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Abstract

The blood-brain barrier (BBB) plays a vital role in the central nervous system (CNS). A 

comprehensive understanding of BBB development has been hampered by difficulties in observing 

the differentiation of brain endothelial cells (BECs) in real-time. Here, we generated two 

transgenic zebrafish line, Tg(glut1b:mCherry) and Tg(plvap:EGFP), to serve as in vivo reporters 

of BBB development. We showed that barriergenesis (i.e. the induction of BEC differentiation) 

occurs immediately as endothelial tips cells migrate into the brain parenchyma. Using the 

Tg(glut1b:mCherry) transgenic line, we performed a genetic screen and identified a zebrafish 

mutant with a nonsense mutation in gpr124, a gene known to play a role in CNS angiogenesis and 

BBB development. We also showed that our transgenic plvap:EGFP line, a reporter of immature 

brain endothelium, is initially expressed in newly formed brain endothelial cells, but subsides 

during BBB maturation. Our results demonstrate the ability to visualize the in vivo differentiation 

of brain endothelial cells into the BBB phenotype and establish that CNS angiogenesis and 

barriergenesis occur simultaneously.
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INTRODUCTION

While BBB formation and function are known to be dependent upon the brain 

microenvironment (Alvarez et al., 2011; Armulik et al., 2010; Daneman et al., 2010; Stewart 

and Wiley, 1981), the precise molecular and cellular mechanisms are only beginning to be 

elucidated. During BBB development, brain endothelial cells (BECs) acquire both physical 

(i.e. tight and adherens junctions) and chemical (i.e. efflux and influx transporters) 

properties that regulate the passage of substances between blood and brain. These barrier 

properties also prevent the free exchange of many therapeutic agents, presenting a 

challenging problem for the treatment of many neurological diseases (Abbott et al., 2010; 

Saunders et al., 2008; Zlokovic, 2008). In fact, it has been estimated that >98% of small 

molecules cannot penetrate the BBB (Pardridge, 2007). Furthermore, BBB function is often 

compromised in many CNS diseases including neurodegenerative disorders, brain tumors, 

stroke, and diabetic retinopathy (Zlokovic, 2008). By unraveling the complex process of 

BBB development, we may begin to address unresolved issues regarding CNS drug 

penetration along with BBB damage and repair.

To take an unbiased approach to solving these problems, we turned to the zebrafish, Danio 

rerio. Zebrafish possess many characteristics suitable for the study of the BBB. Zebrafish are 

transparent and develop rapidly outside of the mother, making them ideal for observing 

complex in vivo processes. Zebrafish also produce large numbers of offspring, providing the 

opportunity for large-scale screens aimed at identifying novel genes and molecular targets 

for drug discovery. Furthermore, small-molecule screens in zebrafish have identified 

compounds that inhibit developmental pathways, angiogenesis, and tumor growth, 

demonstrating their potential usefulness in discovering new drugs for human disease.

Here, we generated transgenic zebrafish to visualize the differentiation and maturation of 

brain endothelial cells in vivo. As Glut1 is the earliest known marker of BBB formation 

(Bauer et al., 1995; Dermietzel et al., 1992; Pardridge et al., 1990), we used the zebrafish 

glut1b promoter to drive expression of mCherry specifically in brain endothelial cells. By 

imaging live transgenic glut1b:mCherry embryos using time-lapse confocal microscopy, we 

found that barriergenesis (i.e. the induction of BEC differentiation) occurs simultaneously 

with CNS angiogenesis. To demonstrate the utility of this transgenic line, we performed a 

small-scale mutagenesis screen and identified a zebrafish gpr124 mutant. As Gpr124 is 

essential for CNS angiogenesis and BBB development (Anderson et al., 2011; Cullen et al., 

2011; Kuhnert et al., 2010) by promoting canonical Wnt signaling (Posokhova et al., 2015; 

Zhou and Nathans, 2014; Zhou et al., 2014), the gpr124 mutant validates the utility of our 

transgenic BBB reporter line. Finally, we generated the plvap:EGFP transgenic line to label 

immature brain endothelium. In human and mouse, Plvap is initially expressed in brain 

endothelial cells, subsides during development, and is absent from adult brain vasculature 

(Hallmann et al., 1995; Leenstra et al., 1993; Niemela et al., 2005; Stan et al., 1999). Here, 

we found that zebrafish plvap:EGFP behaves as mammalian Plvap, thus demonstrating that 

our double transgenic glut1b:mCherry;plvap:EGFP zebrafish line serves as a unique model 

for in vivo imaging of BBB development and maturation.
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Materials and Methods

Zebrafish husbandry

AB, TL, and Tg(fli1a:EGFP)y1 strains were acquired from the Zebrafish International 

Resource Center. Et(cp:EGFP) was previously generated in our lab (Henson et al., 2014). 

Embryos and larvae were maintained at 28.5°C in egg water (0.03% Instant Ocean in reverse 

osmosis water). For imaging, 0.003% phenylthiourea (PTU) was used to inhibit melanin 

production. All experiments were performed in accordance with the St. Jude Children’s 

Research Hospital and the University of Wisconsin-Madison Institutional Animal Care and 

Use Committees.

Generation of transgenic zebrafish

To generate the construct for Tg(glut1b:mCherry) and Tg(plvap:EGFP), we used Gateway 

compatible vectors of the Tol2kit (Kwan et al., 2007). A 2.9 kb fragment of the zebrafish 

glut1b promoter (accession #: NM_001039808) was PCR amplified from genomic DNA 

with the following primers: glut1b-promoter (XhoI) F-

TATTCTCGAGGGGGCTGATAACATTGACCT; glut1b-promoter (BamHI) R-

TCCAGGATCCCAAAAATTGTTCTTTAAAAAAAAC, digested with XhoI and BamHI, 

and subcloned into the same restriction sites in p5E-MCS. While zebrafish have three glut1 

paralogs, we focused our studies on glut1b due to its predominant expression in the 

zebrafish brain (Tseng et al., 2009). The p5E-glut1b entry clone was combined with middle 

entry clone pME-mCherry, the 3′ entry clone p3E-polyA, and the pDestTol2pA2 destination 

vector to create the pDest-glut1b:mCherry construct using the LR Clonase II Plus Enzyme 

mix (Invitrogen, Carlsbad, CA).

A 2.9 kb fragment of the zebrafish plvap promoter (accession #: NM_001030244; also 

called vsg1) was PCR amplified from genomic DNA with the following primers: plvap-

promoter F-AGGAGCAAATCCATCATTGC; plvap-promoter (SpeI) R-

TTGTACTAGTCTGCAGTCCAGTTGTGGGAA, digested with XhoI and SpeI, and 

subcloned into the same restriction sites in p5E-MCS. The p5E-plvap entry clone was 

combined with middle entry clone pME-EGFP, the 3′ entry clone p3E-polyA, and the 

pDestTol2pA2 destination vector to create the pDest-plvap:EGFP construct using the LR 

Clonase II Plus Enzyme mix (Invitrogen, Carlsbad, CA).

To produce each transgenic line, approximately 30 pg of plasmid DNA and 30 pg of in vitro 

transcribed Tol2 transposase mRNA were co-injected into single-cell embryos of the AB 

strain. Embryos with strong transient expression of the transgenes were raised to adults and 

screened for germline transmission.

Confocal laser scanning microscopy

Zebrafish from 1–6 days postfertilization (dpf) were anesthetized in 0.02% Tricaine and 

immobilized in 1.2% low melting point agarose (Invitrogen, Carlsbad, CA) in glass bottom 

culture dishes (MatTek, Ashland, MA). Confocal microscopy was performed using a Nikon 

Eclipse TE2000E2 microscope equipped with a Nikon C1si or a Nikon Eclipse Ti 

microscope equipped with a Nikon A1R. For time-lapse imaging, a z stack was acquired 

Umans et al. Page 3

Dev Biol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



every 30 minutes for 30 hours. All images are 2D projections of 3D confocal z stacks or 3D 

volume rendered images generated using either NIS-Elements MIP or EDF algorithm.

Mutagenesis screen

Twenty three glut1b:mCherry;fli1a:EGFP double transgenic males were mutagenized with 

N-ethyl-N-nitrosourea (ENU) as previously described (Driever et al., 1996). After one 

month, F1 pairwise crosses produced 188 F2 families. Pairwise crosses for each F2 family 

were performed at least six times to identify F3 offspring with homozygous recessive 

mutations. Using this strategy, 68 F2 families were screened. To identify mutants, F3 larvae 

at 3–4 dpf were anesthetized and examined for abnormal mCherry and/or GFP expression 

using a Nikon SMZ1500 epifluorescence stereomicroscope. A mutant line was confirmed if 

approximately 25% of the total offspring displayed a brain vasculature phenotype.

Whole-exome sequencing

Exome sequencing was performed as described (Ryan et al., 2013). Briefly, genomic DNA 

was isolated from 40 wild-type sibling and 40 mutant larvae using the Qiagen Mag Attract 

HMW DNA Kit (Qiagen, Venlo, Netherlands). Three micrograms of genomic DNA were 

used for SureSelect Target Enrichment System for Illumina Paired-End Multiplexed 

Sequencing (Agilent, Santa Clara, CA). From the raw sequencing reads, the quality control, 

mapping and variant calling were performed using CLC Genomic Workbench v6.5 (CLC 

Bio, Aarhus, Denmark). The reads were trimmed against the sequencing adapters, and only 

reads with a sequencing quality greater than 20 and a read length greater than 50 bp were 

retained. The filtered reads were aligned to the zebrafish reference genome sequence (Zv9 

assembly), and a list of single-nucleotide variants was generated. We compared mutant 

variants to wild type to identify a mutant-specific homozygous mutation that impact protein 

sequence.

Results

Generation of a transgenic brain endothelial cell-reporter line

To visualize barriergenesis in vivo, we created a transgenic zebrafish reporter line using the 

zebrafish glut1b promoter. The fli1a:EGFP transgenic line expresses green fluorescent 

protein (GFP) in all vascular endothelial cells (Lawson and Weinstein, 2002). We found that 

mCherry was transiently expressed in the brain vasculature of ~90% of injected embryos 

(data not shown). Next, we identified several stable transgenic lines and designated one as 

Tg(glut1b:mCherry) (herein glut1b:mCherry). To characterize the expression pattern of 

mCherry, we used confocal laser scanning microscopy on live glut1b:mCherry;fli1a:EGFP 

double transgenic larvae. At 6 dpf, mCherry was expressed specifically in the brain 

vasculature (Figure 1A–C), but not in the peripheral vasculature (Figure 1D–F). This 

expression pattern was maintained into adulthood (data not shown). To examine mCherry 

expression in vasculature of circumventricular organs that lack BBB properties (Saunders et 

al., 2008), we crossed glut1b:mCherry to cp:EGFP, an enhancer trap line that expresses GFP 

in the choroid plexus (Henson et al., 2014), and injected albumin Alexa Fluor 647 conjugate 

to visualize the vasculature. We found that mCherry was not expressed in the vasculature of 
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the choroid plexus (Figure 1G–J). Our results demonstrate that glut1b:mCherry faithfully 

recapitulates mammalian Glut1 expression in BECs.

CNS angiogenesis and barriergenesis occur simultaneously

Taking advantage of our in vivo model, we addressed some fundamental questions regarding 

the development of the BBB. Ongoing arguments contend that BBB formation is either 1) a 

two-step process where CNS angiogenesis occurs and is followed by barriergenesis, or that 

2) both CNS angiogenesis and barriergenesis occur at the same time. To address this issue, 

we performed time-lapse confocal microscopy to examine the temporal induction of barrier 

properties. In zebrafish, CNS angiogenesis begins in the hindbrain at approximately 30 

hours postfertilization (hpf) when endothelial tip cells originating from the primordial 

hindbrain channels (PHBCs) migrate into the brain parenchyma (Fujita et al., 2011; Ulrich et 

al., 2011). These vessels eventually form the central arteries (CtAs) that interconnect the 

PHBCs with the basilar artery. Using live glut1b:mCherry;fli1a:EGFP double transgenics, 

we imaged angiogenesis and barriergenesis from 30 to 60 hpf. We observed that endothelial 

cells express mCherry immediately upon entering the brain (Figure 2; Video 1), indicating 

that signals within the embryonic brain are sufficient to induce barrier properties. This 

observation provides the first direct evidence that CNS angiogenesis and barriergenesis 

occur simultaneously.

Forward genetic screen identifies gpr124 mutant

To identify genes that regulate BBB development, we performed an ENU mutagenesis 

screen using glut1b:mCherry;fli1a:EGFP double transgenic fish. Using this strategy, we 

screened 68 F2 families and identified four independent recessive mutant lines with reduced 

or ectopic glut1b:mCherry expression and reduced or absent fli1a:EGFP expression within 

the brain parenchyma. Three of these mutant lines, sj40, sj44, and sj196, showed additional 

phenotypes, such as brain hemorrhage, brain necrosis, edema, and early lethality. In contrast, 

one mutant line, sj22, looked phenotypically normal, aside from the lack of CNS 

angiogenesis, and survived to adulthood (Table 1).

To clone the defective gene in the sj22 mutant, we performed whole-exome sequencing. We 

identified a total of 44 single-nucleotide differences across 14 chromosomes with 18 of these 

concentrated to a region on chromosome 8 (Figure 3A). Forty-three of these differences 

were determined to be silent polymorphisms, while only one mutation on chromosome 8 

resulted in a premature stop codon in the gene encoding the orphan G protein-coupled 

receptor, Gpr124. To confirm the mutation, we sequenced full length gpr124 cDNA from 

mutants and wild-type siblings (GeneBank Accession #: KT285523) and identified the 

2941C>T transition in the open reading frame, resulting in a Q981X mutation located in the 

intracellular loop between transmembrane-spanning domains 5 and 6 (Figure 3B).

Using confocal microscopy, we found that gpr124 mutants at 3 dpf have essentially no CNS 

angiogenesis within the brain parenchyma and no expression of glut1b:mCherry, while the 

vessels on the brain surface and the trunk appeared normal (Figure 3C; Video 2; data not 

shown). By 6 dpf, gpr124 mutants began to recover with some vessels sprouting from the 

mesencephalic vein into the brain parenchyma and acquiring barrier properties as shown by 
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the induction of glut1b:mCherry (Figure 3D, arrows; Video 2). In addition, abnormal vessels 

appeared to originate from the mesencephalic vein formed on the brain surface (Figure 3D, 

dashed lines; Supplemental Figure 1; Video 2). Interestingly, the gpr124 mutants continue to 

recuperate with ~50% surviving to at least 1 month of age, albeit at a slower growth rate. By 

3 months, the adult gpr124 mutants look similar to wild-type siblings and their brains are 

indistinguishable (data not shown). In fact, the brain vasculature, including expression of 

glut1b:mCherry, appears normal in adult gpr124 mutants (Figure 3E).

plvap:EGFP visualizes brain endothelial cell maturation

Plasmalemma vesicle-associated protein is expressed in immature brain endothelium and is 

initially expressed in embryonic brain endothelial cells, but is absent from the adult brain 

vasculature (Hallmann et al., 1995; Niemela et al., 2005; Stan et al., 1999; Stan et al., 2012). 

To visualize Plvap expression in zebrafish, we created a transgenic line, Tg(plvap:EGFP) 

(herein plvap:EGFP), that expresses GFP under control of the zebrafish plvap promoter. We 

found that the plvap promoter drives expression of GFP in all endothelial cells at 2 dpf both 

on the brain surface and within the brain parenchyma (Figue 4A, top panels; Video 3). By 6 

dpf, GFP expression was considerably reduced within the brain parenchyma (Figue 4A, 

bottom panels; Video 3). To quantify this change, we measured the ratio of GFP intensity 

within the brain parenchyma and brain surface at 2 and 6 dpf (n = 18 per group). We found a 

significant decrease in brain parenchymal expression between 2 and 6 dpf (Figure 4B), but 

did not find any significant difference in brain surface expression (data not shown). To 

determine if the decrease in plvap expression correlated with an increase in BBB properties, 

such as Glut1 expression, we also measured the relative intensity of glut1b:mCherry 

expression in brain endothelial cells (n = 18 per group). We found that, as GFP decreased, 

mCherry expression increased significantly from 2 to 6 dpf (Figure 4C).

Discussion

In this study, we report the first direct observation that barriergenesis is initiated at the same 

time as CNS angiogenesis. To visualize the differentiation of brain endothelial cells, we 

generated two transgenic reporter lines, glut1b:mCherry and plvap:EGFP. Glut1 is the 

earliest known marker of barriergenesis (Bauer et al., 1995; Pardridge et al., 1990). It has 

been reported that BBB tightness plays a pivotal role in the pattern of Glut1 expression 

during brain differentiation (Dermietzel et al., 1992), suggesting that Glut1 serves as an 

indicator of BBB function as well as development. In addition, many recent studies rely 

upon Glut1 expression as an indicator of BBB formation (Armulik et al., 2010; Daneman et 

al., 2009; Daneman et al., 2010; Stenman et al., 2008; Tam et al., 2012; Vanhollebeke et al., 

2015). Other studies have demonstrated that Glut1 is also expressed in zebrafish brain 

endothelial cells early in development (Tam et al., 2012). For our study, we created a 

transgenic reporter line, glut1b:mCherry, to visualize Glut1 expression in vivo. We used the 

zebrafish glut1b promoter sequence, because the mRNA for the glut1b paralog is strongly 

expressed in the zebrafish brain (Tseng et al., 2009). We chose mCherry for our reporter line 

because it matures more rapidly than other fluorescent proteins (Shaner et al., 2004), 

allowing for more accurate observation of temporal expression. We found that the 

glut1b:mCherry transgenic line expressed mCherry specifically in brain endothelial cells and 
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not in the vasculature of the periphery or circumventricular organs, and found that 

glut1b:mCherry expression was induced in brain endothelial cells at the onset of CNS 

angiogenesis.

To validate that our transgenic zebrafish model serves as a reporter for BBB development, 

we performed a forward genetic screen. We mutagenized our transgenic reporter line and 

screened for recessive mutations that affected glut1b:mCherry expression. After identifying 

four independent mutant lines, we cloned the defective gene in one of these mutants by 

whole-exome sequencing. We found a nonsense mutation in the zebrafish homolog of 

gpr124. In mice, Gpr124 is also required for CNS angiogenesis and the establishment of the 

BBB (Anderson et al., 2011; Cullen et al., 2011; Kuhnert et al., 2010). In contrast to 

embryonic lethality in Gpr124−/− mice, zebrafish gpr124 mutants recover normal brain 

vasculature and survive to adulthood, indicating that compensatory pathways may overcome 

the developmental defect. Recent studies indicate that Gpr124 functions ligand-specific 

coactivator of canonical Wnt/β-catenin signaling (Posokhova et al., 2015; Zhou and 

Nathans, 2014; Zhou et al., 2014) and that canonical Wnt/β-catenin signaling plays a major 

role in CNS angiogenesis and the acquisition of BBB properties, such as Glut1 expression 

(Daneman et al., 2009; Liebner et al., 2008; Stenman et al., 2008; Zhou et al., 2014). Our 

gpr124 mutant phenotype is identical to a recently published study that generated two 

zebrafish gpr124 mutant alleles using TAL effector nucleases (Vanhollebeke et al., 2015). 

Identification of our gpr124 mutant provides strong validation for our genetic screening 

strategy in zebrafish.

In contrast to Glut1, Plasmalemma vesicle-associated protein (Plvap) is a widely used 

marker of immature brain endothelium and fenestrated endothelium (Hallmann et al., 1995; 

Niemela et al., 2005; Stan et al., 1999; Stan et al., 2012) and its expression is, in part, 

regulated by VEGF (Strickland et al., 2005). Due to VEGF signaling during CNS 

angiogenesis, Plvap is initially expressed in brain endothelial cells, but this expression 

subsides and is absent from the adult brain, except for the vasculature of circumventricular 

organs (Hallmann et al., 1995). Thus, Plvap is often used as a marker of BBB differentiation 

(Daneman et al., 2010; Liebner et al., 2008; Zhou and Nathans, 2014; Zhou et al., 2014). 

Plvap also serves as an indicator of BBB disruption in adult brain and labels brain tumor 

vasculature (Carson-Walter et al., 2005; Leenstra et al., 1993; Shue et al., 2008). In 

zebrafish, plvap (also called vessel-specific gene 1, vsg1) is expressed in most blood vessels 

during early development (Thisse and Thisse, 2008), but later developmental time points had 

not been examined. To visualize Plvap expression in vivo, we created a transgenic reporter 

line, plvap:EGFP. We found that this transgenic reporter line drives early expression of GFP 

in most if not all endothelial cells at 2 dpf, including the brain vasculature. We also found 

that the brain vascular expression decreases over time and is absent from the adult zebrafish 

brain. This expression pattern recapitulates the developmental expression of mammalian 

Plvap (Hallmann et al., 1995; Leenstra et al., 1993). Thus, the plvap:EGFP;glut1b:mCherry 

double transgenic line allows for live imaging of brain endothelial cell differentiation and 

maturation and provides a valuable tool for identifying genetic pathways that regulate these 

processes.
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As the BBB matures, BECs become associated with pericytes and astrocytes, ultimately 

forming the structure referred to as the neurovascular unit (Hawkins and Davis, 2005). 

During BBB development, neural progenitor cells secret factors, such as VEGF and Wnt 

ligands, that induce CNS angiogenesis and barriergenesis (Obermeier et al., 2013). This 

process is followed by BEC interactions with pericytes and astrocytes that help to seal the 

barrier (Siegenthaler et al., 2013). In zebrafish, pericytes, located in the vicinity of the 

basilar artery, begin to migrate along the central arteries originating from the PHBCs at 

approximately 60 hpf, about 30 hours after the start of angiogenesis/barriergenesis (Ando et 

al., 2016). In contrast, it remains to be determined when radial glial cells (progenitors to 

astrocytes) differentiate into cells that interact with BECs (Lyons and Talbot, 2014). Future 

experiments using transgenic zebrafish that label BECs, pericytes, and astrocytes could 

reveal the real-time, in vivo interactions of these cells during the formation of the 

neurovascular unit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Zebrafish glut1b:mCherry serves as an in vivo reporter of blood-brain 

barriergenesis.

• Live imaging reveals that CNS angiogenesis and barriergenesis occur 

simultaneously.

• Forward genetic screen using glut1b:mCherry identifies a zebrafish gpr124 

mutant.

• Zebrafish plvap:EGFP is an in vivo indicator of blood-brain barrier 

maturation.
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Figure 1. 
The zebrafish glut1b promoter drives expression in brain endothelial cells. Confocal 

microscopy of a live glut1b:mCherry; fli1a:EGFP double transgenic larva at 6 dpf. (A–C) 

mCherry is spatially restricted to the brain vasculature (B) and overlays with endothelial 

GFP expression from fli1a:EGFP (A, C). Shown here is a dorsal view of the brain 

vasculature (anterior, left). (D–F) mCherry is not expressed in peripheral endothelial cells. 

Shown here is the larval trunk (dorsal view) with partial inclusion of the mCherry-

expressing hindbrain vasculature (anterior, left). (G–N) mCherry is not expressed in the 

vasculature of circumventricular organs. (G–J) glut1b:mCherry was crossed to cp:EGFP, an 

enhancer-trap line that expresses GFP in the myelencephalic (white arrow in G) and 

diencephalic (white arrowhead in G) choroid plexus. The choroid plexus regions are outlined 

(white dash) in (H). For G–J, albumin Alexa Fluor 647 (pseudo-colored in blue) was 

injected as a tracer to visualize blood vessels. Confocal images were captured in the plane of 

GFP expression. Note the lack of colocalization between mCherry (BBB vessels) and blue 

(all blood vessels) in the choroid plexus. Scale bar in A is 50 μm for all images.
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Figure 2. 
CNS angiogenesis and barriergenesis occur simultaneously. glut1b:mCherry; fli1a:EGFP 

double transgenic embryos were imaged by time-lapse confocal microscopy. Shown here are 

snapshots at 6-hour intervals beginning at the onset of CNS angiogenesis (30 hpf). Note that 

mCherry is immediately expressed as brain endothelial cells migrate into the brain 

parenchyma from the PHBCs (arrows in 36 hpf panels). See 30 hr time-lapse Videos 1 for 

more detail. MsV, mesencephalic vein; MCeV, mid-cerebral vein; PHBC, primordial 

hindbrain channel, E, eye. Scale bar in top left image is 50 μm for all images.

Umans et al. Page 13

Dev Biol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
gpr124 mutants have reduced CNS angiogenesis. (A) Whole-exome sequencing was used to 

identify the gpr124 mutation. Only one gene on chromosome 8 was found to have a 

nonsense mutation. (B) A premature stop codon was found in gpr124 resulting in a Q981X 

mutation located in the intracellular loop between transmembrane domains 5 and 6 (not to 

scale). (C) At 3 dpf, gpr124 mutants show no CNS angiogenesis and no glut1b:mCherry 

expression (see Video 2). (D) At 6 dpf, gpr124 mutants form abnormal vessels on the brain 

surface between the mesencephalic vein and the eye (white dashed outline in Day 6 Merge 

and Supplemental Figure 1), CNS angiogenesis partially recovered where the mid-cerebral 

vein sprouts into the parenchyma, and few of these vessels begin to express glut1b:mCherry 

(arrows), including expression in the mesencephalic vein (arrowheads). The 3D distribution 

of brain vasculature can be seen more clearly in Video 2. (E) Confocal images of the optic 
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tectum vasculature from wild type (WT) and gpr124 mutant adults at 3 months. Scale bar 

(C, top left image) is 50 μm for all images in (C) and (D). Scale bar is 100 μm (E, top left 

image).
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Figure 4. 
Visualization of blood-brain barrier maturation. (A) Representative images of 

plvap:EGFP;glut1b:mCherry double transgenic embryos on day 2 and 6 dpf. Green and red 

channels were captured using the same intensities on day 2 and day 6 to illustrate the 

decrease in GFP expression and the increase in mCherry expression. Scale bar (A, top left 

image) is 50 μm for all images. (B) GFP fluorescence intensity was measured in brain 

parenchymal (P) and brain surface (S) endothelial cells (n = 18 per group) and the ratio of 

parenchymal/surface intensity (GFP P/S Ratio) was plotted. Note the significant decrease of 

GFP expression in parenchymal endothelial cells over time. (C) Relative mCherry 

fluorescence intensity was measured in parenchymal endothelial cells (n = 18 per group) and 

plotted. Note the significant increase in mCherry expression over time. See volume rendered 

Video 3 to better visualize surface and parenchymal expression of GFP and mCherry. Error 

bars represent ± S.E.M.; * p < 0.0001, Unpaired t test.
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