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Analysis of a Zebrafish VEGF Receptor Mutant
Reveals Specific Disruption of Angiogenesis

lial cells to visualize blood vessels at 4 days postfertiliza-
tion (dpf) [9, 10]. We examined the F3 progeny of males
mutagenized with ethylnitrosourea (ENU) for changes in
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Germany ures 1A and 1B). After this time point, a heart edema of

increasing size formed, and the larvae became necrotic
and died approximately at 7 dpf. Alkaline phosphatase

Summary staining revealed specific defects of the vasculature
(Figures 1C–1F). The intersegmental vessels (Se) were

Blood vessels form either by the assembly and differ- either missing or just reached the horizontal myoseptum
entiation of mesodermal precursor cells (vasculogen- in most cases, and the Se spanned the entire lateral
esis) or by sprouting from preexisting vessels (angio- aspect of the larva at only a few somatic boundaries
genesis) [1–3]. Endothelial-specific receptor tyrosine (Figures 1C and 1D). The parachordal vessels (PAV) were
kinases and their ligands are known to be essential well developed in mutants and connected the shortened
for these processes. Targeted disruption of vascular Se. The subintestinal vein (SIV) was thin and often inter-
endothelial growth factor (VEGF) or its receptor kdr rupted (Figures 1E and 1F), and the number of branches
(flk1, VEGFR2) in mouse embryos results in a severe spanning the yolk was reduced. The changes of the Se
reduction of all blood vessels [4–6], while the complete and the SIV were variable.
loss of flt1 (VEGFR1) leads to an increased number of Additionally, starting at 3 dpf, we observed in approxi-
hemangioblasts and a disorganized vasculature [7, 8]. mately 30% of the mutant larvae accumulations of eryth-
In a large-scale forward genetic screen, we identified rocytes either around the eyes or the developing swim
two allelic zebrafish mutants in which the sprouting of bladder (Figures 1G–1J).
blood vessels is specifically disrupted without affecting
the assembly and differentiation of angioblasts. Mo-
lecular cloning revealed nonsense mutations in flk1. Vessels Forming Later than 36 hpf Are Reduced
Analysis of mRNA expression in flk1 mutant embryos or Absent in t20257 Mutant Embryos
showed that flk1 expression was severely downregu- A detailed analysis of the vascular defects of t20257
lated, while the expression of other genes (scl, gata1, and a test for functionality of vessels was done by using
and fli1) involved in vasculogenesis or hematopoiesis the microangiography technique [11, 12]. At 26 hpf, the
was unchanged. Overexpression of vegf121�165 led to circulation in zebrafish is established, and, at this stage
the formation of additional vessels only in sibling lar- of development, mutant and sibling larvae were indistin-
vae, not in flk1 mutants. We demonstrate that flk1 is guishable by microangiography (data not shown). The
not required for proper vasculogenesis and hemato- first alterations in the mutants became visible at 2 dpf.
poiesis in zebrafish embryos. However, the disruption At this stage, the Se have luminized at every somite
of flk1 impairs the formation or function of vessels boundary in wild-type embryos. In mutant embryos,
generated by sprouting angiogenesis.

however, only about 50% of somite boundaries had at
least one out of two bilateral Se that reached the most

Results
dorsal region. At the other somite boundaries, the Se
were absent or stopped prematurely. All vascular de-
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Jülich, D., Knaut, H., Maderspacher, F., Neumann, C., Nicolson, T., The head vessels in t20257 mutant embryos devel-
Nüsslein-Volhard, C., Roehl, H., Schönberger, U., Seiler, C., Söllner, oped normally up to 1.5 dpf and established all main
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For this marker, no recombination event could be ob-
served in 3.122 meioses. We also performed 5�RACE
for flk1 and obtained the full-length sequence.

To determine if a knockdown of flk1 mimics the mutant
phenotype, we injected antisense morpholino oligonu-
cleotides targeting the 5� UTR of flk1. Larvae injected
with 4.5 ng morpholino displayed the same vascular
defects as observed in t20257 mutant larvae without
changing the overall morphology (Figures 3B, 3D, and
3F), while injection of control morpholinos had no effect
(Figures 3C and 3E). This finding strongly suggested
that t20257 and t21588 carry mutations in the flk1 gene.

By sequencing flk1 cDNA from t20257 mutant larvae,
we found a T-to-A transversion changing a leucine co-
don (amino acid 601) into a stop codon, while, in t21588,
a C-to-A transversion changes a cysteine codon (amino
acid 470) into a stop codon. These single base pair
changes were confirmed on genomic DNA of 20 pheno-
typically mutant and 20 sibling larvae for each allele
(Figure 3G). For both alleles, the derived hypothetical
proteins are truncated and lack the transmembrane do-
main and the intracellular part containing the tyrosine
kinase domain (Figure 3H).

In summary, meiotic mapping of t20257 revealed
close linkage to flk1. Sequencing showed premature
stop codons in both alleles. The mutant phenotype could
be copied by injecting antisense morpholino oligonucle-
otides. Therefore, we conclude that t20257 and t21588Figure 1. Various Aspects of the Vasculature Are Affected in t20257
are allelic to flk1.Mutant Larvae

(A–J) (A, C, E, G, and I) Sibling larvae and (B, D, F, H, and J) t20257
mutant larvae at 4 dpf (PTU treated). (A and B) Mutant larvae display The Expression of flk1, but Not of Other Markers
no obvious overall morphological changes. (C–F) Alkaline phospha- for Vasculogenesis and Hematopoiesis, Is Affected
tase staining reveals the reduction of intersegmental vessels (Se)

in flk1t20257 Mutant Embryosand the subintestinal vein (SIV) in t20257 mutants (PAV: parachordal
To analyze hematopoiesis and vasculogenesis in thevessel). (G–J) In some mutant larvae, erythrocytes accumulate either

(G and H) around the eyes or (I and J) above the yolk sac. The scale progeny of heterozygous flk1t20257 carriers, we performed
bar represents 200 �m in (A)–(F), (I), and (J) and 40 �m in (G) and (H). in situ hybridizations using markers specific for these

processes (scl, gata1, fli1, vegf, and flk1). Subsequently,
individual embryos were genotyped. At the 7-somite

could be detected in microangiographies at 4 dpf, while stage, all embryos with a mutant genotype (n � 10)
the vessels with a large diameter formed before 1.5 displayed a strong reduction of flk1 expression (Figures
dpf developed normally (Figures 2C–2F). A remarkable 4A and 4B). In contrast, the expression of scl, fli1, vegf,
exception was the lateral dorsal aorta. In wild-type lar- and gata1 was indistinguishable between sibling and
vae, the section between the efferent artery of the first mutant larvae (n � 80 for each probe; Figures 4C–4F,
branchial arch and the caudal division of the internal data for vegf and gata1 are not shown).
carotid artery consists of a single vessel. In contrast, in At 28 hpf, flk1 expression was still downregulated in
mutant larvae, a vascular plexus of variable size formed all mutant embryos (n � 16) compared to sibling larvae
(Figures 2G and 2H). (n � 56; Figures 4G and 4H). The expression of scl, gata1,

In summary, the analysis of the circulatory system and vegf was unaltered (data not shown). In mutant
shows that, in t20257 mutants, the development of ves- embryos, fli1 staining demarcated the main circulatory
sels was unaltered up to 1.5 dpf. All vessels that are routes as it did in siblings (Figures 4I and 4J). The only
either reduced, absent, or not functional in t20257 mu- exceptions were the sprouts of the forming Se that were
tants form after this time point. missing in 60% of the mutant embryos (n � 17), and

this difference reflects the reduction of these vessels in
mutants.Molecular Cloning Reveals a Mutation in the Gene

Previously Published as flk1
The allele t20257 mapped to linkage group 14 between Flk1 Function Is Necessary for the Formation of

Additional Vessels upon vegf121�165 Overexpressionmicrosatellite marker z1226 and z36206 (Figure 3A). Ra-
diation hybrid mapping data [13] showed that a gene To test whether the Flk1 receptor is required for VEGF

signal transduction, we injected vegf165 DNA constructsfragment published as flk1 [14–17] mapped in this inter-
val. We assembled a contiguous stretch of genomic into embryos derived from heterozygous flk1t20257 carri-

ers. This resulted in high expression levels of vegf165DNA covering the whole locus (Figure 3A) and generated
a simple sequence length polymorphism marker (HH01). mRNA in the yolk, while ectopic expression in other
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regions of the embryo was not detectable, as examined suggesting that this gene is the zebrafish ortholog of
the mammalian Flk1 [14–17]. However, analyzing theby in situ hybridization (data not shown). A total of 432

embryos from 10 different heterozygous matings were full-length sequence of the zebrafish VEGF receptor by
using ClustalW and BLAST reveals a closer relationshipinjected with 50 pg DNA, and the vasculature was visual-

ized. Almost all vessels were unchanged. Only the SIV to mammalian Flt1 than to mammalian Flk1 (data not
shown). When comparing the extracellular domain andshowed the formation of additional vessels between the

SIV and the common cardinal vein (Figures 5A and 5C). the kinase domain separately, the results are contradic-
tory, since the extracellular domain shows higher simi-This effect could be observed in 16.5% � 10.5% of the

larvae, while 24.0% � 6.0% showed a mutant SIV (Figure larity with mammalian Flt1, while the kinase domain is
more similar to mammalian Flk1. Therefore, it has been5B). Genotyping revealed that all specimens with addi-

tional vessels were heterozygous or wild-type (n � 52). In suggested that the published zebrafish VEGF receptor
either represents an ancestor of both the Flk1 and Flt1contrast, mutant larvae never formed additional vessels,

but the SIV remained thin and the number of branches genes or a third receptor distinct from Flk1 and Flt1
[14–17]. At the moment, this question cannot be re-was still reduced (n � 79).

Similar results were observed when overexpressing solved. We feel that it is likely that the nomenclature
will have to be changed once the complete genomica 1:1 mixture of vegf165 and vegf121. A total of 241 embryos

from 7 different heterozygous matings were injected sequence is available.
The extracellular parts of the mammalian VEGF recep-with an approximate total of 50 pg DNA. Additional

sprouts were observed in 32.4% � 15.5% of the larvae tors Flk1 and Flt1 comprise seven Ig-like domains. Anal-
ysis of the zebrafish VEGF receptor by using PFam iden-(Figure 5D), while 22.8% � 8.4% displayed a mutant SIV.

Genotyping showed that all larvae with surplus vessels tifies only six instead of seven Ig-like domains, possibly
reflecting the absence of the second Ig-like domain inwere heterozygous or wild-type (n � 72).

Overexpression of vegf165 or a mixture of vegf121 and zebrafish. However, a comparison of the extracellular
part of zebrafish flk1 with human KDR shows a very highvegf165 is sufficient to cause the outgrowth of additional

vessels in wild-type embryos. However, flk1 mutant lar- similarity between the second human Ig-like domain and
the corresponding zebrafish sequence. We thereforevae did not respond to such a VEGF stimulus with the

formation of additional sprouts, and the SIV was not suggest that the zebrafish VEGF receptor comprises
seven Ig-like domains.restored.

The ligand binding function of the Flt1 and Flk1 recep-
tors resides within the first four Ig-like domains [20–24].

Discussion In both identified mutant flk1 alleles, premature stop
codons presumably lead to a truncated protein compris-

The alkaline phosphatase activity-based staining assay ing the first four or five Ig-like domains, respectively.
allowed a more sensitive detection of vascular defects Therefore, a truncated Flk1 receptor might retain some
than in the first large-scale zebrafish screens [18, 19]. VEGF binding activity in mutant embryos. However, the
By this means, we performed, to our knowledge, the morpholino knockdown of flk1 phenocopies the chemi-
largest forward genetic screen for genes involved in cally induced mutations. In addition, flk1 transcripts are
vertebrate blood vessel formation. almost absent in flk1 mutant embryos, probably due to

Phenotypic analysis of flk1t20257 has shown that the nonsense-mediated mRNA decay. These findings
formation of the initial circulatory loops in the trunk and strongly suggest that flk1t20257 and flk1t21588 represent null
tail occurs normally. After this time point, the first alter- mutations.
ations become visible on a molecular level. The sprouts The loss of flk1 in zebrafish does not disturb vasculo-
of the Se cannot be detected in fli1 in situ hybridizations genesis and hematopoiesis but specifically disrupts an-
of flk1 mutant embryos. This defect is mirrored on a giogenic sprouting of blood vessels from preexisting
morphological level, since, in flk1 mutants, the Se fail vessels. This phenotype differs from the results of gene
to form in approximately half of the somite boundaries. targeting experiments for both Flk1 and Flt1 in mouse
Other vessels that are either affected in their formation [6–8]. These discrepancies might be explained by the
or function are the central arteries, the blood supply of differences during embryonic blood vessel formation
the digestive system (most prominently the SIV), and between zebrafish and mouse. While in mouse embryos
the pectoral artery and vein. These vessels are probably a primary vessel plexus is formed and subsequently
generated by sprouting angiogenesis [10, 12]. A failure remodeled, the main vessels in zebrafish form directly
in sprouting might also explain the observed accumula- without apparent remodeling [12].
tions of erythrocytes around the swim bladder in flk1t20257 Overexpression of vegf121 and vegf165 mRNA stimulates
mutants, since the formation of the blood vessel plexus the differentiation of endothelial cells and hematopoie-
on the swim bladder occurs around 3 dpf. The blood sis [25]. Here, we demonstrate that ectopic overexpres-
pools around the eye might involve the formation of sion of vegf165 or vegf121�165 induces the formation of
lacunae in the choroid plexus comparable with the additional vessels in wild-type zebrafish larvae, mimick-
changes of the lateral dorsal aorta. These alterations ing a similar response to VEGF in other vertebrates [26–
might be explained by impaired remodeling of blood 28]. However, in the absence of a wild-type Flk1 recep-
vessels and are the subject of further studies. tor, additional blood vessels are never observed,

In zebrafish, only one VEGF receptor has been identi- confirming that zebrafish flk1 is necessary for VEGF-
fied so far. Based on alignments and BLAST analysis of induced sprouting of new blood vessels. Comparing

the injection of vegf165 and the coinjection of vegf121�165partial sequence information, it has been named flk1,
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Figure 2. All Vessels that Are Affected in t20257 Mutant Larvae Form Later than 36 hr Postfertilization in the Wild-Type

(A–H) Confocal microangiography of a (A, C, E, and G) sibling larva and a (B, D, F, and H) t20257 mutant larva at 4 dpf. (A and B) A lateral
view, (C and D) a dorsal view of the head, (E and F) a schematic drawing of a subset of the head vessels, (G and H) and a blow-up of the
right lateral dorsal aorta. (A and B) In the trunk and tail, the dorsal aorta (DA), caudal artery (CA), caudal vein (CV), and posterior cardinal vein
(PCV) are indistinguishable between siblings and mutants. The mutant heart (H) is slightly smaller. Despite the lack of a functional subintestinal
vein (SIV), a network of small channels forms in the developing liver (L). (C–F) In the head, the vessels forming before 1.5 dpf, e.g., the
prosencephalic artery (PrA), the anterior cerebral vein (ACeV), or the basilar artery (BA), are normally developed. However, in mutant larvae,
the central arteries (CtA) are not detectable. (G and H) The vessels shown are located underneath the vessels labeled MCeV� in Figures 2E
and 2F. In mutant larvae, the lateral dorsal aorta (LDA) forms a vascular plexus. Other abbreviations used include: asterisk, accumulation of
fluorescent dye; AA, aortic arches; AA3, first branchial arch; BCA, basal communicating artery; CaDI, caudal division of the internal carotid
artery; CCtA, cerebellar central artery; DCV, dorsal ciliary vein; DLAV, dorsal longitudinal anastomotic vessel; DLV, dorsal longitudinal vessels;
MCeV, middle cerebral vein; MMCtA, middle mesencephalic central artery; MsV, mesencephalic vein; MtA, metencephalic artery; NV, nasal
vein; OpV, ophthalmic vein; PAV, parachordal vessel; PCeV, posterior cerebral vein; PHBC, primordial hindbrain channel; PHS, primary head
sinus; PMBC, primordial midbrain channel; PMCtA, posterior mesencephalic central artery; Se, intersegmental vessel; and VTA, vertebral
artery. The scale bar represents 200 �m in (A)–(F) and 20 �m in (G) and (H).
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Figure 3. t20257 and t21588 Are Mutant Al-
leles of the Gene Published as flk1

(A) Meiotic mapping with microsatellite mark-
ers placed t20257 on linkage group 14 be-
tween the markers z1226 and z36206. A
contiguous stretch of genomic DNA was as-
sembled covering the entire flk1 locus. For
the marker HH01, no recombinants were
found. The numbers of recombinants per an-
alyzed meioses are shown in brackets.
(B–F) Knockdown of flk1 by injecting an anti-
sense morpholino oligonucleotide targeting
the 5� UTR of the flk1 mRNA results in a phe-
nocopy of the t20257 and t21588 mutations.
(B, D, and F) Larvae injected with 4.5 ng anti-
sense morpholino oligonucleotide; (C and E)
control larvae. (B) The overall morphology is
not affected at 4 dpf, (C–F) but alkaline phos-
phatase staining reveals the same changes
of the intersegmental vessels (Se), the para-
chordal vessels (PAV), and the subintestinal
vein (SIV) that can be observed in the ENU-
induced mutations. The scale bars represent
200 �m.
(G) Sequencing the genomic DNA of single
larvae confirms the point mutation detected
in the cDNA of t21588 mutant larvae: larvae
with a wild-type vasculature are either homo-
zygous for a G at the site of interest or are
heterozygous G/T. Larvae with a mutant vas-
culature are always homozygous for T at the
site of interest.
(H) The point mutations in t20257 and t21588
both result in nonsense codons. Red boxes,
Ig-like domains; yellow diamond, transmem-
brane domain; blue ovals, tyrosine kinase do-
mains.
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Figure 4. flk1 Is Not Required for the Early
Expression of scl and fli1

(A–J) Whole-mount in situ hybridizations of
(A, C, E, G, and I) sibling and (B, D, F, H, and
J) mutant larvae using (A, B, G, and H) flk1,
(C and D) scl, and (E, F, I, and J) fli1 as probes
to detect the respective mRNAs. (A–F) A dor-
sal view of flat-mounted embryos at the
7-somite stage; (G–J) a lateral view of 28-
hpf embryos. (A, B, G, and H) Mutant larvae
showed a strongly reduced expression of flk1
both at the 7-somite stage and at 28 hpf. (C–F)
The expression of scl and fli1 is indistinguish-
able between embryos with either a mutant
or a sibling genotype at the 7-somite stage.
At 28 hpf, fli1 expression in mutant embryos
resembles the wild-type expression pattern,
with the exception of the forming interseg-
mental vessels, which are not stained. Ante-
rior is oriented toward the left; the scale bars
represent 500 �m.
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