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Abstract

During neurovascular development, brain endothelial cells (BECs) respond to secreted signals 

from the neuroectoderm that regulate CNS angiogenesis, the formation of new blood vessels in the 

brain, and barriergenesis, the acquisition of blood-brain barrier (BBB) properties. Wnt/β-catenin 

signaling and Vegf signaling are both required for CNS angiogenesis; however, the relationship 

between these pathways is not understood. Furthermore, while Wnt/β-catenin signaling is essential 

for barriergenesis, the role of Vegf signaling in this vital process remains unknown. Here, we 

provide the first direct evidence, to our knowledge, that Vegf signaling is not required for 

barriergenesis and that activation of Wnt/β-catenin in BECs is independent of Vegf signaling 

during neurovascular development. Using double transgenic glut1b:mCherry and plvap:EGFP 
zebrafish (Danio rerio) to visualize the developing brain vasculature, we performed a forward 

genetic screen and identified a new mutant allele of kdrl, an ortholog of mammalian Vegfr2. 

The kdrl mutant lacks CNS angiogenesis but, unlike the Wnt/β-catenin pathway mutant gpr124, 

acquires BBB properties in BECs. To examine Wnt/β-catenin pathway activation in BECs, 

we chemically inhibited Vegf signaling and found robust expression of the Wnt/β-catenin 

transcriptional reporter line 7xtcf-Xla.Siam:EGFP. Taken together, our results establish that Vegf 

signaling is essential for CNS angiogenesis but is not required for Wnt/β-catenin-dependent 

barriergenesis. Given the clinical significance of either inhibiting pathological angiogenesis or 

stimulating neovascularization, our study provides valuable new insights that are critical for the 

development of effective therapies that target the vasculature in neurological disorders.
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Introduction

The blood-brain barrier (BBB) plays a vital role in the function of the central nervous 

system (CNS) by controlling the entry and exclusion of essential and harmful substances 

into the brain while maintaining a suitable microenvironment for normal neuronal function 

[1]. Physiologically, the BBB consists of differentiated brain endothelial cells (BECs) 

along with pericytes and glial cells that collectively form the neurovascular unit during 

BBB maturation [2–5]. During neurovascular development, BECs respond to extracellular 

cues that reduce expression of the structural component of fenestrae Plasmalemma vesicle-

associated protein (PLVAP) [6], suppress transcytosis by expression of MFSD2a [7], and 

form tight junctions to regulate the passage of molecules between endothelial cells [8, 

9]. Differentiated BECs also help to supply the brain with key nutrients through the 

expression of specialized transporters, such as the glucose transporter GLUT1 and amino 

acid transporter LAT1 [1, 10, 11]. Functionally, the BBB is critical for health and medicine 

for two main reasons. First, it makes delivering drugs to the brain a major challenge as many 

pharmaceuticals cannot effectively cross the BBB [12]. In addition, lipid-soluble compounds 

often have less penetrance than expected due to multi-drug resistance transporters that 

prohibit the transport of compounds into the brain [1, 12–14]. Second, the BBB is disrupted 

in many disease states, which may contribute to their neuropathologies [1, 14, 15]. To 

develop effective treatments and therapies for neurological conditions, a more thorough 

understanding of the BBB, including the signaling pathways involved in its development, 

maintenance, and function, is required.

Development of the BBB is a complex process, requiring multiple signal transduction 

pathways and cellular interactions. One crucial aspect of BBB development is CNS 

angiogenesis, the sprouting and migration of vascular endothelial cells into the brain 

parenchyma from preexisting blood vessels. As CNS angiogenesis occurs, BECs acquire 

BBB properties in a process called barriergenesis [11, 15, 16]. Importantly, this process does 
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not suggest a fully mature and functional BBB. Instead, barriergenesis is the response of 

endothelial cells to extracellular cues within the brain microenvironment that initiate the 

BBB phenotype. To visualize this process, GLUT1 is often used as a functional indicator of 

BBB development in mice and zebrafish (Danio rerio) [2, 3, 17–23] because GLUT1 is the 

earliest known marker of BEC differentiation [24, 25]. Therefore, for our studies, we use the 

transgenic zebrafish line glut1b:mCherry as a reporter for barriergenesis [16].

Recent research has begun to elucidate the molecular mechanisms regulating neurovascular 

development, although our understanding is far from complete. Over the past decade, 

seminal studies discovered that Wnt/β-catenin signaling, while not required for peripheral 

angiogenesis, is required for both CNS angiogenesis and barriergenesis [17, 21, 26, 27]. 

For example, targeted disruption of embryonic β-catenin in mice is lethal and causes severe 

CNS angiogenesis defects and loss of GLUT1 expression in BECs [17, 21], and postnatal 

knockout of endothelial-specific β-catenin results in loss of BBB characteristics [26]. 

Subsequent studies in both mice and zebrafish discovered that the orphan G-protein coupled 

receptor GPR124 [16, 18, 28, 29] and the GPI-anchored membrane protein RECK [30–32] 

are also required for normal CNS angiogenesis and barriergenesis via their functions as 

ligand-specific Wnt coactivators [19, 20, 23, 33, 34]. Most recently, the endothelial Unc5B 

receptor was shown to promote BBB development and maintenance by facilitating Wnt/β-

catenin signaling [35].

While current models of CNS angiogenesis and barriergenesis propose an absolute 

requirement for Wnt/β-catenin signaling [19, 34], the role of VEGF (vascular endothelial 

growth factor) signaling in these models remains poorly defined. Importantly, VEGF 

Receptor 2 (VEGFR2, alternately KDR/FLK-1), when activated by VEGF-A, is a key 

mediator of angiogenesis in development and disease [36–41]. Furthermore, studies 

have shown that Vegf signaling, like Wnt/β-catenin signaling, is absolutely required 

for angiogenesis to occur in the CNS [42–44]. For example, Raab et al. demonstrated 

that angiogenesis is severely impaired to all regions of the brain in mice lacking 

functional VEGF [44]. Additionally, whereas the specific requirement for VEGFR2 in CNS 

vascularization has been difficult to examine due to early lethality of the mouse knockout 

[45, 46], zebrafish Kdrl, a functional ortholog of mammalian VEGFR2, is required for 

normal CNS angiogenesis [47]. However, while both Wnt/β-catenin and Vegf signaling are 

required for CNS angiogenesis and Wnt/β-catenin signaling is required for barriergenesis, 

no prior studies, to our knowledge, have examined the role of Vegf signaling during 

barriergenesis. The relationship between Wnt/β-catenin and Vegf signaling in the regulation 

of CNS angiogenesis is also undetermined, with the possibilities including Vegf regulation 

of Wnt/β-catenin, Wnt/β-catenin regulation of Vegf signaling, or cooperation between the 

pathways.

In this study, we used zebrafish to genetically dissect the molecular mechanisms required 

for CNS angiogenesis and barriergenesis. Zebrafish provide a valuable animal model for 

studying vascular development due to the relative ease of visualizing blood vessels in vivo, 

generating transgenic reporter lines, and performing forward and reverse genetic analyses 

[48–55]. Here, we performed a forward genetic screen to identify genes that regulate 

neurovascular development. We previously established the glut1b:mCherry transgenic line 
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to visualize barriergenesis and utilized it in a screen that identified a gpr124 mutant, which 

lacks both CNS angiogenesis and glut1b:mCherry expression [16]. In our current screen, 

we identified a new mutant that lacks CNS angiogenesis but expresses glut1b:mCherry, 

indicating defects in CNS angiogenesis but not barriergenesis. With this mutant, we 

demonstrate that Vegf signaling, while required for CNS angiogenesis, is not required 

for barriergenesis. Additionally, we discuss the implications this has on the interaction 

between the Vegf and Wnt/β-catenin signaling pathways in the context of neurovascular 

development.

Materials and methods

Zebrafish husbandry and experimental lines

Zebrafish were maintained and bred using standard practices [56]. 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. 

The transgenic zebrafish lines Tg(glut1b:mCherry)sj1 (hereafter glut1b:mCherry) and 

Tg(plvap:EGFP)sj3 (hereafter plvap:EGFP) and the gpr124 mutant line were previously 

generated in our lab [16]. The kdrlum19 mutant [57], provided in the Tg(fli1a:EGFP)y1 

background [48], was a gift from Dr. Nathan Lawson (University of Massachusetts Medical 

School), Tg(7xtcf-Xla.Siam:EGFP)ia4 [58] (hereafter tcf:EGFP) was a gift from Dr. Junsu 

Kang (UW-Madison), and Tg(kdrl:HRAS-mCherry)s896 [59] (hereafter kdrl:mCherry) was 

a gift from Dr. Jan Huisken (Morgridge Institute for Research and UW-Madison). All 

experiments were performed in accordance with the University of Wisconsin-Madison 

Institutional Animal Care and Use Committee (protocol number M005020).

N-ethyl-N-nitrosourea (ENU) mutagenesis screen

Twelve adult male zebrafish homozygous for both glut1b:mCherry and plvap:EGFP 
transgenes were mutagenized with ENU as previously described [50]. After one month 

of recovery, F1 pairwise crosses between mutagenized males and glut1b:mCherry and 

plvap:EGFP transgenic females produced 96 F2 families. Pairwise crosses from F2 

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

recessive mutations by screening embryos at 2–3 days post-fertilization (dpf) for brain 

vascular defects that disrupt transgene expression using a Nikon SMZ18 epifluorescence 

stereomicroscope. A total of twenty-four F2 families were screened. Unfortunately, this 

screen was terminated prematurely due to COVID-19 related research restrictions. A 

mutant line was confirmed if approximately 25% of the total offspring displayed a brain 

vasculature phenotype. The uw112 mutant line was identified as lacking CNS angiogenesis 

by observing glut1b:mCherry-positive primordial hindbrain channels (PHBCs) and the 

absence of plvap:EGFP-positive vessels within the brain parenchyma.

Confocal laser scanning microscopy

For live imaging, zebrafish embryos were anesthetized in 0.02% Tricaine and imbedded in 

1.2% low melting point agarose (Invitrogen) in egg water with 0.003% PTU in a 35 mm 

glass-bottom dish, number 1.5 (MatTek). For fixed samples, larvae were imbedded in 1.2% 

low melting point agarose in 1× phosphate buffered saline (PBS) using the same dishes. 

Fetsko et al. Page 4

Dev Biol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Confocal microscopy was performed using a Nikon Eclipse Ti microscope equipped with 

a Nikon A1R. For time-lapse imaging, resonant scanning was used to acquire z-stacks at 

10 min intervals for 3 h. All confocal images are 2D maximum intensity projections of 3D 

z-stacks generated using NIS-Elements software.

Complementation test

To determine if uw112 was allelic to kdrl, we performed a complementation test. Zebrafish 

heterozygous for the kdrlum19 mutation [57] were bred to uw112 heterozygotes expressing 

the glut1b:mCherry and plvap:EGFP transgenes, and the resulting offspring were evaluated 

for complementation at 3 dpf by visualizing brain vasculature using a Nikon SMZ18 

epifluorescence stereomicroscope.

DNA sequencing and genotyping

WT and uw112 mutants (n=25 each) at 3 dpf were anesthetized in 0.02% Tricaine, 

transferred into RNase/DNase-free 1.5 ml microcentrifuge tubes with fitted pestle (Kontes), 

homogenized in TRIzol, and total RNA was extracted according to the manufacturer’s 

protocol (Ambion). cDNA was synthesized by reverse transcription from the RNA using 

the SuperScript IV First-Strand Synthesis System using Oligo(dT) primers according to 

the manufacturer’s protocol (Invitrogen). WT and uw112 mutant cDNA were amplified by 

PCR using AccuPrime Pfx DNA Polymerase (Invitrogen), 3’ A overhangs were added to 

PCR product using Go Taq DNA Polymerase (Promega), and the inserts were cloned into 

the pCRII-TOPO TA vector using the TOPO TA Cloning Dual Promoter kit (Invitrogen). 

TOP10 chemically competent E. coli cells were transformed, colonies were selected by 

blue/white screening, and plasmids were purified from E. coli cultures using QIAprep 

Spin Minipreps (Qiagen). Plasmids were sequenced by the UW-Madison Biotechnology 

Center using Sanger sequencing with forward and reverse primers covering the entire cDNA 

(primer sequences are available upon request). The sequencing data was analyzed using A 

plasmid Editor (ApE) software [60].

To genotype the kdrluw112 mutants, genomic DNA was extracted from individual 

embryos and PCR amplified to produce a 597 bp product using the following 

primers: Forward primer 5’-ACGTCACCGAAGAACCATCT-3’ and Reverse primer 5’-

TGATCCCAAATTGCACTTCA-3’. Restriction fragment length polymorphism using EarI 

(New England Biolabs; R0528S) was used to distinguish WT and mutant sequences.

VEGFR inhibitor treatment

The VEGFR inhibitor DMH4 (Tocris Bioscience; CAS 515880-75-8) [61] was prepared 

as a 10 mM stock in 100% DMSO (dimethyl sulfoxide), and VEGFR inhibitor AV-951 

(Tivozanib) (Selleckchem; CAS 475108-18-0) [62] was prepared as a 10 mM stock in 

100% DMSO. To inhibit CNS angiogenesis, DMH4 (5 μM or 1 μM) or AV-951 (1 μM) 

was freshly prepared in egg water with 0.003% PTU and applied to embryos at 24 hours 

post-fertilization (hpf); then, treated embryos were imaged at 54 hpf using a Nikon Eclipse 

Ti confocal microscope equipped with a Nikon A1R.
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Immunohistochemistry (IHC)

WT, kdrluw112, and gpr124 larvae at 5 dpf were fixed in 4% paraformaldehyde (Electron 

Microscopy Sciences) and were dehydrated with a 1× PBS/methanol series. Samples were 

stored in 100% methanol at −20°C for up to a month before use. To begin IHC, dehydrated 

larvae were rehydrated with a methanol/PBSTx [0.6% Triton X-100 (Sigma) in 1x PBS] 

series. Larvae were bleached [0.05 mg KOH (Sigma) and 150 μL H2O2 (Fisher) in 4.85 

mL reverse osmosis water] for 40 min, placed in cold acetone for 8 min, and incubated 

overnight in blocking buffer [4% bovine serum albumin (OmniPur) in PBSTx] with PBSTx 

washes before each step. Primary antibodies were added the next day and incubated at 

4°C overnight followed by secondary antibody incubation the next night. Samples were 

washed in PBSTx four times for 15 min after primary and secondary antibody incubations. 

Primary antibodies included rabbit anti-glut1 (1:200; Novus Biologicals NB300–666SS), 

mouse anti-Claudin 5 (1:100; Life Technologies 187364), and mouse anti-CD243/ABCB4 

(P-glycoprotein 1) (1:200; BioLegend 903701). Secondary antibodies included Alexa Fluor 

goat anti-rabbit 568 (1:200; Invitrogen A11011) and Alexa Fluor goat anti-mouse 647 

(1:200; Invitrogen A21235). Antibody dilutions were prepared in blocking buffer. For 

imaging, samples were imbedded and imaged using confocal microscopy as described 

above.

Morpholino injections

We used the previously published gpr124 morpholino sequence to knockdown Gpr124 

function and phenocopy the zebrafish gpr124 mutant phenotype [60]. The gpr124 
morpholino 5’-ACTGATATTGATTTAACTCACCACA-3’ was obtained from GeneTools 

and resuspended as a stock solution of 1 mM in dH2O. For microinjection, morpholinos 

were diluted to 0.2 mM in dH2O containing phenol red (0.05%) as an injection tracer. 

Microinjection needles were fabricated from 1.2 mm thin wall glass capillaries (WPI; 

TW120F-4) using a Sutter Instrument Flaming/Brown Micropipette Puller (Model P-97). 

Approximately 2 nL (~2 ng) were microinjected into the yolk of single-celled embryos. No 

obvious off-target effects were observed with the gpr124 morpholino.

Quantification of vasculature

Brain vasculature and fluorescence were quantified using NIS-Elements (Nikon) and FIJI 

(ImageJ) software. To quantify CNS angiogenesis in embryos at 2 dpf, the number of 

central artery loops (CtAs) were counted using the 3D rendering in NIS-Elements. For 

larvae at 3 dpf, the 3D renderings (showing either glut1b:mCherry or plvap:EGFP) were 

cropped in NIS-Elements to eliminate blood vessels outside of the brain parenchyma. In 

FIJI, background was removed and the commands Smooth (3D) > Skeletonize (2D/3D) 

> Analyze Skeleton (2D/3D) were used to find the total length of skeletonized vessels. 

Relative fluorescence intensities were calculated using the Measure feature of FIJI with the 

region of interest restricted to the hindbrain vasculature [63]. For quantification of IHC and 

tcf:EGFP signal, 2D maximum intensity projections were generated using NIS-Elements. In 

FIJI, the blood vessels in the hindbrain were traced by hand to calculate the length of the 

hindbrain vasculature in the image. Then the length from an image showing only the signal 

of interest was divided by the total length (from an image showing all channels) to calculate 
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the fraction of positive vasculature in the hindbrain. Statistics (p-values) for all graphs were 

determined by ANOVA with Tukey HSD post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001; 

ns = not significant).

Results

Zebrafish uw112, but not gpr124, mutants express the barriergenesis marker 
glut1b:mCherry in the absence of CNS angiogenesis

To identify genes involved in the regulation of CNS angiogenesis and barriergenesis, we 

performed a forward genetic screen utilizing N-ethyl-N-nitrosourea (ENU) mutagenesis 

to introduce random mutations in zebrafish expressing glut1b:mCherry as a marker of 

barriergenesis and plvap:EGFP as a marker of immature blood vessels [16]. Plvap is 

initially expressed in BECs, but this expression subsides during development and is absent 

from adult brain endothelium [16, 64]. Using a similar screening strategy, we previously 

identified a gpr124 mutant which has defects in CNS angiogenesis and no glut1b:mCherry 
expression [16]. For our new screen, the primary goal was to identify two independent 

classes of mutants: 1) mutants with reduced glut1b:mCherry expression but normal CNS 

angiogenesis, indicating defects in barriergenesis, and 2) mutants with reduced CNS 

angiogenesis but normal glut1b:mCherry expression, indicating defects in CNS angiogenesis 

but not barriergenesis. While no mutants with the former phenotype were found, one mutant 

line, uw112, distinctly showed the latter. Normally, CNS angiogenesis in zebrafish begins 

between 24–36 hpf with endothelial tip cells sprouting and migrating from the primordial 

hindbrain channels (PHBCs), resulting in the formation of central arteries (CtAs) by 2 

dpf [49, 52, 54]. Both uw112 and gpr124 mutants fail to develop CtAs (Fig. 1A). The 

phenotypes are even more pronounced at 3 dpf, with a distinct lack of blood vessels in 

the brains of both mutants showing a severe CNS angiogenesis defect (Fig. 1B). However, 

unlike the gpr124 mutants, the uw112 mutants express glut1b:mCherry in the PHBCs at both 

2 and 3 dpf (Fig. 1A, B).

To quantify the early stages of CNS angiogenesis, we counted the number of CtAs at 

2 dpf. As shown in Figure 1C, CtAs were essentially absent in the uw112 mutants and 

dramatically reduced in the gpr124 mutants. This was further shown at 3 dpf by quantifying 

the length of brain vasculature expressing plvap:EGFP (Fig. 1D). The uw112 and gpr124 
mutants showed a similar reduction in the amount of brain vasculature (Fig. 1D) but no 

obvious difference in the level of plvap:EGFP expression within the vessels as compared 

to wildtype (WT) (Fig. 1B). As an indicator of barriergenesis, we also quantified brain 

vessels expressing glut1b:mCherry at 3 dpf as well as the relative fluorescence intensity 

(RFI) of glut1b:mCherry in the hindbrain vasculature at both 2 and 3 dpf (Fig. 1D and S1). 

Essentially none of the brain vessels in the gpr124 mutants expressed glut1b:mCherry at a 

significant level. In contrast, the uw112 mutants expressed glut1b:mCherry in the PHBCs 

at levels comparable to WT brain vessels (Fig. 1D and S1), suggesting that the induction 

of barriergenesis is intact in the uw112 mutants. Importantly, these results indicate that 

barriergenesis can occur in the absence of CNS angiogenesis.
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Zebrafish uw112 is a new mutant allele of kdrl

We next identified the defective gene in the uw112 mutant. We determined that the uw112 
mutants showed similar vascular phenotypes to previously published kdrl mutants (kdrlum19 

and kdrlt20257) with confirmed null mutations [47, 65]. For example, uw112 and both null 

mutants have no CtAs, partial intersegmental vessels (ISVs) in the trunk, normal dorsal 

arteries and cardinal veins, and normal circulation. In contrast, kdrl mutants with missense 

mutations (kdrly17 and kdrlum6) show additional, more severe phenotypes, including loss of 

circulation (y17 and um6), pericardial edema (um6), discontinuous dorsal aorta (y17), and a 

single major trunk vessel (um6) [47, 65, 66]. Therefore, we performed a complementation 

test by breeding uw112 heterozygous fish to kdrlum19 heterozygous fish [57]. We found 

that uw112 and kdrlum19 failed to complement as one-quarter of the offspring exhibited 

the same brain vascular phenotype as uw112 and kdrlum19 homozygous mutants (Fig. 2A). 

Additionally, uw112, kdrlum19, and uw112/kdrlum19 mutant embryos showed similar ISV 

defects in the trunk, normal circulation, and normal dorsal arteries and cardinal veins (Fig. 

S2). These data strongly indicate that uw112 is a new kdrl null allele (i.e. kdrluw112). We 

therefore used the new kdrluw112 mutant for experimentation throughout the remainder of 

this study.

To identify the causal mutation in kdrluw112, full-length kdrl was sequenced from WT and 

mutant cDNA. Using this strategy, we found a T41A transversion in the open reading frame 

of kdrl (Fig. 2B). This results in a L14H missense mutation, which is located within the 

presumptive signal peptide [67]. To determine the functional consequences of this mutation, 

we used the SignalP-5.0 Server maintained by the Technical University of Denmark [68]. 

As shown in Figure 2C, the Kdrluw112 protein sequence is not predicted to include a signal 

peptide, likely indicating that the mutant protein is not correctly synthesized and expressed 

as a transmembrane protein. Together, the vascular phenotypes, complementation test, and 

DNA sequencing data strongly support that kdrluw112 is a null allele and demonstrate that 

Kdrl is required for CNS angiogenesis but not glut1b:mCherry expression in the PHBCs.

Vegf signaling is not required for glut1b:mCherry expression in BECs

Our finding that Kdrl is not required for the expression of the BBB marker glut1b:mCherry 
suggests that Vegf signaling is not required for barriergenesis. However, it is important to 

note that zebrafish have another Vegfr2 ortholog, Kdr (formerly called Kdrb or Vegfr2b) 

[66]. Previous studies demonstrated that kdrly17 mutants have partial ISVs, whereas kdrly17 

mutants injected with kdr morpholinos or the combination of kdrl and kdr morpholinos 

completely lack ISVs in a manner similar to Vegfr inhibitors [66, 69]. In contrast, CtAs do 

not develop in kdrluw112 (Fig. 1) or in the other kdrl null mutants [47, 65], indicating that 

unlike the ISVs, kdr is not required for CtA formation. Indeed, a recent study by Vogrin et 

al generated a kdr null mutant (kdruq38bh) using CRISPR-genome editing and found normal 

brain vasculature in kdruq38bh mutants, further indicating that kdr in not required for CNS 

angiogenesis [70].

Therefore, to ensure that Vegf signaling was completely blocked, we treated embryos with 

potent Vegfr tyrosine kinase inhibitors that block angiogenesis in developing zebrafish. 

For these experiments, transgenic glut1b:mCherry, plvap:EGFP embryos were treated with 
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Vegfr inhibitors at 24 hpf, 6 hours prior to the onset of CNS angiogenesis [16], then 

imaged at 2 dpf by confocal microscopy. We first treated embryos with 5 μM DMH4, 

a selective inhibitor of Vegf signaling that blocks angiogenesis in zebrafish [61], inhibits 

phosphorylation of VEGFR2 in human cell lines [71], and inhibits Vegfr-dependent 

phosphorylation of Erk (pErK), a key downstream component of Vegf signaling [72], 

in zebrafish endothelial cells. Treatment with 5 μM DMH4 completely blocked CNS 

angiogenesis as demonstrated by the absence of all CtAs (Fig. 3A, B). We found that, 

as in the kdrl mutants, 5 μM DMH4-treated embryos expressed the barriergenesis marker 

glut1b:mCherry in the PHBCs (Fig. 3A). To further demonstrate the effectiveness of DMH4, 

we treated embryos with a 5-fold lower concentration (1 μM) and observed very similar 

neurovascular phenotypes. These effects were also found in embryos treated with another 

Vegf inhibitor, AV-951 [62]. For all inhibitor-treated groups, CtAs were completely absent 

and showed a complete loss of CNS angiogenesis in comparison to the untreated and 

vehicle-only controls (Fig. 3B). Unlike the effect on angiogenesis, the fluorescence intensity 

of glut1b:mCherry in the hindbrain vasculature was not significantly different between the 

inhibitor-treated embryos and the controls (Fig. 3C).

To further compare CNS angiogenesis between kdrluw112 mutants and DMH4-treated 

embryos, we performed time-lapse imaging. We found an indistinguishable absence of 

CNS angiogenesis using both genetic and chemical methods of disrupting Vegf signaling 

(Fig. S3). Additionally, there was no evidence of filopodia extensions from the PHBCs 

or other obvious indications of CNS angiogenesis in either the kdrl mutant or the DMH4-

treated embryo (Movies S1–6). Finally, the fluorescence intensity of glut1b:mCherry in 

kdrl mutants was not significantly different from that of DMH4-treated WT embryos 

nor that of DMH4-treated kdrl mutants (Fig. S4). The lack of differences between these 

various experimental conditions demonstrates that inhibiting Vegf signaling has no effect on 

barriergenesis as indicated by glut1b:mCherry expression.

Zebrafish kdrl, but not gpr124, mutants express BBB-enriched proteins in BECs

Given that kdrl mutants lack CNS angiogenesis but maintain glut1b:mCherry expression 

as a marker of barriergenesis, we predicted that Vegf signaling plays a fundamental role 

in CNS angiogenesis but not barriergenesis. However, GLUT1 expression on its own is 

not necessarily indicative of a complete and functioning BBB. We therefore examined 

kdrl mutants for the expression of other commonly used BBB markers using whole-mount 

immunohistochemistry (IHC). We first performed IHC against the tight junction protein 

Claudin-5, which previous studies have used to label the BBB in zebrafish [73–77]. WT, 

kdrl, and gpr124 larvae at 5 dpf were stained with both an anti-Claudin-5 antibody (α-

Claudin-5) and an anti-Glut1 antibody (α-Glut1). We performed these experiments at 5 

dpf as this timepoint produced a consistently stronger signal due to more complete BBB 

development. Both the Glut1 staining and the transgenic plvap:EGFP expression were used 

as references showing the vasculature in the brain of each fish. In WT and kdrl larvae, 

Claudin-5 staining was detected in nearly all vessels in the hindbrain. However, in gpr124 
larvae, serving as a negative control, only a very small fraction of the hindbrain vasculature 

had any discernable Claudin-5 labeling (Fig. 4A). The Claudin-5 staining was quantified as 

the fraction of total hindbrain vasculature labeled with α-Claudin-5 (Fig. 4B). This fraction 
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was significantly decreased in gpr124 mutants, but not kdrl mutants, further suggesting that 

barriergenesis is not disrupted by the mutation in kdrl.

We also performed IHC against the multidrug resistance protein P-glycoprotein (Pgp) [78]. 

We previously demonstrated that Pgp is expressed at the zebrafish BBB during early 

development [79]. As with Claudin-5, WT, kdrl, and gpr124 larvae at 5 dpf were stained 

with an anti-Pgp antibody (α-Pgp). The α-Glut1 and plvap:EGFP were again used as 

references. These results showed the same pattern as the Claudin-5 staining, with Pgp 

expressed in the kdrl PHBCs but nearly absent in gpr124 (Fig. 4C). The Pgp staining was 

quantified as the fraction of total hindbrain vasculature labeled with α-Pgp (Fig. 4D). Our 

IHC results, together with the glut1b:mCherry expression in live embryos, demonstrate that 

BBB markers are not disrupted in the kdrl mutants but are essentially absent in the gpr124 
mutants. These observations further support the conclusion that Wnt signaling (via Gpr124) 

is required for both CNS angiogenesis and barriergenesis while Vegf signaling is essential 

for CNS angiogenesis but not required for barriergenesis.

Vegf signaling is not required for the activation of Wnt/β-catenin-dependent transcription

Knowing that Vegf signaling and Wnt/β-catenin signaling both regulate CNS angiogenesis 

and that Vegf signaling is not required for barriergenesis, we next examined activation of 

Wnt/β-catenin signaling in the absence of Vegf signaling. Here, we utilized a transgenic 

Wnt/β-catenin transcriptional reporter line, tcf:EGFP, to visualize activation of the Wnt/β-

catenin signaling pathway [58]. Previous studies used a similar strategy to demonstrate that 

gpr124 and reck mutants lack Wnt/β-catenin transcriptional activity [20]. To disrupt Vegf 

signaling, we treated double transgenic tcf:EGFP, kdrl:mCherry embryos with 5 μM DMH4. 

We reasoned that if VEGF is required for Wnt signaling, then DMH4 should block the 

activation of tcf:EGFP. We found, however, that tcf:EGFP co-localized with kdrl:mCherry-

labeled PHBCs in DMH4-treated embryos, indicating that Wnt/β-catenin signaling is intact 

in the absence of Vegf signaling (Fig. 5A). Similarly, we performed the same experiment 

with kdrl mutants and again found tcf:EGFP expression in the PHBCs (Fig. S5), further 

confirming that Vegf signaling is not required for the activation of Wnt/β-catenin-dependent 

transcription.

As a negative control, we also examined tcf:EGFP expression in the PHBCs when Wnt/β-

catenin signaling was inhibited through loss of Gpr124. For this experiment, gpr124 
morpholinos were used to obtain the phenotype of the gpr124 mutants in tcf:EGFP, 
kdrl:mCherry embryos. As others have previously demonstrated, we found that the gpr124 
morpholino phenocopies the gpr124 mutants with no obvious off-target effects [20]. As 

expected, the gpr124 morphants did not express tcf:EGFP in the PHBCs (Fig. 5A; bottom 

panels), showing a clear difference in comparison to the DMH4-treated embryos. Activation 

of Wnt signaling in each group was quantified using the fraction of the kdrl:mCherry-

labeled hindbrain vasculature expressing tcf:EGFP (Fig. 5B) and the relative fluorescence 

intensity of the tcf:EFGP within the hindbrain vasculature (Fig. 5C). In DMH4-treated 

embryos, both the fraction of vasculature expressing tcf:EFGP and the intensity of that 

signal are comparable to the untreated embryos while gpr124 morphants show minimal 

tcf:EGFP expression in vessels. The presence of tcf:EGFP signal in the PHBCs of DMH4-
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treated embryos but not the gpr124 morphants supports the conclusion that Vegf signaling is 

not required for Wnt/β-catenin activation during CNS angiogenesis.

Discussion

Our findings highlight the role of Vegf signaling in neurovascular development as BECs 

acquire BBB properties. Here, we performed an unbiased genetic screen in zebrafish 

that utilized the glut1b:mCherry and plvap:EGFP transgenic lines as markers of BEC 

differentiation during developmental CNS angiogenesis. Using this strategy, we identified 

a zebrafish mutant that maintained expression of the BBB marker glut1b:mCherry but 

completely lacked CNS angiogenesis in a manner similar to gpr124 mutants. Genetic 

analyses revealed that this mutant represents a new allele of kdrl, an ortholog of mammalian 

Vegfr2. Unlike gpr124 mutants, which lack normal CNS angiogenesis and barriergenesis 

due to defective Wnt/β-catenin signaling, the kdrl mutants acquire barrier properties in 

BECs as demonstrated by the expression of BBB markers Glut1, Claudin-5, and Pgp. 

Furthermore, we show that activation of Wnt/β-catenin signaling does not require Vegf 

signaling during neurovascular development. Taken together, our results establish that Vegf 

signaling is essential for CNS angiogenesis but is not required for Wnt/β-catenin-dependent 

barriergenesis.

Previous studies regarding the induction of BBB properties in BECs have primarily focused 

on the Wnt/β-catenin pathway, where several key genes have been discovered. For example, 

endothelial-specific expression of β-catenin [17, 21, 26], Gpr124 [16, 18–20, 28, 29, 33, 34], 

and Reck [20, 23, 30–32, 34] and non-endothelial expression of Wnt7a/7b [17, 19–21, 33, 

34] in the neuroepithelium are required for proper BBB formation. Disruption of these genes 

in mice and zebrafish revealed similar phenotypes that include impaired developmental CNS 

angiogenesis, vascular malformations, defective angiogenic sprouting, and loss of Glut1 

expression in the endothelium. Most recently, endothelial Unc5B was also found to control 

BBB integrity by functioning as a Wnt co-receptor that activates Wnt/β-catenin signaling 

[35]. In addition to Wnt/β-catenin, genes essential for Vegf signaling, including Vegfa 

[43, 44] and Nrp1 [80, 81], are also required for normal CNS angiogenesis. Yet, to our 

knowledge, we are the first to report that Vegf signaling is not required for barriergenesis.

Given that both Wnt/β-catenin and Vegf signaling are required for normal developmental 

CNS angiogenesis, crosstalk between these pathways seems likely. Although direct evidence 

for interaction is lacking, recent studies have proposed some intriguing possibilities and 

identified additional complications. For example, Tam et al identified death receptors, 

DR6 and TROY, as potential regulators of CNS angiogenesis in mice and zebrafish [22]. 

This study suggested that these death receptors are targets of Wnt/β-catenin signaling 

and are required for Vegf-mediated JNK activation. However, loss of DR6 and TROY 

exhibited only modest effects on CNS angiogenesis and no reduction of Glut1 expression. 

In addition, studies by Ulrich et al found that zebrafish reck mutants displayed weak kdrl 
transcriptional reporter expression in PHBCs, suggesting that inactivation of Wnt/β-catenin 

signaling might impair Vegf activity [23]. Conversely, Vanhollebeke et al reasoned that 

reduced Vegf signaling is an unlikely explanation for defective CNS angiogenesis in both 

the gpr124 mutants and reck morphants because basilar artery formation is unaffected and 
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no significant differences in the transcriptional level of vegf ligands were found in zebrafish 

gpr124 mutants [20]. Our results, similar to Vanhollebeke et al, did not reveal any obvious 

reduction of kdrl:mCherry signal in gpr124 morphants. We propose that the phenotypic 

discrepancies between the gpr124 and reck mutants may be due to functional differences 

of these gene products as the effects of inactivating these genes are not fully equivalent 

as previously described [23]. Moreover, reck encodes a GPI-anchored glycoprotein that 

inhibits the activity of several matrix metalloproteinases (MMPs) [82] and functions as a key 

regulator of angiogenesis [32, 83]. Thus, reck mutants may exhibit additional phenotypes 

that could be independent of Wnt/β-catenin signaling.

Additional mechanisms may involve crosstalk of Wnt/β-catenin and Vegf signaling with 

other developmental pathways, such as Notch [84, 85]. During angiogenic sprouting, Vegf 

signaling functions upstream of Notch signaling to control tip/stalk cell specification [86–

88]. To examine tip cell function in Wnt/β-catenin mutants, Vanhollebeke et al used 

transplantation experiments to demonstrate a tip cell-specific requirement for Gpr124 

and Reck during CNS angiogenesis. However, these experiments did not discriminate 

whether the Wnt/β-catenin signaling pathway provides either a permissive role during 

CNS angiogenesis or a selective role during tip cell specification. Under Vegf stimulation, 

endothelial tip cells upregulate expression of the Notch receptor ligand Dll4, which activates 

Notch signaling in neighboring stalk cells and suppresses the tip cell phenotype [38]. To 

assess dll4 in Wnt/β-catenin mutants, the zebrafish gpr124 and reck mutants were examined 

by in situ hybridization and both showed dll4 transcript expression in the PHBCs [20, 

23]. While these results potentially indicate that Vegf signaling is intact in the absence 

of Wnt/β-catenin, endothelial-specific β-catenin gain-of-function studies have also shown 

upregulation of Dll4, complicating this analysis [89].

Paradoxically, previous studies have also demonstrated that Vegf signaling upregulates Plvap 

expression [64, 90] while Wnt/β-catenin signaling downregulates Plvap expression [91, 92]. 

During neurovascular development, Plvap, a structural component of fenestrae, is initially 

expressed in BECs, but this expression subsides during blood vessel maturation and is 

absent from adult brain endothelium except for the vasculature of circumventricular organs 

and in certain disease states [6, 93, 94]. Interestingly, a recent study by Parab et al used 

our transgenic plvap:EGFP reporter line to demonstrate that specific combinations of Vegf 

ligands are required to selectively drive expression of plvap:EGFP during vessel formation 

in the zebrafish myelencephalic choroid plexus [95]. In addition, our previous work showed 

that plvap:EGFP is initially expressed in the early brain vasculature, decreases during BBB 

maturation, and is absent from the adult zebrafish brain [16]. These results demonstrate 

that the zebrafish plvap:EGFP transgene recapitulates the developmental expression of 

mammalian PLVAP [6]. In our current study, we find plvap:EGFP expression in the PHBCs 

of both the gpr124 and kdrl mutants as well as embryos treated with Vegfr inhibitors, 

indicating that loss of either pathway does not disrupt plvap:EGFP expression. Thus, while 

both Wnt and Vegf pathways are activated during CNS angiogenesis, it remains unclear how 

Plvap expression is regulated by these or other pathways during neurovascular development.

In contrast to our study, Ulrich et al used in situ hybridization to examine plvap transcript 

expression and found relatively higher levels of plvap transcript in the PHBCs of reck 
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mutants and in embryos with ubiquitous, heat shock-induced Axin-1 in comparison to the 

level of plvap transcript in the PHBCs of WT and kdrlum19 mutants [23]. These results are 

somewhat surprising given that this study indicated that plvap transcript was present in WT 

CtAs but absent from WT and kdrlum19 mutant PHBCs. Based upon these observations, 

the authors suggested that Vegf activity is dispensable for cerebrovascular canonical Wnt 

signaling. Presumably, this suggestion is based upon the concept that reduced Wnt/β-catenin 

signaling in reck mutants may result in the upregulation of the plvap transcript, whereas WT 

and kdrlum19 mutants maintain normal Wnt/β-catenin signaling. Conversely, as described 

above, we did not observe upregulation of the plvap:EGFP transgenic reporter in gpr124 
morphants nor did we detect reduced plvap:EGFP expression in the PHBCs of WT or kdrl 
mutants. Thus, we conclude that the inconsistencies between Ulrich et al and our study may 

be due to differences between plvap expression by in situ hybridization versus plvap:EGFP 
transgene expression and/or functional differences between reck and gpr124.

Despite the essential role for Wnt/β-catenin and Vegf signaling during neurovascular 

development, no studies to date have definitively determined the specific interactions 

between these pathways. Based upon our findings, we propose that Wnt/β-catenin and 

Vegf signaling act either sequentially or cooperatively (Fig. 6). For sequential activation, 

one pathway is required for the other pathway to be functional. Based upon the expression 

of barriergenesis markers and activation of TCF/LEF transcription, we found that Wnt/β-

catenin signaling is intact when Vegf signaling is disrupted, suggesting that Vegf signaling 

is not upstream of Wnt/β-catenin signaling or barriergenesis (Fig. 6, red arrows). Therefore, 

if the pathways are sequential, then Wnt/β-catenin signaling must be required for Vegf 

signaling (Fig. 6, dashed arrow 1). This model is consistent with previous studies that 

demonstrated GPR124 regulation of Vegf-induced tumor angiogenesis [96] and endothelial-

specific β-catenin regulation of VEGFR2 and VEGFR3 during postnatal brain and retinal 

angiogenesis [97]. These interactions are likely transcription-dependent, where Wnt/β-

catenin signaling activates the transcription of one or more genes required for Vegf 

signaling. However, other studies showed endothelial-specific expression of dll4 transcript 

in the absence of Wnt signaling [20, 23]. As Vegf is known to regulate Dll4 during tip 

cell specification [38], these results potentially indicate that Vegf signaling can function 

independently of Wnt/β-catenin signaling in BECs. These findings support a cooperative 

activation model as an alternative mechanism, in which Wnt/β-catenin and Vegf pathways 

converge in the regulation of CNS angiogenesis (Fig. 6, dashed arrow 2). This could occur 

through co-regulation of transcriptional targets, in which one or more genes essential for 

angiogenesis requires transcription factors from both pathways to activate transcription.

In conclusion, our findings provide the first direct evidence, to our knowledge, that Vegf 

signaling is not required for Wnt/β-catenin-dependent barriergenesis. We also show that 

activation of Wnt/β-catenin signaling occurs independently of Vegf signaling in brain 

endothelial cells. Our results provide important new insights for unraveling the complexities 

of neurovascular development and discovering effective therapies that target the brain 

vasculature. Future studies examining the molecular and cellular connections between CNS 

angiogenesis and barriergenesis, the interdependent relationships between multiple signal 

transduction pathways, and the individual contributions of both Wnt/β-catenin and Vegf 

signaling will be essential to fully understand the fundamental biology of the BBB.
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Highlights

• Vegf signaling is required for CNS angiogenesis, but not barriergenesis

• Zebrafish kdrl, but not gpr124, mutants acquire blood-brain barrier properties

• Wnt/β-catenin-dependent barriergenesis does not require Vegf signaling
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Fig. 1. Zebrafish uw112 mutants express glut1b:mCherry in the absence of CNS angiogenesis.
(A, B) Representative confocal microscopy images showing the glut1b:mCherry and 

plvap:EGFP labeled blood vessels in uw112 mutants in comparison to WT embryos and 

gpr124 mutants. Images are dorsal views of the head (anterior left) in live embryos at 2 and 

3 dpf (A and B, respectively). At 2 dpf, uw112 and gpr124 mutants show a significant lack 

of central arteries (CtAs) as compared to WT (A). At 3 dpf, a distinct lack of blood vessels 

within the brain persists in both mutants (B). At both time points, uw112 mutants express 

glut1b:mCherry in the primordial hindbrain channels (PHBCs) (white arrows) while gpr124 
mutants do not. Scale bars are 100 μm. (C) Quantification of the number of CtAs at 2 dpf 

(n=3). (D) Quantification of the vasculature within the brain parenchyma at 3 dpf. For each 

group (n=3), the blood vessels labeled with mCherry and those labeled with EGFP were 

quantified separately from the same fish. Data in both bar graphs (C, D) are presented as 

means ± standard error of the mean (SEM) (**p < 0.01; ***p < 0.001; ns = not significant).
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Fig. 2. Identification of zebrafish uw112 as a new mutant allele of kdrl.
(A) Representative confocal images (dorsal views; anterior left) of the complementation test 

between uw112 and kdrlum19 mutants showing the same mutant phenotype as the uw112 
mutants at 3 dpf. Scale bar is 100 μm. (B) DNA sequence for segments of kdrlWT and 

mutant kdrluw112 showing the T41A mutation (circled). The N-terminal protein sequence 

is also provided, showing the L14H protein mutation (highlighted). (C) SignalP-5.0 graphs 

predicting the presence of a signal peptide in the WT Kdrl protein verses the mutant Kdrl.
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Fig. 3. Vegfr tyrosine kinase inhibitors, DMH4 and AV-951, block CNS angiogenesis but not 
barriergenesis.
(A) Representative confocal images (dorsal views; anterior left) of untreated, DMSO-treated, 

or inhibitor-treated glut1b:mCherry, plvap:EGFP embryos. Embryos were treated at 24 hpf 

then imaged at 54 hpf. Note that the inhibitor-treated embryos lack CtAs but express 

glut1b:mCherry in the PHBCs indicating that barriergenesis occurs in the absence of CNS 

angiogenesis. In addition, 1 μM DMH4 was as effective as 5 μM DMH4 at blocking 

CNS angiogenesis. AV-951 (1 μM) showed similar effects as 5 μM DMH4. Scale bars are 

100 μm (top left) and 50 μm (top right). (B) Quantification of the number of CtAs at 2 

dpf for untreated, DMSO-treated, or inhibitor-treated embryos (n=3). (C) Quantification 

of the normalized RFI of glut1b:mCherry in untreated, DMSO-treated, or inhibitor-treated 

embryos at 2 dpf (n=3). Data for (B) and (C) are presented as means ± SEM (***p < 0.001; 

ns = not significant).
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Fig. 4. Zebrafish kdrl, but not gpr124, mutants, express BBB markers.
(A) Representative confocal microscopy images showing Claudin-5 staining. WT, kdrl, 
and gpr124 larvae were stained with α-Claudin-5 and α-Glut1. The plvap:EGFP transgene 

was used as a blood vessel marker. (B) Quantification was calculated from the fraction of 

the total blood vessels in the hindbrain labeled with α-Claudin-5. (C, D) Representative 

confocal images of α-Pgp staining at 5 dpf with the same controls as in (A) and 

quantification strategy as in (B). All images are lateral views (anterior left; dorsal top) 

of whole-mount stained larvae at 5 dpf. Scale bars are 100 μm for the merged images (left 

panels) and 40 μm for the zoomed images. Data in B and D are presented as means (n = 3) ± 

SEM (***p < 0.001; ns = not significant).
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Fig. 5. Vegf signaling is not required for Wnt/β-catenin transcriptional activity.
(A) Representative confocal images of tcf:EGFP, kdrl:mCherry embryos at 2 dpf that were 

untreated, DMH4-treated (DMH4), or injected with a gpr124 morpholino (gpr124 MO). 

tcf:EGFP signal is present in the WT brain vasculature (top panels) and in the PHBCs of 

the DMH4-treated embryos (middle panels; white arrows), but not the gpr124 MO-injected 

embryos (bottom panels). Scale bar is 100 μm for the first three columns and 40 μm for 

the zoomed images (right panels). (B) Quantification of the fraction of kdrl:mCherry-labeled 

hindbrain vasculature expressing tcf:EGFP. (C) Quantification of the normalized relative 

fluorescence intensity (RFI) of tcf:EGFP in the hindbrain vasculature. Data in B and C are 

presented as means (n = 4) ± SEM (*p < 0.05; ***p < 0.001; ns = not significant).

Fetsko et al. Page 25

Dev Biol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Schematic model showing the potential interactions between Wnt/β-catenin signaling and 
Vegf signaling.
Our data indicate that Wnt/β-catenin signaling and barriergenesis do not require Vegf 

signaling (red arrows with X), whereas CNS angiogenesis requires either (1) Wnt/β-catenin 

regulation of Vegf signaling or (2) Wnt/β-catenin and Vegf co-regulation (dashed black 

arrows).
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