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Abstract 

Canonical Wnt signaling in endothelial cells (ECs) is required for vascularization of the central 

nervous system (CNS) and for formation and maintenance of barrier properties unique to CNS 

vasculature. Gpr124 is an orphan member of the adhesion G protein-coupled receptor family, and 

endothelial-specific deletion of Gpr124 in mice leads to CNS hypovascularization and a 

compromised blood-brain barrier (BBB). In the retina, loss of the glia-derived ligand Norrin or its 

endothelial receptor Frizzled4 (Fz4) causes similar vascular defects. Using canonical Wnt 

signaling assays in cell culture and genetic loss- and gain-of-function experiments in mice, we 

show that: (1) Gpr124 functions as a coactivator of Wnt7a- and Wnt7b-stimulated canonical Wnt 

signaling, (2) Norrin/Fz4 signaling acts predominantly or exclusively through β-catenin (the 

intracellular effector of canonical Wnt signaling)–dependent transcriptional regulation, and (3) 

Gpr124-stimulated signaling functions in concert with Norrin/Fz4 signaling to control CNS 

vascular development. These experiments identify Gpr124 as a ligand-specific coactivator of 

canonical Wnt signaling. 
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Chapter 1. Introduction 

 

Overview 

Blood vessels are tubular structures composed of vascular endothelial cells (ECs) and mural cells. 

Mature blood vessels can be divided into arteries, veins, and capillaries according to their 

structure and blood oxygen content. Additional distinctions can be made between central nervous 

system (CNS) and non-CNS blood vessels, because the CNS vasculature exhibits a blood-brain 

barrier (BBB) or blood-retina barrier (BRB) that limits the exchange of molecules between serum 

and tissue (Obermeier et al., 2013). Angiogenesis, the process of new blood vessel formation 

from existing vessels (as opposed to vasculogenesis, the de novo formation of vascular structures 

from the mesoderm), is tightly regulated by various extracellular signals, including vascular 

endothelial growth factor (VEGF), Delta-like ligand 4 (Dll4), and Wnts (Hoeben et al., 2004; 

Phng and Gerhardt, 2009; Dejana, 2010). These ligands signal through VEGF, Notch, and 

Frizzled receptors that are expressed by ECs. 

 

Central Nervous System Angiogenesis and Blood-Brain Barrier Development 

In the mouse embryo, endothelial progenitor cells migrate and form a perineural plexus at around 

embryonic day 7.5 to 8.5 (E7.5-E8.5). Subsequently, at E9.5, ECs invade into the neuroectoderm, 

sprout and branch within the CNS (Mancuso et al., 2008). Concomitant with development of the 

CNS vasculature, brain ECs acquire the characteristics of a BBB (or in the eye, a BRB). The BBB 

is a highly selective permeability barrier that separates blood from brain extracellular fluid. It 

allows the passage of water, gases and lipid soluble molecule by passive diffusion, as well as 

glucose and amino acids by active transportation, and it protects the brain from toxins and 
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pathogens to ensure proper neuronal function. Vascular ECs are the core component of the BBB. 

Unlike the ECs in other tissues, ECs of the BBB have tight junctions and lack fenestration. The 

formation and function of the BBB largely relies on signaling in ECs, initiated by cellular and 

non-cellular elements that interact with the ECs (Obermeier et al., 2013). 

 

Regulatory Signaling in Endothelial Cells 

Recent studies from mouse genetic models reveal multiple signaling pathways that play essential 

roles during CNS angiogenesis and regulate the formation and maintenance of the BBB. Some of 

these pathways are described as below.  

	  

VEGF Signaling 

Vascular endothelial growth factor (VEGF) is a central regulator of embryonic angiogenesis. 

Among the five Vegfs (Vegfa, b, c, d, e) and three Vegf receptors (Vegrf-1, 2, 3), signaling by 

Vegfa/Vegfr-2 mediates most of the angiogenic events during development (Olsson et al., 2006). 

Mice deficient for Vegfr-2 or lacking a single Vegfa allele die embryonically due to insufficient 

angiogenesis (Shalaby et al., 1995; Carmeliet et al., 1996). In the embryonic brain, VEGFA 

produced by neural progenitors induces brain angiogenesis and directs vascular sprouting toward 

the ventricular zone (Raab et al., 2004). In the neonatal retina, deletion of Vegfr-2 or its 

coreceptor Neuropilin-1 greatly reduces vascular density (Haigh et al., 2003; Rattner et al., 2014). 

Additionally, VEGF signaling plays roles in organ remodeling and diseases, such as wound 

healing, tumor angiogenesis, diabetic retinopathy, and age-related macular degeneration 

(Carmeliet, 2005; Stahl et al., 2010).  
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Canonical Wnt Signaling 

Unlike VEGF signaling, canonical Wnt signaling is activated in the neural endothelium, and 

therefore is adopted specifically by CNS vasculature. Mice lacking the ligands Wnt7a and Wnt7b, 

which are expressed by neural progenitors, exhibit abnormal vessel morphology (with 

glomeruloid-like structure formation) and severe hemorrhage in the developing forebrain and the 

ventral region of neural tube (Stenman et al., 2008; Daneman et al., 2009), whereas eliminating 

the co-receptor Lrp5 and Lrp6 or the downstream effector β-catenin in ECs disrupts angiogenesis 

and BBB integrity throughout the entire CNS region (Zhou et al., 2014). 

 

Gpr124 Signaling 

Gpr124, a member of the “adhesion G-protein-coupled receptor (GPCR)” family, was first linked 

to vascular biology based on the enrichment of its transcripts in human colorectal tumor 

vasculature (Gpr124 is also referred to as tumor endothelial marker 5) (Carson-Walter et al., 

2001; St Croix et al., 2000). Gpr124 is expressed in developing ECs, and targeted mutation of 

Gpr124 in mice, either throughout the body or specifically in ECs, leads to defects in embryonic 

CNS angiogenesis and BBB formation that closely resemble the defects caused by loss of 

canonical Wnt signaling (Kuhnert et al., 2010; Anderson et al., 2011; Cullen et al., 2011). Like 

many “adhesion GPCRs,” Gpr124 is currently classified as an orphan receptor since the ligand(s) 

that activate it and the signal transduction pathway(s) to which it couples are unknown.  

 

Norrin/Frizzled-4 Signaling 

The retina originates from the forebrain, and is considered a part of the CNS. In mice, retinal 

angiogenesis begins at postnatal day 0 (P0) (Stahl et al., 2010), and signaling initiated by glial-

derived Norrin (a transforming growth factor β family member), which binds to its ECs receptor 

Frizzled4 (Fz4) and coreceptors Lrp5 and Lrp6, plays a critical role during this process (Xu et al., 
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2004; Ye et al., 2009). Loss-of-function mutations in the genes coding for FZ4, Norrin, LRP5, or 

the integral membrane protein TSPAN12 lead to hypovascularization of the retina (Ye et al., 

2010). In humans, loss-of-function mutations in the X-linked Norrie disease gene (NDP, the gene 

coding for Norrin) causes severe hypovascularization of the retina, with persistence of the hyaloid 

vasculature, compensatory neovascularization, intraocular bleeding, retinal scarring, and 

blindness. Milder hypovascularization is associated with heterozygosity for mutations in FZD4, 

LRP5, and TSPAN12 and is referred to as familial exudative vitreoretinopathy (FEVR)  (Desnick 

et al., 2001). In addition to its role in retinal vascular growth, Norrin/Fz4 signaling also regulates 

BBB integrity. In mice, mosaic deletion of Fz4 in mature retinal or cerebellar ECs leads to a cell-

autonomous loss of the BRB or the BBB, respectively (Wang et al., 2012). Conversely, in mice 

lacking endogenous Norrin, initiating ectopic production of Norrin in adulthood restores BBB 

integrity in the cerebellum, implying that this system remains plastic throughout life.  

 

Summary 

Genetic and biochemical observations reveal essential roles of EC signaling in regulating CNS 

angiogenesis and BBB formation, which motivates in-depth mechanistic studies to better 

understand and manipulate the CNS vasculature. Chapter 2 focuses on the downstream 

components of Norrin/Fz4 signaling and elucidates a major role for β-catenin–dependent 

transcriptional regulation in retinal vascular development. Chapter 3 investigates the underlying 

mechanism for Gpr124, which uncovers an unexpected function of Gpr124 as a ligand-specific 

coactivator of canonical Wnt signaling. Through genetic loss- and gain-of-function studies in 

mice, the entire thesis strongly supports a model in which identical or nearly identical canonical 

Wnt signaling mechanisms mediate neural tube and retinal vascularization and maintain the BBB 

and BRB. 
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Chapter 2. Norrin/Frizzled-4 Signaling Function through β-catenin 
Dependent Transcriptional Regulation 

 

β-catenin Stabilization Rescues Brain and Retinal Vascular Defects Caused 

by Mutation of Fz4 or Ndp 

Norrin shows no sequence homology or structural similarity to the Wnt family of proteins (Janda 

et al., 2012; Ke et al., 2013). However, in transfected HEK/293 cells, Norrin, Fz4, Lrp5, and 

Tspan12 activate canonical Wnt signaling (Xu et al., 2004; Junge et al., 2009), and the general 

assumption in the field has been that the roles of these proteins in retinal vascular development 

involve only this pathway (Ye et al., 2010). In addition to the canonical Wnt pathway, 2 

noncanonical pathways are also able to transmit signals from Frizzled receptors and could 

potentially play a role in EC development and homeostasis: the Wnt/Ca++ pathway, which is 

hypothesized to involve Frizzled activation of a G-protein (Kohn and Moon, 2005), and the 

planar cell polarity (PCP) pathway, which relays signals from asymmetrically localized cell-

surface complexes to the cytoskeleton (Goodrich and Strutt, 2011). The possibility that Norrin 

and Fz4 signal via pathways other than the canonical Wnt pathway has been raised by 2 recent 

studies, one suggesting that Fz4 regulates arterial development via noncanonical Wnt/PCP 

signaling (Descamps et al., 2012) and the second suggesting that, in addition to its role as a Fz4 

ligand, Norrin also acts as a bone morphogenetic protein (BMP) antagonist (Deng et al., 2013). 

 

To test the hypothesis that the canonical Wnt pathway is the principal or only signaling pathway 

that is affected by loss of Norrin or Fz4 in vivo, we first asked whether EC induction of a 

canonical Wnt signaling reporter transgene, Tcf/Lef-lacZ (BAT-gal), differed between wild type 

(WT) and NdpKO retinas and cerebella (Ndp is an X-linked gene, and we refer to both Ndp−/− 

females and Ndp−/Y males as NdpKO). Immunostaining for the nuclear-localized β-galactosidase 
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reporter showed approximately 2-fold and approximately 5-fold reductions in the number of β-

galactosidase–positive EC nuclei in P4–P5 NdpKO cerebella and retinas, respectively, a difference 

that was easily detected despite the substantial variegation in transgene expression (Figure 1). 

Next we asked whether artificially stabilizing β-catenin in ECs could rescue the CNS vascular 

phenotypes in Fz4–/– and NdpKO mice. As β-catenin is downstream of the Norrin/Fz4/Lrp complex 

at the plasma membrane and is the sole conduit of the canonical Wnt signal from cytoplasm to 

nucleus, and as β-catenin stabilization appears to play no role in noncanonical Wnt signaling or 

BMP signaling, this experiment should provide a clear test of the hypothesis. In these 

experiments, β-catenin stabilization was effected by Cre-mediated deletion of Ctnnb1 exon 3, 

which codes for sites of GSK3 phosphorylation that promote β-catenin ubiquitination and 

degradation (Harada et al., 1999). We note that the amino acids coded by Ctnnb1 exon 3 appear 

to be dispensable for β-catenin’s transcriptional regulatory activity and also that exon 3 is a 

multiple of 3 nucleotides in length so that its removal does not introduce a frame shift. 

 

As shown in Figure 2A and B β-catenin stabilization produced a nearly complete rescue of 

the Fz4–/– and NdpKO cerebellar BBB phenotypes, as determined by both Evans blue and sulfo–N-

hydroxysuccinimide–biotin (sulfo-NHS-biotin, a low molecular weight lysine-reactive 

biotinylation reagent) leakage	  from the intravascular space into the brain parenchyma. Coincident 

with restoration of BBB integrity, we observed an abrogation of apoptotic death among cerebellar 

granule cells in Fz4–/–;Ctnnb1flex3/+;Pdgfb-CreER mice (Figure 2C and D). Close inspection of 

cerebella from Fz4–/–;Ctnnb1flex3/+;Pdgfb-CreER mice that had received high-dose 4HT at P2–

P10, showed only rare vascular segments that were permeable to endogenous mouse IgG and 

sulfo-NHS-biotin (Figure 2E). These segments presumably represent rare ECs in which CreER-

mediated recombination of the Ctnnb1flex3 allele did not occur. 
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BBB/BRB defects were associated with changes in EC protein composition consistent with a loss 

of barrier function. In particular, there was induction of plasmalemma vesicle–associated protein 

(PLVAP), a component of endothelial fenestrations (Stan et al., 1999), which is normally absent 

from CNS ECs, and repression of Claudin5, a tight junction protein. When 

NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice were injected with 4HT on or before P3 (“early β-catenin 

rescue”), we observed vascular invasion of the retina, the formation of a capillary plexus on either 

side of the inner nuclear layer (INL), and a restoration of the PLVAP-/Claudin5+ EC state 

(Figure 3A). When these retinas were examined at P16, the vascular anatomy differed from that 

of the WT only by a small reduction in capillary density in the outer plexiform layer (OPL) 

(Figure 3B). Treatment with 4HT at P10–P15 (“late β-catenin rescue”) — an age when vascular 

invasion is well under way in WT retinas and is severely retarded in NdpKO retinas — resulted in 

nearly complete rescue of the inner plexiform layer (IPL) plexus but only partial rescue of the 

OPL plexus (Figure 3B). Finally, treatment with 4HT at P21–P25, after the completion of retinal 

vascular development, resulted in partial restoration of Claudin5 expression in veins and 

capillaries and a large increase in the number of intraretinal glomeruloid structures, which did not 

produce an intraretinal capillary plexus (Figure 4). Thus, the extent of anatomic rescue depends in 

a graded manner on the timing of the canonical Wnt signal. 

 

Interestingly, in adult NdpKO;Ctnnb1flex3/+;Pdgfb-CreER retinas treated with 4HT at P3, the central 

approximately 1 mm of each radial vein displayed the NdpKO phenotype, both molecularly and 

functionally: PLVAP was expressed, Claudin5 was repressed, and intravascular sulfo-NHS-biotin 

leaked through the endothelium (Figure 3C and D). We ascribe this distinctive topography to 2 

factors: the radial migration of ECs during normal retinal development and the retarded migration 

and delayed proliferation of ECs that lack Norrin/Fz4 signaling (Ye et al., 2009; Wang et al., 

2012). If, as seems likely, CreER-mediated recombination of the Ctnnb1flex3 allele was incomplete 

after a single dose of 4HT, then the early postnatal NdpKO;Ctnnb1flex3/+;Pdgfb-CreER retinal 
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vasculature would have consisted of a mixed population of defective and rescued ECs. Since the 

rescued ECs would be expected to proliferate and migrate more efficiently than the defective 

ECs, the result would be a mature retinal vasculature in which the periphery is populated largely 

or exclusively by rescued ECs. The data in Figure 3C and D indicate that ECs that lack 

Norrin/Fz4 signaling are at a competitive disadvantage with respect to both proliferation and 

migration. 

 

A variation on the preceeding Ctnnb1flex3 rescue experiment revealed the invasive properties of 

small numbers of rescued ECs. When NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice were given a very 

low dose (∼1 µg) of 4HT at P2–P4 and their retinas examined at P18, multiple well-separated 

clusters of ECs were found within the retina from the vitreal surface to the IPL and OPL 

(Figure 3E). It seems likely that each cluster arose from a single rescued EC and that this cell and 

its progeny were able to carry out the normal vascular invasion program. 

 

The transcriptional response to Norrin/Fz4 signaling has been studied previously by analyzing 

whole retinas and immunoaffinity-purified vascular cells (Ye et al., 2009; Chen et al., 2012). To 

assess the extent to which β-catenin stabilization in the NdpKO background restored normal EC 

gene expression, total retina RNA from P10 WT, NdpKO, Ctnnb1flex3/+;Pdgfb-CreER, and 

NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice was subjected to RNAseq and the abundances of brain 

EC-enriched transcripts - a set defined by transcriptome profiling of FACS sorted CNS vs. 

peripheral ECs (Daneman et al., 2010) — were compared across genotypes (RNAseq data has 

been deposited in the NCBI’s [GEO GSE56461]). To minimize transcriptome differences that 

might reflect cellular responses to 4HT exposure, all of the mice were treated with approximately 

20 µg 4HT at P3. As seen in the upper panel of Figure 3F, NdpKO retinas rescued with stabilized 

β-catenin showed transcript abundance changes relative to NdpKO retinas that largely parallel the 

changes observed when WT is compared with NdpKO retinas. A smaller positive correlation was 
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observed in comparing stabilized β-catenin versus WT and WT versus NdpKO (Figure 3F). 

Transcripts coding for Sox17, a transcription factor previously shown to be induced in ECs by 

Fz4 signaling (Ye et al., 2009; Wang et al., 2012; Corada et al., 2013), were induced 6.6-fold 

in NdpKO;Ctnnb1flex3/+;Pdgfb-CreER compared with NdpKO retinas and 3.2-fold in 

Ctnnb1flex3/+;Pdgfb-CreER compared with WT retinas. Taken together, these experiments imply 

that stabilized β-catenin largely restores the WT profile of the EC transcriptome to NdpKO ECs. 

 

The small number of transcript abundance changes induced by stabilization of β-catenin on a WT 

background (Ctnnb1flex3/+;Pdgfb-CreER; Figure 3F), appeared to have little effect on vascular 

architecture in Ctnnb1flex3/+;Pdgfb-CreER retinas. The densities of all 3 layers of vasculature were 

close to normal at P40 (Figure 3B), although at earlier times, there was an increase in vascular 

density at the retinal periphery followed by an increase in empty collagen IV sleeves, an indicator 

of increased vessel remodeling (Figure 3G). The data suggest that homeostatic mechanisms 

largely compensated for the gene expression changes caused by constitutive activation of the 

canonical Wnt signaling pathway in ECs. 

 

NdpKO and Fz4–/– mice lack an ERG b-wave and have little or no image-forming vision, as 

assessed by the optokinetic response (OKR) (Ye et al., 2009). To test the extent of functional 

rescue by β-catenin stabilization, we compared OKR responses between WT, NdpKO, 

Ctnnb1flex3/+;Pdgfb-CreER, and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice, all treated with 5 to 10 µg 

4HT at P2–P4. Figure 3H shows that early stabilization of β-catenin largely rescued the OKR 

defect, consistent with the anatomic rescue of the retinal vasculature. The OKR responses of 

rescued mice were more variable than those of the WT controls (Figure 3H), most likely due to 

the variable extent of rescue of the vascular anatomy. Most or all of the “eye-tracking 

movements” in NdpKO mice appear to be random saccades unrelated to the moving visual 

stimulus; for consistency, they have been counted in the quantification in Figure 3H. 
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In sum, the phenotypic rescue by stabilized β-catenin supports the hypothesis that Norrin/Fz4 

signaling influences retinal and cerebellar vascular development and barrier formation largely — 

and perhaps exclusively — via the canonical Wnt-signaling pathway. 

 

β-catenin Stabilization Converts the Molecular Properties of High 

Permeability ECs in the Choroid Plexus to a More BBB-like State 

Liebner et al. (Liebner et al., 2008) showed that stabilizing β-catenin in prenatal mouse brain ECs 

in vivo or in adult mouse brain ECs in culture promotes expression of BBB markers and EC 

barrier properties, and Stenman et al. (Stenman et al., 2008) showed that non-CNS ECs in mid-

gestation embryos could be induced to express a BBB marker (glucose transporter Glut-1) by 

ectopic Wnt7a expression. Here, we have asked whether ECs within a mature high-permeability 

vascular bed can be reconfigured to a more BBB-like state by inducing canonical Wnt signaling. 

We focused on the choroid plexus because this vasculature expresses high levels of PLVAP and 

exhibits high permeability, essential features for the production of cerebrospinal fluid from a 

plasma filtrate. 

 

To ensure that Cre-mediated recombination occurred only in response to 4HT injection, this 

experiment required a CreER driver free of background recombination in the absence of 4HT. 

As Pdgfb-CreER gives a low level of background recombination with a variety of reporters (data 

not shown), we constructed a VE-cadherin (Cdh5) knockin allele in which an internal ribosome 

entry site (IRES) was followed by a Cre open-reading frame fused on both 5′ and 3′ sides to DNA 

coding for mouse estrogen receptor ligand-binding domains that preferentially recognize 4HT 

(Mer-Cre-Mer or MCreM). The presence of 2 ER domains in the MCreM fusion protein 

substantially reduces background Cre-mediated recombination relative to the levels seen with the 
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single ER domain in conventional CreER proteins, most likely because 4HT-independent 

recombination arises from rare proteolytic cleavage events that liberate the Cre domain from the 

ER domain that maintains cytoplasmic retention (Verrou et al., 1999). In the Cdh5-IRES-

MCreM allele, the IRES sequence reduces translation of the MCreM protein, further lowering Cre 

activity. Preliminary experiments showed that mice carrying both Cdh5-IRES-MCreM and a 

highly recombinogenic loxP reporter (HprtLSLtdT) (Wu et al., 2014) exhibited no reporter-

expressing cells in the absence of 4HT (data not shown). 

 

The choroid plexus develops prenatally, achieving its mature ultrastructure by the time of birth 

(Sturrock, 1979). When Ctnnb1flex3/+;Cdh5-IRES-MCreM mice were treated with 200 µg 4HT at 

P3 and the choroid plexus examined at P23, approximately 5% to 10% of capillary ECs had 

converted from PLVAP+/Claudin5- to PLVAP-/Claudin5+, whereas age-matched controls 

showed a choroid plexus in which the capillary ECs were uniformly PLVAP+/Claudin5-

 (Figure 5). The low number of converted ECs reflects the low expression of MCreM from 

the Cdh5-IRES-MCreM locus. The mosaicism of the Ctnnb1flex3/+;Cdh5-IRES-MCreM choroid 

plexus provides a nice internal control in the form of unrecombined ECs, and it demonstrates the 

cell autonomous nature of the conversion. We conclude from this experiment that differentiated 

capillary ECs in the choroid plexus possess a latent developmental plasticity that can be 

modulated by canonical Wnt signaling. 

 

Transcriptional Regulation is the Major Mechanism by Which β-catenin 

Influences CNS Vascular Growth and Barrier Function 

β-catenin has 2 distinct functions: it regulates transcription by associating with TCF/LEF factors 

and it maintains the integrity of junctional complexes by associating with the cytosolic domain of 

E-cadherin (Valenta et al., 2012). In principal, the decrease in β-catenin destruction induced by 
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canonical Wnt signaling could affect either or both of these functions. To distinguish 

transcriptional versus junctional roles of β-catenin, we tested a β-catenin derivative in which the 

transcriptional activation domains had been selectively disrupted (abbreviated “double mutant” 

[dm]; Ctnnb1dm) (Valenta et al., 2011), while the capacity to associate with E-cadherin is retained. 

We analyzed the structure of the postnatal vasculature when Ctnnb1dm was the only functional 

Ctnnb1 allele in vascular ECs. 

 

In Ctnnb1CKO/dm;Pdgfb-CreER mice treated with 4HT at P6 and examined at P10, the BBB was 

severely compromised, as determined by sulfo-NHS-biotin leakage, and there was widespread 

conversion of brain ECs from a PLVAP-/Claudin5+ to a PLVAP+/Claudin5- state (Figure 6A and 

B). In retinas of Ctnnb1CKO/dm;Pdgfb-CreER mice treated with 4HT at P6 and examined at P10, 

development of the deep vascular plexus (between the inner and outer nuclear layers) was greatly 

reduced, capillary and vein ECs were converted to a PLVAP+/Claudin5- state, and the BRB was 

diffusely compromised, as observed in flat mount (Figure 6C and D) and cross section 

(Figures 6E). We note that the severity of the Ctnnb1CKO/dm;Pdgfb-CreER retinal vascular 

phenotype cannot be directly compared with the phenotypes associated with constitutive loss of 

Fz4 or Ndp, because the Ctnnb1CKO/dm;Pdgfb-CreER phenotype reflects only a 4-day window of 

gene loss (4HT at P6 and sacrifice at P10).  

 

As a second experimental approach to assessing the role of β-catenin and TCF/LEF 

transcriptional regulation in CNS vascular development and barrier integrity, we constructed a 

Cre-activated knockin allele at the ROSA26 locus that codes for a tdTomato reporter and a 

dominant negative (dn)TCF4 (also called TCF7L2; Figure 7A). dnTCF4 binds to its DNA targets, 

but lacks the β-catenin–binding domain and therefore fails to activate transcription (Vacik et al., 

2011); a similar derivative has been constructed for TCF3 (Wu et al., 2012). Its design was 

inspired by the discovery of a naturally occurring N-terminally truncated TCF4 isoform that 
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functions as an antagonist of canonical Wnt signaling. Experiments using several different cell 

types indicate that chromatin-bound β-catenin colocalizes with TCF4 (Bottomly et al., 2010; 

Schuijers et al., 2014). EC-specific activation of 1 copy of dnTcf4 produces a reduction in the 

density of the retinal vasculature in all 3 layers at P16, a difference that was presaged by a 

reduction in the number of venous branch points and a modest reduction in Claudin5 expression 

at P7 (Figure 7B and C). EC-specific activation of 2 copies of dnTcf4 produced a greater 

reduction in retinal vascular density and widespread BRB incompetence in the P9 retina 

(Figure 7D). Interestingly, at 3 months of age, retinas with this genotype showed PLVAP 

accumulation in veins but not in capillaries (Figure 8). This effect could not be attributed to 

differential production of dnTCF4 in the different types of blood vessels because visual 

inspection and quantitative analysis of pixel intensity revealed similar levels of accumulation of 

the cotranslated tdTomato reporter in capillaries and veins. In the cerebellum, activating 1 copy 

of dnTcf4 in ECs had no effect on its own, but in combination with NdpKO, it increased the 

number of PLVAP+ ECs above that observed in the NdpKO cerebellum (arrows in Figure 7E). 

 

To further explore the role of TCF4, we examined the retinal vasculature in mice with mutations 

in the Tcf4 gene. Surprisingly, Tcf4CKO/–;Tie2-Cre mice showed no anatomic retinal vascular 

defects and no BBB defects, as judged by sulfo-NHS-biotin perfusion. However, combining a 

reduction in Tcf4 with expression of dnTcf4 synergized to produce a change in PLVAP and 

Claudin5 expression, as might be expected if both proteins compete for the same DNA target 

sites. Specifically, with each additional allele producing dnTCF4 in ECs and with each reduction 

in the number of endogenous Tcf4 alleles in ECs, there was a progressive increase in PLVAP and 

a progressive reduction in Claudin5 in retinal vein and capillary ECs at P9–P10 (Figure 7F). 

These experiments implicate TCF4 as one of the LEF/TCF family members that mediate 

canonical Wnt signaling in ECs, but the relatively modest effect that homozygous EC-specific 

loss of TCF4 had on vascular architecture implies that other family members are also active in 
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these cells. These experiments also reveal a difference between vein and capillary ECs in their 

responses to perturbations in TCF4 function. 

 

Taken together, the experiments with Ctnnb1dm and dnTcf4 confirm and extend earlier 

observations (Cattelino et al., 2003; Liebner et al., 2008; Stenman et al., 2008), and they imply 

that β-catenin– and TCF/LEF-dependent transcriptional activation is the major mechanism by 

which canonical Wnt signaling modulates retinal and brain vascular development and barrier 

formation and maintenance, but they leave open the possibility than nontranscriptional 

mechanisms may play a minor role. 
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Figure 1. Cerebellar and retinal vascular cells show reduced activation of the Tcf/Lef-lacZ 

canonical Wnt signaling reporter (“BAT-Gal”) in NdpKO mice relative to age-matched 

littermate controls. 

(A) Beta-galactosidase+ vascular nuclei in blood vessels at the surface of the cerebellum (white 

arrows) were counted in Z-stacked images of P5 cerebella from NdpKO;Tcf/Lef-lacZ mice and 

Tcf/Lef-lacZ (i.e. WT) control mice. The surface vasculature lies adjacent to the largely acellular 

molecular layer, and therefore the beta-galactosidase status of these ECs can be scored without 

interference from beta-galactosidase+ neurons and glia. Scale bar, 200 µm. 

(B) Quantification of beta-galactosidase+ EC nuclei in P4-P5 NdpKO;Tcf/Lef-lacZ  vs. Ndp+/-

;Tcf/Lef-lacZ (control) retinas. The relatively small number of beta-galactosidase+ EC nuclei per 

retina (~50/control retina) likely reflects variegation and/or insensitivity of the Tcf/Lef-lacZ 

reporter transgene.	  	  
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Figure 2.	  Production of stabilized beta-catenin in ECs rescues NdpKO and Fz4-/- cerebellar 

BBB defects. 

(A) BBB integrity assessed by IP injection of Evans Blue at P50. Brains were collected one day 

after Evans Blue injection. Fz4-/-;Ctnnb1flex3/+;Pdgfb-CreER mice received four IP injections of 

4HT/injection between P10 and P45.  

(B) Cerebellar BBB integrity assessed by sulfo-NHS-biotin leakage in Fz4-/- and NdpKO mice (left 

panels) and Fz4-/-;Ctnnb1flex3/+;Pdgfb-CreER and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice (right 

panels). Beta-catenin stabilization rescues the cerebellar BBB defect. In panels B-E, mice 

carrying the Ctnnb1flex3;Pdgfb-CreER allele received 3-4 IP injections of 20-100 µg 4HT/injection 

at intervals of 2-3 days between P2 and P10, a regimen that leads to nearly complete EC 

recombination of the Ctnnb1flex3 allele in the presence of Pdgfb-CreER. Scale bar, 1 mm. 

(C,D) Neuronal death, measured by cleaved Caspase3 immunostaining, is abundant in the Fz4-/- 

cerebellum and is suppressed in the Fz4-/-;Ctnnb1flex3/+;Pdgfb-CreER cerebellum at P18. Box and 

whisker plot parameters are described in the Methods section. Scale bar, 200 µm. 

(E) BBB integrity assessed by extravasation of mouse IgG and by sulfo-NHS-biotin leakage in 

WT, Fz4-/-, and Fz4-/-;Ctnnb1flex3/+;Pdgfb-CreER cerebella at P19. Although beta-catenin 

stabilization largely rescues the cerebellar BBB defect, rare sites of leakage remain (arrows; right 

panels). Scale bar, 200 µm. 
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Figure 3. Production of stabilized beta-catenin in ECs rescues NdpKO retinal vascular 

defects. 

(A) Retinal vasculature at P16 in WT, NdpKO, and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice treated 

with 20 µg 4HT at P2. Upper two rows, cross-sections. Bottom row, flat mounts with vascular 

depth color coded. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. 

Scale bars, 200 µm. 

(B) Quantification of retinal vascular density at P16 and P40. Genotypes are listed at the bottom. 

Box and whisker plot parameters are described in the Methods section. IPL, inner plexiform 

layer; OPL, outer plexiform layer. 

(C) BRB integrity assessed by sulfo-NHS-biotin leakage in adult WT, NdpKO, and 

NdpKO;Ctnnb1flex3/+;Pdgfb-CreER retinas. NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice were treated 

with 20 µg 4HT at P3. Scale bar, 1 mm. 

(D) Retinas from NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice treated with 20 µg 4HT at P2-P3, White 

arrows show the boundary between PLVAP+/claudin5- and PLVAP-/claudin5+ territories. Scale 

bar, 200 µm. 

(E) Flat mounts retinas from NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice treated with very low dose 

4HT (1 ug) at P2. Depth is color coded as in (A). Scale bar, 200 µm. 

(F) Whole P10 retina RNAseq from WT, NdpKO, Ctnnb1flex3/+;Pdgfb-CreER, and 

NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice treated with 20 µg 4HT at P3. Upper, ratios of transcript 

abundances: NdpKO;Ctnnb1flex3/+;Pdgfb-CreER vs. NdpKO (y-axis) and WT vs. NdpKO (x-axis). 

Least squares regression line (blue; R2=0.62) and orthogonal (Deming) regression (red). Lower, 

ratios of transcript abundances: Ctnnb1flex3/+;Pdgfb-CreER vs. WT (y-axis) and WT vs. NdpKO (x-

axis). 

(G) Peripheral retinas of WT and Ctnnb1flex3/+;Pdgfb-CreER mice (treated with 50-100 µg 4HT at 

P2-P4), the Ctnnb1flex3/+;Pdgfb-CreER retina shows a modestly higher vascular density and a 

greater number of collagen IV capillary ghosts. Scale bars, 200 µm. 
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(H) Left, representative recordings of horizontal eye position showing the OKR from WT, NdpKO, 

and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice, all treated with 5-10 µg 4HT at P2-P4. Right, 

quantification of the OKR for the three genotypes shown and Ctnnb1flex3/+;Pdgfb-CreER mice 

(also treated with 5-10 µg 4HT at P2-P4). N=3 or more mice per genotype. 
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Figure 4. Phenotypic conversion of ECs in the mature NdpKO retina following late induction 

of stabilized beta-catenin.	  

P40 retina flat mounts from NdpKO and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice that received 3 x 

200 ug of 4HT between P21 and P25. In each image, the depth of the vasculature is color coded, 

with vasculature at the vitreal surface in green and intra-retinal vasculature in red. EC expression 

of stabilized beta-catenin in NdpKO;Ctnnb1flex3/+;Pdgfb-CreER mice led to induction of claudin5 

in veins and capillaries and an increase in intraretinal glomeruloid structures, which did not 

produce an intraretinal capillary plexus. Scale bar, 200 µm. 
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Figure 5. EC expression of stabilized beta-catenin produces a cell-autonomous conversion of 

choroid plexus ECs from PLVAP+/claudin5- to PLVAP-/claudin5+. 	  

Ctnnb1flex3/+;Cdh5-IRES-MCreM mice were treated with 200 µg 4HT at P3 and analyzed at P23. 

Two images are shown per genotype. White arrows point to a few of the several dozen choroid 

plexus capillary ECs per image that have converted to a PLVAP-/claudin5+ state. Scale bar, 200 

µm. 
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Figure 6. Transcriptionally inactive beta-catenin cannot support normal retinal vascular 

development and BBB/BRB integrity.	  

(A,B) Brains from P10 Ctnnb1CKO/dm (control) and Ctnnb1CKO/dm;Pdgfb-CreER mice treated with 

60 µg 4HT at P6. Right panels, coronal sections at the anterior hippocampus (left), the pons 

(center), and the cerebellum (right).  Enlarged images (left) show claudin5 and PLVAP in the 

cerebral cortical vasculature, corresponding to the white rectangles (center). Ctnnb1CKO/dm brains 

show PLVAP-/claudin5+ vasculature and no sulfo-NHS-biotin leakage. Ctnnb1CKO/dm;Pdgfb-

CreER vasculature shows many PLVAP+/claudin5- ECs and extensive sulfo-NHS-biotin leakage. 

Scale bars: left panels, 500 µm; right panels, 2 mm. 

(C) Flat mount retinas from P10 Ctnnb1CKO/+;Pdgfb-CreER, Ctnnb1CKO/dm, and 

Ctnnb1CKO/dm;Pdgfb-CreER mice treated with 50-100 µg 4HT at P6. Upper row, the BRB is 

compromised in Ctnnb1CKO/dm;Pdgfb-CreER retinas. Bottom row, retinal vasculature color-coded 

by depth. Ctnnb1CKO/dm;Pdgfb-CreER retinas have far fewer deep retinal capillaries. Scale bar, 

400 µm. 

(D) Flat mount retinas from P10 Ctnnb1CKO/dm (control) and Ctnnb1CKO/dm;Pdgfb-CreER mice 

treated with 60 µg 4HT at P6. Ctnnb1CKO/dm;Pdgfb-CreER retinas show efficient conversion of 

vein and capillary ECs from PLVAP-/claudin5+ to PLVAP+/claudin5-. Low levels of PLVAP in 

Ctnnb1CKO/dm capillaries are due to heterozygosity for Ctnnb1. A, artery. V, vein. Scale bar, 500 

µm. 

(E) Cross-sections of P10 retinas from control Ctnnb1CKO/+;Pdgfb-CreER (upper panels) and 

Ctnnb1CKO/dm;Pdgfb-CreER mice (lower panels) treated with 50-100 µg 4HT at P6. 

Ctnnb1CKO/dm;Pdgfb-CreER retinas show extensive vascular leakage in the inner plexiform layer 

(arrows in the Sulfo-NHS-biotin panel) and lack deep retinal capillaries (arrows in the GS-lectin 

panels). Scale bar, 200 µm. 
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Figure 7. Production of dnTcf4 in ECs mimics the phenotypes seen with loss of canonical 

Wnt signaling in the retina and cerebellum. 

(A) The R26-LSL-tdT-dnTcf4 knock-in before and after Cre-mediated recombination (upper). EC 

accumulation of tdTomato in R26-LSL-tdT-dnTcf4;Tie2-Cre retina flat mounts (lower). Scale bar, 

200 µm. 

(B) P7 R26-LSL-tdT-dnTcf4/+;Tie2-Cre retinas show a modest decrease in claudin5 expression in 

veins and capillaries compared to WT controls. A, artery; V, vein. Scale bar: upper panels, 500 

µm; lower panels, 200 µm. 

(C) Quantification of branch points from retinal veins and arteries at P7 (left), and vascular 

density in the three retinal layers at P16 (right). *, P<0.01. 

(D) R26-LSL-tdT-dnTcf4/R26-LSL-tdT-dnTcf4;Pdgfb-CreER retinas (i.e. two alleles expressing 

dnTcf4) from P9-P10 mice treated with 50 µg 4HT at P3 show sulfo-NHS-biotin leakage and 

reduced vessel density (top). Pdgfb-CreER mediates nearly complete recombination at R26 as 

assessed by tdTomato fluorescence (bottom). Scale bar, 400 µm. 

(E) Genetic interaction between Ndp and R26-LSL-tdT-dnTcf4 with EC expression of dnTcf4. At 

P18, PLVAP+ ECs increase in the vasculature of the NdpKO;R26-LSL-tdT-dnTcf4/+;Tie2-Cre 

cerebellum (lower; white arrows) compared to the NdpKO cerebellum (upper). Scale bar, 1 mm. 

(F) Synergistic effect of reducing or eliminating Tcf4 and expressing different levels of dnTcf4 in 

ECs. Flat mount P9-P10 retinas from mice that had received 40 µg 4HT at P1. With each 

reduction in Tcf4 or increase in dnTcf4, there is greater PLVAP expression and lower claudin5 

expression in veins and capillaries. A, artery. V, vein. Scale bar, 500 µm. 
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Figure 8. In the retinal vasculature, lowering Tcf4 gene dosage and/or increasing dnTcf4 

gene dosage produces PLVAP-/claudin5+ to PLVAP+/claudin5- conversion in vein ECs 

more efficiently than in capillary ECs.  

The central retina from a 3 month old R26-LSL-tdT-dnTcf4/R26-LSL-tdT-dnTcf4;Pdgfb-CreER 

mouse, immunostained for claudin5 and PLVAP and imaged for the tdTomato reporter (top four 

panels). The PLVAP signal has been false colored red for illustrative purposes. Based on the 

pattern of tdTomato accumulation, Cre-mediated recombination appears to have been essentially 

complete in all classes of blood vessels (artery, veins, and capillaries). PLVAP accumulated only 

in veins, which also show a periphery-to-center decrease in claudin5. In the two lower right 

panels, PLVAP pixel intensity was plotted against tdTomato pixel intensity. In the upper panel, 

pixels with high PLVAP intensity and moderate tdTomato intensity were selected (region 

enclosed in the green square) and highlighted in white in the adjacent image – these reside 

exclusively in veins. In the lower panel, pixels with low PLVAP intensity and high tdTomato 

intensity were selected (region enclosed in the green square) and highlighted in white in the 

adjacent image – these reside in both veins and capillaries. A, artery. V, vein.  Scale bar 500 µm. 
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Chapter 3. Gpr124 Controls CNS Angiogenesis and Blood-Brain 
Barrier Integrity by Promoting Wnt7a and 
Wnt7b Signaling 

 

Gpr124 Selectively Activates Wnt7a/Wnt7b Signaling via Fz4 and Lrp5 in a 

Reporter Cell Line 

Based on the phenotypic similarities between Gpr124 knockout and Wnt signaling mutants, we 

set out to test the hypothesis that Gpr124 functions in the canonical Wnt signaling pathway 

(Kuhnert et al., 2010; Cullen et al., 2011; Anderson et al., 2011; Stenman et al., 2008; Daneman 

et al., 2009). As an initial screen, we asked whether transfection of a canonical Wnt signaling 

reporter cell line (Super Top Flash; STF) with Lrp5 and each of the 19 mammalian Wnts or 

Norrin could reveal an effect of co-expressed Gpr124. STF cells express multiple Wnt signal 

transduction components at low level, which likely accounts for their responses to some Wnts in 

the absence of co-transfected Frizzleds, the high-affinity Wnt receptors. Gpr124 was observed to 

increase Wnt7a- and Wnt7b-dependent signaling ~8-fold and ~4-fold, respectively (Figure 9A). 

Gpr124 had little or no effect on signaling by other Wnts or by Norrin. To determine which of the 

ten mammalian Frizzleds mediates the Gpr124 effect, STF cells were transfected with each 

Frizzled together with Lrp5 and Wnt7a or Wnt7b, with or without Gpr124 (Figure 9B). Among 

the five Frizzleds that exhibited a signal substantially above background, Fz1 and Fz4 showed the 

greatest enhancement by Gpr124 (up to ~10-fold). 

 

We next used STF cells to compare Gpr124 activity to that of the closely related protein Gpr125. 

When Wnt7a or Wnt7b, Fz4, and Lrp5 were co-transfected with Gpr125, we observed a ~2-3 fold 

depression in the STF signal relative to the vector control, whereas Gpr124 produced ~15-fold 

and ~2-fold increases in Wnt7a and Wnt7b signaling, respectively (Figure 9C).  
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The data presented thus far are consistent with a model in which Gpr124 promotes the formation 

or enhances the activity of the Wnt/Fz/Lrp transmembrane signaling complex. Alternately, 

Gpr124 could increase the bioactivities of Wnt7a and Wnt7b by promoting their folding, intra-

cellular trafficking, or secretion. To distinguish these possibilities, we co-cultured STF cells 

transfected with Fz4 and Lrp5, with or without Gpr124, together with 293 cells that had been 

transfected with Wnt7a and/or Gpr124 (Figure 9D). This experiment showed that Gpr124 had no 

effect on Wnt7a production/secretion by co-cultured 293 cells, but instead exerted its effects only 

when expressed in STF cells, consistent with a role for Gpr124 as part of the Fz/Lrp signaling 

complex.  

 

Lrp5 and Lrp6, the closely related co-receptors for canonical Wnt signaling, are largely 

interchangeable in a variety of biological contexts (Joiner et al., 2013). In particular, prenatal 

CNS angiogenesis is unaffected by loss of either Lrp5 or Lrp6, but is severely compromised by 

the combined loss of both receptors (Zhou et al., 2014). Surprisingly, Gpr124 does not enhance 

Wnt7a/Fz4/Lrp6 signaling in STF cells (Figure 9E, left panel). A control experiment shows that 

both Lrp5 and Lrp6 mediate Tspan12-enhancement of signaling in response to Norrin, albeit with 

different levels of basal activity (Figure 9E, right panel). In a titration experiment (Figure 9F), 

Lrp6 showed no Gpr124 stimulation at any dose tested, whereas each component in the putative 

Wnt7a/Fz4/Lrp5/Gpr124 signaling complex showed well-behaved dose response curves. We note 

that in the Wnt7a, Fz4, and Lrp5 titrations, Gpr124 stimulation was observed at all concentrations 

tested. Earlier work demonstrated that Lrp5 and Lrp6 differ quantitatively in signal transduction 

efficiency (MacDonald et al., 2011), but the difference between Lrp5 and Lrp6 in Gpr124 

responsiveness in the STF assay is striking as it represents an all-or-none functional difference 

between the two Lrp co-receptors.  
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Current evidence indicates that Tspan12 is an integral part of the Norrin/Fz4/Lrp5 signaling 

complex, and that Tspan12 enhances Norrin-induced but not Wnt-induced canonical signaling 

through Fz4 (Janda et al., 2012). To compare the ligand specificities of Tspan12 and Gpr124 in 

the context of Fz4/Lrp5 signaling, we measured canonical Wnt signaling in response to Wnt7a or 

Norrin (Figure 9G and H). These experiments show that Gpr124 enhances Wnt7a but not Norrin 

signaling, and that Tspan12 enhances Norrin but not Wnt7a signaling. Thus, Tspan12 and Gpr124 

function as ligand-specific co-activators of canonical Wnt signaling in the context of the 

Fz4/Lrp5 complex. The components of these two signaling complexes are diagrammed in Figure 

9I.  

 

Gpr124 and Norrin/Fz4 Play Partially Redundant Roles in CNS Angiogenesis 

and BBB Development 

To test whether Gpr124 participates in canonical Wnt signaling in vivo, we examined the 

expression of BAT-gal in WT vs. Gpr124-/- embryos. In the Gpr124-/- CNS between E11.5 and 

E13.5, the number of beta-galactosidase+ EC nuclei was dramatically reduced in multiple 

regions, including the medial ganglionic eminence (MGE), hindbrain, and spinal cord compared 

to WT controls (Figures 10A and C), indicating a reduction in canonical Wnt signaling.  

 

Embryos with an EC-specific knockout of beta-catenin exhibit defective CNS angiogenesis 

throughout the entire neuraxis (Stenman et al., 2008; Liebner et al., 2008; Daneman et al., 2009; 

Zhou et al., 2014), whereas Gpr124-/- embryos exhibit CNS angiogenesis defects in the forebrain 

and ventral spinal cord, but not in the midbrain, hindbrain, or dorsal spinal cord (Kuhnert et al., 

2010; Anderson et al., 2011; Cullen et al., 2011). In embryos lacking Wnt7a and Wnt7b, the 

pattern of CNS angiogenesis defects resembles the pattern seen in Gpr124-/- embryos (Stenman et 

al., 2008; Daneman et al., 2009). Intriguingly, at midgestation, Ndp is expressed in the dorsal 
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spinal cord and in the hindbrain, but is not detectable in the forebrain (Ye et al., 2011), suggesting 

that Norrin/Fz4 signaling may play a complementary and/or partially redundant role with 

Wnt7a/Wnt7b/Gpr124 signaling. To test this hypothesis, we compared CNS angiogenesis in 

NdpKO, Gpr124-/-, and Gpr124-/-;NdpKO embryos at E11.5 (Figures 10B-F). The CNS vasculature 

in NdpKO embryos is indistinguishable from WT and canonical Wnt signaling in ECs appears to 

be normal in NdpKO embryos as judged by Tcf/Lef-nLacZ expression (Figure 10A and C). Unlike 

NdpKO or Gpr124-/- embryos, Gpr124-/-;NdpKO embryos show a severe defect in hindbrain 

vascularization with numerous glomeruloid-like vascular bodies (Figure 10E). Gpr124-/-;NdpKO 

embryos also show an enlarged avascular zone in the ventral spinal cord relative to Gpr124-/- 

embryos (Figures 10B and C). These data are summarized in Figure 10F. Consistent with these 

architectural defects, the fraction of EC nuclei in these regions that are beta-galactosidase+ is 

smaller in Gpr124-/-;NdpKO embryos than in Gpr124-/- embryos (Figure 10C).  

 

Despite widespread postnatal expression of Gpr124 in CNS and non-CNS vasculature, early 

postnatal and EC-specific elimination of Gpr124 in Gpr124CKO/-;Pdgfb-CreER mice produces no 

detectable vascular phenotype (Kuhnert et al., 2010). Constitutive loss of Ndp leads to CNS 

vascular phenotypes that are confined to the retina (severe hypovascularization) and cerebellum 

(a mild BBB defect), despite the expansion of the Ndp expression domain around the time of birth 

to include astrocytes throughout the CNS in addition to Bergman glia in the cerebellum and 

Muller glia in the retina (Ye et al., 2010).  The broad spatiotemporal expression domains 

observed for Ndp and Gpr124 suggest that these genes may play wider roles in postnatal CNS 

vascular development/homeostasis than previously appreciated, but these roles may have been 

masked by redundancy. Consistent with this idea, eliminating both Gpr124 and Ndp postnatally 

in Gpr124CKO/-;NdpKO;Pdgfb-CreER mice produced widespread loss of BBB integrity, as assessed 

by leakage of sulfo-NHS-biotin from the intravascular space to the parenchyma (Figure 10G). 

Vascular leakage was associated with suppression of the tight junction protein claudin5 and 
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induction of plasmalemma vesicle-associated membrane protein (PLVAP), a structural 

component of EC fenestrations. This phenotype was observed in the cerebral cortex, 

hippocampus, colliculus, brainstem, and cerebellum, but it was largely absent from the thalamus 

and the roof of the anterior midbrain (Figure 10G and data not shown). Presumably, CNS regions 

that were less affected express other activators of canonical Wnt signaling. 

 

As a further test of the hypothesis that Gpr124 participates in canonical Wnt signaling in vivo, we 

asked whether the combined loss of Fz4 and Gpr124 produced a more severe phenotype than loss 

of either gene alone (Figure 11). In midgestation embryos, Fz4 and Gpr124 are expressed 

throughout the CNS vasculature (Ye et al., 2009; Kuhnert et al., 2010). Fz4-/- embryos have no 

vascular defects, and Gpr124-/- embryos survive through late gestation despite their CNS vascular 

defects. When we generated various combinations of Fz4 and Gpr124 alleles, the following 

phenotypes were observed (listed in order of increasing severity): (a) Fz4+/-;Gpr124+/- embryos, 

fetuses, and postnatal mice showed no vascular defects; (b) Fz4-/-;Gpr124+/- embryos showed no 

vascular defects, but postnatal Fz4-/-;Gpr124+/- mice showed an enhanced conversion of 

cerebellar ECs from a PLVAP- to a PLVAP+ state relative to Fz4-/- controls (Figure 11B); (c) 

Fz4+/-;Gpr124-/- embryos showed variable defects in hindbrain angiogenesis at E11.5 (Figure 

11C); and (d), Fz4-/-;Gpr124-/- embryos exhibited a severe and lethal growth retardation by E10.5 

(Figure 11D).  

 

As summarized in Figure 11A, among 97 embryos harvested at E11.5 from a Gpr124+/-;Fz4+/- x 

Gpr124+/-;Fz4+/- intercross, 6 were Gpr124-/-;Fz4-/-. In this cohort, 6/97 embryos were growth 

retarded and/or dead, and this phenotype coincided precisely with the Gpr124-/-;Fz4-/- genotype. If 

genotype and lethality were uncorrelated, the probability of this coincidence would be 1.36x10-6.  
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This dosage experiment shows that with a progressive reduction in the number of WT copies of 

both Gpr124 and Fz4, there is a progressive increase in phenotypic severity. These experiments 

also imply that Gpr124 does not act exclusively through Fz4. If it did, then Fz4-/- embryos would 

have a vascular phenotype at least as severe as Gpr124-/- embryos. Presumably Gpr124 also 

enhances canonical Wnt signaling in ECs via one or more other Frizzleds. We note that multiple 

Frizzleds in addition to Fz4 are expressed in ECs (Goodwin et al., 2006) and are therefore 

candidates for interacting with Gpr124 in vivo, despite their lower synergy with Gpr124 in the 

STF assay.  

 

Artificially Activating Canonical Wnt Signaling Rescues Vascular Defects in 

Gpr124−/− Embryos 

All of the data presented up to this point support the hypothesis that Gpr124 acts in the CNS 

vasculature by enhancing canonical Wnt signaling. A critical test of this hypothesis would be to 

determine whether the vascular phenotype of Gpr124-/- embryos can be rescued by artificially 

increasing canonical Wnt signaling. We have performed this test in two ways: (1) by stabilizing 

beta-catenin in ECs, and (2) by over-expressing Norrin in the forebrain. Beta-catenin 

communicates the canonical Wnt signal from cytoplasm to nucleus, and its artificial stabilization 

- by Cre-mediated excision of glycogen synthase kinase-3 (GSK-3) phosphorylation sites within 

exon 3 of the beta-catenin gene (Ctnnb1) in Ctnnb1flex3/+;Pdgfb-CreER mice - should over-ride 

canonical Wnt signaling defects at the plasma membrane. The Norrin over-expression experiment 

- which utilizes a Cre-activated Norrin knock-in at the Ubiquitin-B (Ubb) locus (Z/Norrin) and an 

early embryonic forebrain-specific Cre driver (Foxg1-Cre) - tests whether expanding the domain 

of Norrin/Fz4 signaling in the early embryo can compensate for the loss of Wnt/Gpr124 

signaling.   
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Figure 12B shows that E13.5 Gpr124-/- embryos exhibit forebrain and lower spinal cord 

hemorrhage (column 1; white arrows), severe defects in vascularization of the MGE (columns 2-

4) and cerebral cortex (columns 2, 3, and 5), and loss of CNS vascular expression of Glucose 

transporter-1 (Glut-1; an EC marker for the BBB state; columns 2-5). The beta-catenin rescue 

experiment (Figures 12D and G) shows that E13.5 Gpr124-/-;Ctnnb1flex3/+;Pdgfb-CreER embryos 

- treated at E10.5 with a maternal IP injection of 1.5 mg tamoxifen - exhibit almost complete 

suppression of the forebrain hemorrhage but not the spinal cord hemorrhage (column 1; white 

arrow), partial rescue of the MGE (columns 2-4) and cerebral cortical (columns 2, 3, and 5) 

vascularization defects, and partial rescue of the Glut-1 expression defect (columns 2-5). The 

incomplete rescue of the spinal cord hemorrhage most likely reflects the temporal overlap 

between spinal cord angiogenesis, which begins at ~E10, and the initiation of Pdgfb-CreER–

dependent recombination following tamoxifen administration at E10.5. Rescue of Gpr124-/-

;Ctnnb1flex3/+;Pdgfb-CreER embryos did not occur without tamoxifen treatment. 

 

The Norrin rescue experiment (Figure 12F) shows that Gpr124-/-;Z/Norrin;Foxg1-Cre embryos 

exhibit a nearly complete rescue of all Gpr124-/- defects except for the spinal cord hemorrhage, a 

result that is expected based on the forebrain-specific expression of Foxg1-Cre. We note that 

increasing canonical Wnt signaling on a WT background in control Ctnnb1flex3/+;Pdgfb-CreER 

and Z/Norrin;Foxg1-Cre embryos had little or no effect on embryonic vascular development at or 

prior to E13.5 (Figures 12C, E and G).  
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Figure 9. Specificity of Gpr124 for Wnt7a and Wnt7b activation of canonical Wnt signaling 

via Lrp5 and Fz4 in transfected STF cells.  

(A) Ratio of luciferase activity induced by Wnt+Gpr124+Lrp5 compared to Wnt+vector 

(pRK5)+Lrp5 plotted against luciferase activity induced by Wnt+Gpr124+Lrp5. The means are 

shown from triplicate determinations. Among the 19 mouse Wnts, only Wnt7a and Wnt7b (in 

red) show a significant enhancement of activity with Gpr124 co-transfection.  

(B) Relative luciferase activity of Wnt7a+Lrp5+Fz or Wnt7b+Lrp5+Fz with vector (pRK5) vs. 

Gpr124. Among the ten mouse Frizzleds, five have activity substantially above background, and, 

among these, Fz1 and Fz4 show the greatest enhancement of signaling with Gpr124 (>8-fold 

change with Wnt7a and ~2-8-fold change with Wnt7b).  

(C) Gpr124 strongly enhances Wnt7a/Fz4/Lrp5 signaling and modestly enhances 

Wnt7b/Fz4/Lrp5 signaling, but Gpr125 produces no enhancement.  

(D) Co-culture of 293 cells transfected with Wnt7a, with or without Gpr124, together with STF 

cells transfected with Fz4 and Lrp5, with or without Gpr124. Gpr124 has no effect when 

expressed in co-cultured 293 cells.  

(E) In STF cells, Gpr124 enhances Wnt7a/Fz4/Lrp5 signaling but has no effect on 

Wnt7a/Fz4/Lrp6 signaling (left). A parallel transfection with the same Lrp plasmids (right) shows 

that both Lrp5 and Lrp6 can transduce the Norrin signal, Tspan12 enhances Norrin signaling, and 

Lrp5 and Lrp6 exhibit different levels of Tspan12-independent signaling.  

(F) Titrations of Gpr124, Wnt7a, Fz4, and Lrp5 or Lrp6 plasmids in transfected STF cells. For 

each titration, the three other plasmids were held at a standard concentration [per three wells of a 

96 well tray, these are: Gpr124, 50 ng; Fz4, 50 ng; Wnt7a, 10 ng; Lrp5, 5 ng].  

(G) Gpr124 enhances and Tspan12 has no effect on Wnt7a/Fz4/Lrp5 signaling.  

(H) Tspan12 enhances and Gpr124 modestly inhibits Norrin/Fz4/Lrp5 signaling.  [Norrin was 

delivered in conditioned medium as a Norrin-alkaline phosphatase (AP) fusion protein].  
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(I) Illustration of plasma membrane proteins that mediate Wnt7a or Wnt7b/Fz4/Lrp5/Gpr124 and 

Norrin/Fz4/Lrp5/Tspan12 signaling. 
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Figure 10. Gpr124 and Ndp are partially redundant in CNS angiogenesis.  

(A) Canonical Wnt signaling in ECs in E12.5 MGE vasculature in WT, Gpr124−/−, NdpKO, and 

Gpr124−/−;NdpKO mice as measured by accumulation of a nuclear-localized beta-galactosidase 

reporter expressed from the Tcf/Lef-nLacZ transgene (left panels). z-stacked images from WT and 

Gpr124−/− MGE are shown; white arrows, beta-galactosidase positive nuclei. Conveniently, there 

is little or no Tcf/Lef-nLacZ expression in neural progenitors in the MGE. Upper right: 

quantification. Lower right: drawing showing the MGE in a coronal brain section at E12.5, with 

the black square corresponding to the images at left.  

(B) Avascular zone in the ventral spinal cord in Gpr124−/− and Gpr124−/−;NdpKO embryos at 

E11.5. The avascular zone is absent in NdpKO embryos and is expanded in Gpr124−/−;NdpKO 

embryos compared to Gpr124−/− embryos (left panels). The neuroepithelium is outlined in red, 

and the dorsal boundary of the ventral avascular zone is marked by blue lines. For quantification 

(right), the area of the avascular zone was compared to the area of the spinal cord. 

(C) Tcf/Lef-nLacZ expression in NdpKO, Gpr124−/−, and Gpr124−/−;NdpKO spinal cord vasculature. 

Single z-plane images are shown; white arrows, beta-galactosidase-positive nuclei.  

(D) Locations and planes of section of E11.5 spinal cord, from (B) and (C), and hindbrain, from 

(E). 

(E) Massive reduction in Gpr124−/−;NdpKO hindbrain vascularization at E11.5. NdpKO, Gpr124−/−, 

and Gpr124−/−;Ndp+/− hindbrains show normal or nearly normal vascular architecture at E11.5. 

(F) Summary of hypovascularization and Wnt reporter phenotypes in the Gpr124−/− and 

Gpr124−/−;NdpKO CNS at E11.5. 

(G) Effect of EC-specific postnatal ablation of Gpr124 in an NdpKO background (Gpr124CKO/-

;NdpKO;Pdgfb-CreER): many CNS ECs convert from PLVAP−/claudin5+ to PLVAP+/claudin5− 

with extensive sulfo-NHS-biotin leakage into the brain parenchyma (shown here for cerebral 

cortex). Brains from three control genotypes are shown (WT, Gpr124CKO/−;NdpKO, and 

Gpr124CKO/−;Pdgfb-CreER): CNS ECs remain PLVAP−/claudin5+ and sulfo-NHS-biotin leakage 
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is confined to the choroid plexus. Far right, vasculature within the Gpr124CKO/−;NdpKO;Pdgfb-

CreER thalamus is largely PLVAP−/claudin5+ (white arrows). 4HT (50–100 µg) was injected 

intraperitoneally at P3–P4, and brains were examined at P6. Scale bars, 200 µm (A, B, C, and G) 

and 500 µm (E). 
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Figure 11. Gpr124 and Fz4 interact genetically in CNS angiogenesis and BBB maintenance. 

(A) Genotypes and phenotypes of 97 embryos harvested at E11.5 from 15 timed pregnant females 

from a Gpr124+/−;Fz4+/− × Gpr124+/−;Fz4+/− intercross. 

(B) Fz4−/− and Gpr124+/−;Fz4−/− cerebella at P9. Gpr124+/−;Fz4−/− cerebella show accelerated 

conversion of granule cell layer ECs to a PLVAP+ state (arrows). 

(C) Angiogenesis in E11.5 hindbrains. Within each image, the perineural vascular plexus is to the 

left and the ventricular surface is to the right. The width of the neuroepithelium is indicated by the 

black line beneath each image. Angiogenesis in Gpr124+/−;Fz4+/−, Gpr124+/−;Fz4−/−, and 

Gpr124−/−;Fz4+/+ hindbrains is indistinguishable from WT (upper panels). Angiogenesis in 

Gpr124−/−;Fz4+/− hindbrains is variably attenuated (lower panels). Hindbrain sections are shown 

from five Gpr124−/−;Fz4+/− embryos, and three show a severely impoverished vascular network 

with glomeruloid bodies (red arrows). 

(D) Severe growth retardation of Gpr124−/−;Fz4−/− embryos at midgestation; all embryos were 

harvested at E11.5. Scale bars, 200 µm. 
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Figure 12. Gpr124-/- CNS angiogenesis defects can be rescued by artificially activating 

canonical Wnt signaling in ECs. 

(A-F) E13.5 embryos. The horizontal white line in (A, column 1) shows the plane of section. 

Regions within the rectangles in the third column are enlarged in the fourth and fifth columns. 

Scale bars in columns 2 and 3, 500 µm; scale bars in columns 4 and 5, 200 µm. 

(G) Quantification of vascular density in the cerebral cortex at E13.5.  

(H) Summary of interacting ligand, receptor, co-receptor, and co-activator combinations for 

canonical Wnt signaling in CNS vascular development and barrier integrity. In the retina, Lrp6 

plays a minor role, and it is therefore shown in parentheses. In the brain, it is not known whether 

Tspan12 participates in Norrin/Fz4 signaling, and it is therefore shown in parentheses. Unknown 

Wnts and Frizzleds are indicated by ‘WntX’ and ‘FzX’, respectively. Hypothesized co-activators 

are represented by ‘X?’. Scale bars: columns 2 and 3, 500 µm; columns 4 and 5, 200 µm. 
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Chapter 4. Discussion 

 

The present study provides a new understanding of the canonical Wnt signaling pathway. 

Specifically, the experiments reveal Norrin/Fz4 and Gpr124 as novel components in canonical 

Wnt signaling pathway, which act in a partially redundant manner during both embryonic and 

postnatal life. By making the connections, these findings further support a fundamental role of 

canonical Wnt signaling pathway during CNS/retinal angiogenesis and BBB/BRB development, 

and they also implicate canonical Wnt signaling as a potential regulator for tumor angiogenesis.  

 

Ligand-Specific Coactivator for Signaling Sensitivity and Specificity 

The data presented here establish Gpr124 as a ligand-specific coactivator of canonical Wnt 

signaling in developing and mature ECs, yet they also suggest that additional components of this 

system remain to be discovered (Figure 12H). We speculate that Gpr124 evolved to ensure a high 

signal-to-noise ratio for Wnt7a- and Wnt7b-induced signaling in brain vascular development and 

homeostasis, analogous to the role of Tspan12 in the context of Norrin/Fz4 signaling. 

Coactivators of canonical Wnt signaling might be especially important in the context of CNS 

vascular biology because signal strength in this system appears to be close to the minimal 

threshold required for normal development and function: in both mice and humans, modest 

decrements in canonical Wnt signaling in ECs have been shown to subtly retard vascular 

development and/or BBB/BRB maintenance (Nikopoulos et al., 2010; Zhou et al., 2014). 

 

The ligand and receptor specificities of Gpr124 might provide a partial resolution to two apparent 

paradoxes: (1) that Wnt knockout phenotypes are generally specific to particular tissues and 
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developmental process, whereas the distribution of individual Wnt ligands is often more 

widespread (http://www.stanford.edu/group/nusselab/cgi-bin/wnt/), and (2) that the 3D structure 

of a Wnt bound to a Frizzled ligand-binding domain shows that most ligand-receptor contacts 

involved residues (and a lipid) that are conserved across Wnt and Frizzled family members (Janda 

et al., 2012). We suggest that binding and signaling specificity between the 19 mammalian Wnts 

and the ten mammalian Frizzleds is sharpened by coactivators such as Gpr124, allowing cells 

such as ECs to exhibit greater discrimination in an environment in which multiple Wnts are 

competing for receptor binding. It would be of interest to test whether other members of the 

adhesion GPCR family function as coactivators in the context of other Wnt/Frizzled combinations 

or of other ligand-receptor systems. 

 

Links between BBB Permeabilization and Disease 

The finding that Wnt/Gpr124 and Norrin/Fz4 function in a largely redundant manner to maintain 

the BBB in postnatal life lends support to an emerging picture of the BBB as a metastable state of 

EC differentiation that is maintained by canonical Wnt signaling (Liebner et al., 2008; Wang et 

al., 2012). It would be of great interest to determine whether alterations in canonical Wnt 

signaling play a role in pathologic BBB breakdown, as observed in the contexts of 

neuroinflammation, stroke, and trauma (Obermeier et al., 2013). Defining the molecules and 

pathways that control BBB integrity also suggests potential strategies for transient and/or 

localized modulation of BBB integrity to enhance CNS drug delivery (Paes et al., 2011). 

 

Canonical Wnt Signaling in EC Development and Homeostasis 

The importance of Wnt/Fz and Norrin/Fz signaling in CNS vascular development is now well 

established, but the striking similarities between embryonic neural tube and postnatal retinal 
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vascularization defects produced by loss of canonical Wnt signaling have not been widely 

appreciated. In both contexts, normal development involves a vascular plexus on the outer surface 

of the neuroepithelium that serves as a source of angiogenic ECs. In the absence of canonical Wnt 

signaling, EC invasion is arrested near the neuroepithelial surface and the resulting clusters of 

ECs (glomeruloid bodies) do not produce a vascular plexus (Figure 13). The similarities between 

the neural tube and retinal vascularization phenotypes suggest that angiogenic ECs are using the 

same genetic regulatory circuits and cell biological programs in the 2 contexts. It would be 

interesting to extend this comparison by exploring the roles in neural tube vascularization of other 

signaling pathways such as Notch and Semaphorin/Plexin that have been studied in the context of 

retinal vascular development (Potente et al., 2011).  

 

Implications of Canonical Wnt Signaling for Tumor Angiogenesis 

The experiments reported here, together with the observation of high Gpr124 transcript levels in 

tumor vasculature (St Croix et al., 2000; Carson-Walter et al., 2001), implicate canonical Wnt 

signaling in tumor angiogenesis. This inference is consistent with earlier observations that Wnt 

antagonists can inhibit both vascularization of tumors and differentiation of endothelial cell 

progenitors (Hu et al., 2009). It seems likely that canonical Wnt signaling in ECs activates similar 

proangiogenic programs during CNS and tumor angiogenesis. Taken together, these data support 

the idea that inhibition of canonical Wnt signaling could synergize with inhibition of vascular 

endothelial growth factor signaling as an antiangiogenic therapy. 
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Figure 13. Schematic of angiogenesis defects in the neural tube and retina. 

Top, early postnatal retina showing vascular invasion in WT vs. a canonical Wnt signaling 

deficient mutant (loss of Ndp or Fz4). Bottom, E11.5 neural tube showing vascular invasion in 

WT vs. a canonical Wnt signaling deficient mutant (loss of Ctnnb1 or Lrp5 and Lrp6). In the 

mutant cases, there is stunted invasion with the formation of glomeruloid bodies and hypertrophy 

of the surface vasculature.  
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Materials and Methods 

 

Mice 

The following transgenic mouse alleles were used: Gpr124CKO (JAX 016881; (Cullen et al., 

2011)), Tcf/Lef-nLacZ (JAX 005317; (Maretto et al., 2003)), NdpKO (JAX 012287; (Ye et al., 

2009)), Fz4- (JAX 012823; (Wang et al., 2001)), Z-Norrin (JAX 011077; (Ye et al., 2009)), 

Foxg1-Cre (JAX 004337; (Hébert and McConnell, 2000)), Ctnnb1flex3 (Harada et al., 1999), 

Ctnnb1dm (Valenta et al., 2011), Tcf4CKO (Angus-Hill et al., 2011), Tie2-Cre (Kisanuki et al., 

2001), and Pdgfb-CreER (Claxton et al., 2008). The R26-LSL-tdT-dnTcf4 allele was generated 

by inserting a cytomegalovirus/beta-actin promoter/enhancer (CAG)-membrane tethered 

tdTomato (i.e. tdTomato tagged with an N-terminal myristoylation site)-triple-myc-2A-dnTcf4 

cassette at the ROSA26 locus by homologous recombination in ES cells; see Tang et al (Tang et 

al., 2009)for a description of the 2A peptide technology. The dominant negative Tcf4 polypeptide 

consists of a methionine followed by amino acids 162-460 of Tcf4 (Tcf7L2) transcript variant 1 

(Vacik et al., 2011). The Cdh5-IRES-MCreM allele was constructed by inserting an IRES-Mer-

Cre-Mer cassette (Verrou et al., 1999) into the 3’ untranslated region of the Cdh5 gene by 

homologous recombination in ES cells. ES cells with the correct targeting event were identified 

by Southern blotting and injected into blastocysts. The resulting chimeric founders were bred 

using standard methods. Mice were handled and housed according to the approved Institutional 

Animal Care and Use Committee (IACUC) protocol MO13M469 of the Johns Hopkins Medical 

Institutions. 

 

Antibodies 

Antibodies used in this study were as follows: chicken anti-beta-galactosidase (Abcam 9361); 

rabbit anti-cleaved Caspase3 (Cell Signaling 9661); rabbit anti-GLUT-1 (Thermo Scientific RB-
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9052-P0); rabbit anti-NG2 (Millipore AB5320); rat anti-mouse CD102/ICAM2 (BD Biosciences 

553326); rat anti-PLVAP/ MECA-32 (BD Biosciences 553849); mouse anti-Claudin-5, Alexa 

488 conjugate (Invitrogen 352588), and Texas Red streptavidin (Vector Laboratories SA-5006). 

AlexFluor-labeled secondary antibodies and GS lectin (Isolectin GS-IB4) were from Invitrogen. 

Primary antibodies were used at 1:200 to 1:500 dilution. 

 

Preparation and administration of 4HT and Tamoxifen 

An ethanol:sunflower seed oil (Sigma-Aldrich) mixture (1:5 vol:vol) was added to solid 4HT 

(Sigma-Aldrich H7904) or tamoxifen (Sigma-Aldrich T5648) to achieve final concentrations of 

4mg/ml or 50mg/ml, respectively. The sample was extensively shaken/vortexed at room 

temperature for 2-4 hours until completely dissolved, and stored in aliquots at -80oC. The thawed 

samples were vortexed and diluted as needed in sunflower seed oil prior to injection. For pups 

and adult mice, 50-100 µl 4HT or tamoxifen was injected by the intraperitoneal (IP) route; for 

pregnant females 100-150 µl tamoxifen was injected into the dorsal fat pad.  

 

Tissue processing and immunohistochemistry 

For postnatal brain vasculature, deeply anesthetized mice were perfused via an intra-cardic route 

with 10-20 ml 0.3 mg/ml sulfo-NHS-LC-Biotin (Thermo Scientific 21335) in phosphate buffered 

saline (PBS), followed by ~20ml 2% paraformaldehyde (PFA) in PBS. Dissected brains were 

post-fixed with 1% PFA for 3-4 hours, and then immersed in cold 100% methanol from 6 hours 

to overnight, followed by rehydration in PBS for 6 hours to overnight. For Evans Blue leakage, 

100 µl of 2% Evans Blue (Sigma E-2129) was injected IP 24 hours prior to perfusion with 4% 

PFA in PBS. Brains were dissected and photographed intact. For embryonic brain and spinal cord 

vasculature, embryos were fixed in 2-4% PFA overnight, and washed with PBS for 4-6 hours. 

Postnatal brains and embryos were embedded in 3% agarose, and 150 µm sections were cut on a 
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vibratome. For retinal vasculature, mouse eyes were fixed in 2% PFA for 1-2 hours prior to 

dissection.  

 

For immunostaining, sections and whole mount retinas were incubated overnight in primary 

antibodies diluted in PBSTC (PBS + 0.3% Triton + 0.1mM CaCl2) + 10% normal goat serum, 

washed in PBSTC for 6-8 hours, and incubated overnight in secondary antibodies diluted in 

PBSTC + 10% normal goat serum (0.25% mouse serum was included as a competitive blocker 

when rat anti-PLVAP primary antibody was used). Sections and retinas were washed in PBSTC 

and flat-mounted in Fluoromount G (EM Sciences, 17984-25). All immerse-fixation, washing, 

and immunostaining steps were carried out at 4oC. Images were captured using a Zeiss LSM700 

confocal microscope, and processed with ImageJ, Photoshop and Illustrator software. 

 

Quantifications, boxplot and statistical analysis 

For vascular branching points in the dnTcf4 experiments, starting with images of retina flat 

mounts, retinal vascular branch points were counted along each radial vein or artery starting at the 

optic disc and terminating at a point 0.75 of the radial distance from the optic disc to the edge of 

the vascular plexus. The number of branch points was then normalized to the total length of the 

vessel.  

 

For retinal vascular coverage in the Ctnnb1flex3 and the dnTcf4 experiments, four Z-stacked 

images of retina flat mounts, each covering 0.64 x 0.64 mm2 and offset approximately 0.3-0.6 

mm from the optic disc, were captured from each GS lectin-stained retina using a Zeiss LSM700 

microscope. For each of the three vascular beds (at the vitreal surface, inner plexiform layer, and 

outer plexiform layer), the images were thresholded, binarized, and skeletonized using imageJ. 

The relative vascular lengths were measured by computing the pixel coverage (which is 

proportional to length) of the skeletonized vessels.  
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For quantifying the avascular area in the spinal cord, 150 µm thick trunk cross sections of E11.5 

embryos were stained with GS lectin. For 4-6 sections per embryo, Z-stacked images 

encompassing ~21 µm along the Z-axis were collapsed, and total spinal cord area and avascular 

area were outlined and measured using ImageJ as indicated in Figure 10B.   

 

For vascular invasion into the cerebral cortex, 150 µm thick coronal sections of E13.5 (for 

Gpr124-/-;Ctnnb1flex3/+;Pdgfb-CreER experiments) and E13-E13.5 (for Gpr124-/-;Z/Norrin;Foxg1-

Cre experiments) embryos were stained with ICAM2. Z-stacked images encompassing 12 µm 

along the Z-axis were collapsed. For 4-8 sections per embryo, a 250 um x 100 µm region within 

the cerebral cortex was cropped, thresholded, binarized, and skeletonized using imageJ with fixed 

sets of parameters for all images. The relative vascular lengths were measured by computing the 

pixel coverage (which is proportional to length) of the skeletonized vessels.   

 

For quantifying the cerebellar granule cell death, apoptotic cells were detected in 150 µm floating 

sections of cerebellum by immunostaining for anti-cleaved caspase-3. One section (from a 

matched cerebellar location) was counted per mouse, and 3, 6, and 8 mice were analyzed for WT, 

Fz4-/- and Fz4-/-;Ctnnb1flex3/+;Pdgfb-Cre, respectively.  

 

For beta-galactosidase positive ECs in the retina, cerebellum and MGE, whole retinas, 150 µm 

floating sections of cerebellum and 150 µm thick coronal sections of E11.5-E12.5 embryos were 

stained with anti-beta-galactosidase antibodies combined with GS lectin. For the retina, all beta-

galactosidase+ ECs were counted from flat mount images. For the cerebellum, Z-stacked images 

encompassing ~15 µm were collapsed and the beta-gal+ ECs in the vasculature along the surface 

of the molecular layer were counted. For 1-2 sections per embryo, Z-stacked images 
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encompassing ~12 µm along the Z-axis were collapsed, and the beta-gal+ ECs in the vasculature 

over an area of  ~0.2 mm2 (volume = 0.003 mm3) within the MGE were counted. 

 

All box-plots were produced in RStudio with default settings.  For statistical analysis, Fisher’s 

exact test was performed for Figure 11A, and an unpaired two-tailed Student’s t-test was 

performed for the boxplots. 

 

Optokinetic response 

OKR recordings and analysis were performed on head-fixed mice using infrared video recordings 

of pupil position as described in Cahill and Nathans (Cahill and Nathans, 2008).  

 

Plasmids 

The complete set of mouse Wnt and Frizzled expression plasmids are described in Yu et al (Yu et 

al., 2012). The mouse Gpr124 expression plasmid was a kind gift of Dr. Calvin Kuo (Stanford). 

The mouse Gpr125 expression plasmid was constructed by inserting the Gpr125 coding region 

(GE LifeSciences; accession BC052391) into pRK5; this cDNA sequence differs from the 

GenBank entry by an Ala30Pro substitution. 

 

Luciferase assays 

STF cells were plated in a 96-well plate at 15% to 30% confluence, and transfected with 150-200 

ng plasmid DNA and 0.6 µl Fugene6 (Promega) per 3 wells. The DNA mix contained: 1 ng pRL-

TK (Renilla luciferase internal control); 50 ng pRK5-NLS-GFP; 50 ng Gpr124, Tspan12, or 

control vector (pRK5) plasmids; 50 ng pRK5-Fz; 10 ng Wnt7a, Wnt7b, or Norrin plasmids (50 ng 

Wnts/Norrin were used in the screens of 19 Wnts and Norrin); and 5 ng Lrp plasmid, unless 

otherwise specified. Reporter activity was measured using the Dual-Luciferase Reporter Assay 

(Promega) with the standard protocol, and relative luciferase units (RLU) were calculated as 
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Firefly/Renilla activity in each well. For Norrin stimulation, Norrin-AP conditioned medium was 

prepared as described in Smallwood et al (Smallwood et al., 2007) and incubated with transfected 

STF cells for 12-24 hours. For Wnt7a-HEK293 + STF cell co-culture, HEK293 and STF cells 

were plated separately in 12-well plate at 50% to 80% confluence, the 293 cells were transfected 

with 100 ng pRK5-NLS-GFP + 100 ng Wnt7a or pRK5 + 300 ng Gpr124 or pRK5 per well, and 

the STF cells were transfected with 3 ng pRL-TK + 150 ng pRK5-NLS-GFP + 150 ng Fz4 + 150 

ng Gpr124 or pRK5 per well. 12-24 hours post-transfection, 293 cells and STF cells were 

dissociated with PBS, mixed at 1:1 ratio and plated in a 96-well plate at ~50% confluence, and 

grown for 24 to 30 hours before measuring luciferase activity.  

 

RNAseq 

For whole retina, three batches of total RNA were extracted using Trizol (Invitrogen) and the 

RNeasy kit (Qiagen). Each batch was prepared from 4-8 P10 retinas (2-4 mice) per genotype: 

WT, NdpKO, Ctnnb1flex3/+;Pdgfb-CreER, and NdpKO;Ctnnb1flex3/+;Pdgfb-CreER. By analyzing 

whole retinas rather than purified ECs, we have presumably eliminated the possibility of 

artifactual transcriptome changes associated with post-mortem cell manipulation. All mice 

received 20 µg 4HT IP at P3, thus avoiding the possibility that differential transcript abundances 

might be referable to differences in 4HT exposure. The three batches of RNA were pooled for 

RNAseq library construction using the TruSeq RNA Sample Prep Kit v2 (Illumina). 27-65 

million 50 base single–end reads were obtained from each of the four bar-coded libraries using an 

Illumina HiSeq2000. Raw reads were mapped to the reference genome (mm10) using TopHat and 

the relative abundance of each transcript was calculated with Cuffdiff. The sets of transcripts 

enriched in brain ECs relative to peripheral ECs or enriched in brain ECs relative to neurons and 

glia were derived from the analyses of Daneman et al (Daneman et al., 2010). Transcripts with 

FPKM>0.3 for any of the samples used in a particular comparison were included. Y-chromosome 

transcripts were excluded from the analysis to avoid variations related to gender.  
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For STF cells, RNA was extracted using Trizol (Life Technologies) and purified with the RNeasy 

kit (Qiagen). The cDNA library was synthesized using the TrueSeq kit (Illumina) and sequenced 

from one end on an Illumina HiSeq, with read lengths of 50 bases. 103,453,057 reads were 

obtained, of which 103,441,162 could be aligned to the human genome (hg19) using TopHat 

(v2.0.8). Transcript abundance (FPKM) was quantified using Cufflinks (v2.1.1). 
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