrp6 is dispensable for retinal vascular development.Whole mount IF staining of ColIV (red) and FITC-Dextran perfusion
showing (A) Retinal vasculature of Tie2-Cre;Lrp5fl/+;Lrp6fl/+ CKOmice. (B) Retinal vasculature of Tie2-Cre;Lrp5fl/+;Lrp6fl/fl CKOmice. (C) Retinal vasculature
of Tie2-Cre;Lrp5fl/fl CKOmice. (D) Retinal vasculature of Tie2-Cre;Lrp5fl/fl;Lrp6fl/+ CKOmice. All mice are 8 weeks of age. Scale bars = 100nm.

doi:10.1371/journal.pone.0152833.g006
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Meanwhile, it is also significantly upregulated in retinal horizontal cells located at the outer
border of the inner nuclear layer right at the time when OPL vessels start to develop [37].
Whether cooperation of ANG2 and WNT in macrophages also takes place in ECs during reti-
nal endothelial outgrowth, with ANG2 either being a major endothelial target of Norrin-
FZD4-LRP5 signaling or serving as a major guidance cue that requires the endothelial Norrin-
FZD4-LRP5 pathway, remains an open question.

Defective regression of hyaloid vessels is a feature of Ndp-, Fzd4-/- and Lrp5-/- retinas
[14,38,39]. This indicates that signaling from Norrin through FZD4-LRP5 is critical for regres-
sion of the hyaloid vasculature. Macrophage-derived WNT7B, also essential for apoptosis of
hyaloid ECs, stimulates cell cycle entry through FZD4-LRP5, a crucial step in the subsequent
ANG2-induced cell death [34]. Whether Norrin andWNT7B regulate hyaloid apoptosis
through exactly the same canonical Wnt pathway remains to be determined. However, it is
possible that the same Norrin-FZD4-LRP5 pathway regulates both retinal vascular outgrowth
and hyaloid vessel cell death to ensure coordinated control of retinal vessels and appropriate
local oxygen and VEGF levels. How could Norrin, a sticky matrix-associated protein primarily
secreted by Muller glia cells, directly regulate apoptosis in hyaloid ECs? The possible answer to
this question is provided by the findings that Norrin can be expressed by macrophages [40]
and a large number of macrophages are directly in contact with hyaloid vessels during the
regression phase. Therefore, it is enticing to hypothesize that macrophages are the major source
of Norrin at hyaloid vessels. Perhaps the additional control through macrophage WNT7B
ensures that macrophages are available for the aftermath of endothelial cell death, and does so
through an efficient utilization of the same FZD4-LRP5 complex. Whether ANG2 also serves
as a regulator of retinal EC growth and hyaloid EC apoptosis in coordination with Norrin-
FZD4-LRP5 signaling awaits further investigation.

The rescue results using Lrp5a214v(n) hypomorphic mice have important therapeutic impli-
cations for OPPG patients. Expression of a single Lrp5 a214v allele in osteocytes is sufficient to
cause high bone mass in mice [21], while expression of the same Lrp5a214v allele in ECs of both
Lrp5 a214v/- and Lrp5 a214v/+ mice results in normalized retinal vascular development (Fig 5B).
This suggests that the retinal vasculature is less sensitive to the effects of the Lrp5 a214v allele
compared to bone. Therefore, therapeutic strategies, based on manipulation of LRP5 or canon-
ical Wnt signaling, may be effective in targeting both osteoporosis and retinal vascular defects
in OPPG patients, with the retinal vasculature being more resistant to potential side effects.

With increasing prevalence of diabetes, DR has become a leading cause of blindness in
adults in the western world. A key feature of DR is retinal vascular abnormalities including cap-
illary leakage, microaneurysms, hemorrhages and fibrovascular tissue formation [37]. These
vascular problems in turn lead to disruption or loss of vision. Interestingly, many of these neo-
vascularization features are also presented in Lrp5-/- mice. In addition, loss of LRP5, Norrin, or
FZD4 causes decreased coverage of mural cells to retinal ECs [14,17], which is also considered
a key attribute to the early phase of DR leading to loss of blood-retinal barrier and increased
permeability [37]. What role does Wnt signaling play in developmental neovascularization
caused by loss of gene function as in Lrp5-/- retinas compared with pathological neovasculariza-
tion as in DR? This study shows that loss of LRP5 leads to formation of retinal neovascular
tufts and overgrowth during development. In contrast, pathological neovascularization in oxy-
gen-induced retinopathy (OIR) mice is associated with upregulation of FZD4 and LRP5, and
loss of Lrp5 function reduces the neovasculature in the mice [40]. On the other hand, intravi-
treal injection of Norrin reduces neovascular tufts in the OIR model [41]. Further work is
clearly needed to resolve these contradictory findings, but genetic models such as the mice
used in this study offer tools for mechanistic investigations and therapeutic studies of retinal
neovascularization that could benefit patients with DR.
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Conclusions
With genetic tools of great specificity, we demonstrate that mice lacking LRP5 only in endothe-
lial cells recapitulate the retinal vascular defects seen in mice that have LRP5 totally knocked
out. Additionally, when LRP5 function is reinstalled only in these endothelial cells in LRP5
knockout mice, the retinal vascular abnormalities are completely rescued. Thus, an endothelial
autonomous function of LRP5 is a key component of the cellular mechanisms underlying
OPPG and likely diabetic retinopathy as well.

Materials and Methods

Ethics Statement
All animal experiments were performed in compliance with NIH's Guide for the Care and Use
of Laboratory Animals and Guidelines from the Harvard University Institutional Animal Care
and Use Committee. The study was approved by the Harvard Medical School Institutional Ani-
mal Care and Use Committee (Protocol number 02074). Mice were deeply anesthetized with
ketamine (150 mg/kg body weight) and xylazine (15mg/kg body weight). For euthanasia CO2
asphyxiation (longer exposure) was followed by decapitation.

Animals
Lrp5-/- [42] and Lrp5a214v(neo)/+ [21] mice were generated as described. Lrp5fl/fl and Lrp6fl/fl [22],
Flk1Breier-Cre [30], Rx-Cre [23] and CD11b-Cre [29] mice were kindly provided by Drs. Bart O.
William, Kevin P. Campbell, Eric Swindell and Roland Baron, respectively. VE-Cad-Cre [24],
Tie2-Cre [25], LysM-Cre [28] and tdTomato [27] mice were purchased from the Jackson Labo-
ratory. Flk1Breier-Cre, Rx-Cre, CD11b-Cre, VE-Cad-Cre and Tie2-Cremice were all transgenic
lines generated by fusing the Cre gene to a fragment of the promoter sequence of Flk1, Rx,
CD11b, VE-Cad and Tie2, respectively. LysM-Cremice were knock-ins, generated by targeted
insertion of the Cre cDNA into the endogenous M lysozyme locus. When animals from differ-
ent genetic backgrounds were crossed, littermate controls were used to avoid confounding
effects.

Antibodies
The following antibodies were used for immuno-staining: ColIV (EMDMillipore), CD31 (BD
Pharmingen), fibronectin (Sigma), F4/80 (Invitrogen), Alexa Fluor 488 (or 555) conjugated
anti-rabbit secondary antibody (Invitrogen).

Immunofluorescence Microscopy
For whole-mount retina IF staining, eyes were fixed in 4% PFA in PBS for 30min at room tem-
perature (RT) or overnight at 4°C. Retinas were dissected, fixed for an additional 30min at RT,
permeabilized with PBS containing 1% Triton-100 for 1 hr at RT, blocked for 1–4 hrs in PBST
(0.2% Triton-100 in PBS) containing 2% BSA at RT and incubated with primary antibodies or
IB4-biotin (Sigma) overnight at 4°C in PBST containing 1% BSA. After thorough washes in
PBST, retinas were incubated with fluorescent secondary antibodies or streptavidin-Alexa
Fluor dye conjugates together with Hoechst 33342 (Molecular Probes) overnight at 4°C,
washed with PBST and flat mounted with mounting medium (Vector Lab). Images were
acquired with either MetaMorph software on a Nikon 80i microscope or Nikon Elements soft-
ware on a Nikon A1R laser scanning confocal microscope. Z stack images were acquired with a
step size of 0.5 microns using a Nikon Ti-E motorized A1R microscope with Perfect Focus Sys-
tem. Z series were reconstructed as a video with Nikon Elements.
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For quantification of vascular sprouting in the retina of 5-day old mice, the numbers of vas-
cular sprouts at the edge of the growing vascularized area were counted in 20X-magnified
images of IB4-biotin-stained whole mounts from 6 control and 6 Lrp5-/- mice as described
[40]. For quantification of vascular density within the OPL, the number of vascular branch-
points were counted in 20X-magnified images of FITC-Dextran-perfused retinas from four
Lrp5fl/fl, VE-Cad-Cre;Lrp5fl/-, Lrp5 a214v(n)/+, Lrp5 a214v(n)/-, and VE-Cad-Cre;Lrp5 a214v(n)/- mice.

FITC-Dextran Perfusion
2 ml of PBS containing 500 units of heparin were perfused through the heart of a deeply anes-
thetized mouse, followed by 1 ml PBS containing 15mg/ml FITC conjugated Dextran (Sigma)
and 4% paraformaldehyde (PFA), prepared immediately prior to use. Eyes were post-fixed in
4% PFA in PBS overnight at 4°C and retinas were dissected, post-fixed in 4% PFA in PBS for
30min at RT and flat-mounted in Mounting medium (Vector Lab).

Electron Microscopy
Mice were anesthetized and perfused through the heart with a solution containing 2% PFA,
2.5% glutaraldehyde and 0.1M sodium cacodylate (pH 7.4). Eyes were enucleated and fixed in
the same solution overnight at 4°C. Retinas were dissected out, post-fixed for 2hrs at RT, cut in
half across the optical nerve center, treated with 1% osmiumtetroxide and 1% potassium ferro-
cyanide, en bloc stained with 1% uranyl acetate, dehydrated and embedded in Epon (Marivac
Inc., Canada). 80nm thin sections were cut and stained with uranylacetate and lead citrate. The
sections were analyzed and micrographs were acquired with a JEOL 1200EX electron
microscope.

ELISA
Dissected retinas were rinsed with ice-cold PBS and residual PBS was removed by quickly tap-
ping the retina to the dry area of a petri dish several times. Retinas were immediately homoge-
nized in ice-cold M-PER lysis buffer (Thermo Scientific) containing proteinase and
phosphatase inhibitors (Thermo Scientific) and stored at -80°C. After a freeze-thaw cycle,
homogenates were centrifuged and the supernatants were used to quantify VEGF levels using
the mouse VEGF Quantikine ELISA kit (R&D Systems). VEGF values were normalized to the
total retinal protein amount analyzed by Pierce Coomassie Protein Assay Kit (Thermo Scien-
tific). All samples were measured in duplicates.

Statistical Analysis
Data between 2 groups were compared by unpaired two-tailed Student’s t-test. For the retinal
VEGF protein levels, 2-way ANOVA with multiple comparisons was used. P values less than
0.05 were considered significant.

Supporting Information
S1 Movie. Retinal vasculature of Lrp5-/- mice. FITC-Dextran perfusion.
(AVI)

S2 Movie. Retinal vasculature of control mice. FITC-Dextran perfusion.
(AVI)

S3 Movie. Retinal vasculature of Rx-Cre;Lrp5fl/- CKOmice. FITC-Dextran perfusion.
(AVI)
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S4 Movie. Retinal vasculature of Flk1-Cre;Lrp5fl/- CKOmice. IB4 whole mount IF staining.
(AVI)

S5 Movie. Retinal vasculature of Lrp5a214v(n)/- mice. FITC-Dextran perfusion.
(AVI)

S6 Movie. Retinal vasculature of VE-Cad-Cre;Lrp5a214v(n)/- mice. FITC-Dextran perfusion.
(AVI)
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