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Cardiovascular Failure in Mouse 
Embryos Deficient in VEGF 

Daniel J. Dumont,"? Lotta Jussila," Jussi Taipale," 
Athina Lymboussaki, Tuija Mustonen, Katri Pajusola, 

Martin BreitmanJ Kari Alitalog 

Vascular endothelial growth factor (VEGF) is a key regulator of blood vessel 
development in  embryos and angiogenesis in adult tissues. Unlike VEGF, the 
related VEGF-C stimulates the growth of lymphatic vessels through its specific 
lymphatic endothelial receptor VEGFR-3. Here it is shown that targeted inactiva- 
tion of the gene encoding VEGFR-3 resulted in defective blood vessel devel- 
opment in early mouse embryos. Vasculogenesis and angiogenesis occurred, but 
large vessels became abnormally organized with defective lumens, leading t o  
fluid accumulation in the pericardial cavity and cardiovascular failure at embryonic 
day 9.5. Thus, VEGFR-3 has an essential role in the development of the em- 
bryonic cardiovascular system before the emergence of the lymphatic vessels. 

Disruption of VEGF or either of its hvo recep- 
tors VEGFR-1 (Flt-1) or VEGFR-2 (Flk-1) 
results in early embryonic death because of 
a failure of blood vessel development (1-4). 
The related placenta growth factor (PlGF) and 
VEGF-B signal through VEGFR-1 (5), where- 
as VEGF-C and VEGF-D can use both 
VEGFR-3 and VEGFR-2 for signaling (68). 
The expression of VEGFR-3 (Flt4) starts dur- 
ing mouse embryonic day (E) 8 in developing 
blood vessels but becomes largely restricted to 
the lymphatic vessels after their formation (9). 

To analyze the biological role of VEGFR-3, 
we generated mice lacking a functional gene 
encoding VEGFR-3 by a knock-in strategy in 
which the bacterial @-galactosidase gene (LacZ) 
was placed in the frst  coding exon under the 
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control of the transcriptional regulatory se- 
quences of VEGFR-3, deleting the beginning of 
the protein-coding region (Fig. 1) (10). The 
P-galactosidase (@-Gal) marker allows analysis 
of the pattern of VEGFR-3 gene expression in 
the gene-targeted mice. 

Heterozygous mice and embryos appeared 
phenotypically normal. and the P-Gal expres- 
sion in their tissues was consistent with that 
observed in VEGFR-3 in situ hybridization 
analysis of tissue sections (9) For example, 
large perlcardial lymphatic vessels were detect- 
ed in mhole-mount stailling of the heart of a 
ilewbol~l VEGFR-3+ - mouse (Fig 2A), 
whereas only blood ~essels  mere stained m a 
s~milar analysis of Tie-1+ mice (II), mhich 
express P-Gal in endothelial cells (12) The 
stamed vessels did not coiltaiil erythocytes in 
sections of neaborn slan, confirming thelr lym- 
phatic nature (Fig 2B) Also in E l4  5 embryos, 
the developing lymphatic netnork of the s h  
mas strongly stamed. for example. around the 
de\ elopmg ear (Fig 2C) At E l3  0, the expres- 
sion was most p l o m ~ e n t  111 ellous sacs in the 
jugular and mesonephric regions and their sur- 
rounding vessels, supporting Sabin's theory on 
the origin of the frst lymphatic vessels (13) 
(Fig. 2D). 

To date, no live-born VEGFR-3-'  mice 
have been found. To determine the onset of 
embryonic lethality, we isolated embryos at 
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various stages of gestation. Homozygous 
VEGFR-3-I- embryos at E12.5 were severely 
necrotic (Table 1). At E10, the VEGFR-3-I- 
embryos were alive and could be identified by 
their underdeveloped yolk sac vasculature, 
which was pale and lacked major blood vessels 
(Fig. 3A), apparently because of a failure of 
remodeling of the yolk sac capillary network 
into complex vitelline vessels. 

Whole-mount P-Gal staining analysis of 

Fig. 1. Gene targeting of 
the murine VECFR-3 locus. 
The homologous recombi- 
nation event deletes se- 
quences encoding the initi- 
ation codon and signal 
peptide of the VECFR-3 
gene and places the Lad 
gene under the control of 
the VECFR-3 promoter and 
enhancer elements. Sche- 
matic structures of the 
wild-type and recombinant 
loci and the tareetine vec- 

homozygous E9.5 VEGFR-3-I- embryos re- 
vealed an intense staining of an immature 
pattern of uniformly sized vessels in the de- 
veloping head region making up the perineu- 
ral vascular plexus (black arrow in Fig. 3B) 
(14). In contrast, in heterozygous embryos, 
VEGFR-3 expression was decreased in the 
mature perineural vessels (arrow in Fig. 3C). 
These results suggest that VEGFR-3 is nec- 
essary for the remodeling and maturation of 

" " 
tor are shown. K, Kpn I; B, Bam HI; 5, Sal I; H, Hind Ill; N, Not I; D, Dra I; and PA, polyadenylation sequence. 
(Inset) Southern blot analysis of E1O.O embryos after Dra I digestion with the indicated fragment (red 
bar) as the hybridization probe. Migration of DNA size markers (in kilobases) is shown on the right 

Fig. 2 (top). Whole-mount P-Gal staining of 
VECFR-3 heterozygous embryos and tissues. 
(A) The heart of a newborn VECFR-3+/ mouse 
reveals large lymphatic vessels (blue) at the 
pericardial surface. In contrast, coronary blood 
vessels (arrowheads) are not stained. (B) A 
section of newborn skin illustrating blue- 
stained lymphatic vessels (black arrowheads) 
and an unstained blood vessel containing 
erythrocytes (red arrowhead). E, epidermis. (C) 
Developing lymphatic network in the skin 
around the ear (asterisk) at E14.5. (D) At E13.0, 
P-Gal expression is most prominent at sites of 
lymphatic vessel development in the jugular 
(arrow) and perimesonephric (arrowhead) re- 
gions. Scale bars. 250 um. Fie. 3 Ibottom). 

the perineural vascular plexus into a treelike 
hierarchy of large and small vessels and that 
its expression is subsequently decreased in 
the more mature vessels (15). In contrast, 
formation of new vessels by sprouting from 
preexisting ones, sprouting angiogenesis, ap- 
parently occurred in VEGFR-3-'- embryos, 
as evidenced by the presence of intersomitic 
vessels (arrowheads in Fig. 3, B and C). The 
pericardial cavity of the homozygous mutant 
embryos contained fluid or occasionally blood 
(red arrows in Fig. 3, B and D). In cross 
sections, the P-Gal staining was observed in 
endothelial cells of all developing blood ves- 
sels (Fig. 3E). In addition, the presence of 
erythrocytes in the VEGFR-3-I embryos 
indicated that VEGFR-3 function is not nec- 
essary for primitive hematopoiesis. 

Histological analysis of transverse sec- 
tions of El0 VEGFR-3-' embryos stained 
for the panendothelial marker, platelet-endo- 
thelial cell adhesion molecule-1 (PECAM-1) 
(16), showed that the embryos were severely 
growth retarded and the vasculature was un- 
derdeveloped when compared with heterozy- 
gous or wild-type embryos (Fig. 3, F and G). 

- 
Whole-mount and histologicas aialysis df - 
VECFR-3+/- and VECFR-3-I- embryos. (A) 
Embryos at E l0 were dissected from the uterus, 
and the decidua was removed to expose em- 
bryos with the yolk sac intact. The VECFR-3-/- 
embryo (left) is identified by its underdevel- 
oped yolk sac vasculature (arrows). P, placenta. 
Whole-mount p-Gal staining of E9.5 VECFR- 
3-I- (B) and VECFR-3+/- (C) embryos indi- 
cates that the pericardial cavity is enlarged (red 
arrow) and an immature perineural vascular 
plexus persists in the homozygote, whereas, in 
the heterozygote, vascular remodeling with 
down-regulation of P-Gal expression has oc- 
curred (black arrows). lntersomitic vessels ap- 
pear similar in both cases (arrowheads). (D) 
Occasionally, blood was observed in the peri- 
cardial cavity of homozygous embryos. (E) A 
transverse section from the embryo in (B) re- 
veals that the p-Gal-stained structures contain 
erythrocytes and thus are blood vessels. (F) At 
E1O.O, the PECAM-I-stained VECFR-3-I- em- 
bryo is growth retarded, the endothelial cells 
are fewer and disorganized, and the major ves- 
sels have not developed. (C) PECAM-I-stained 
VECFR-3+'- embryo at E10. Note the differ- 
ences in the sizes of the pericardial space [red 
arrowheads in (F) and (C)]. Scale bars: for (A) to  (D), (F), and (C), 100 km; for (E), 50 pm. 
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At E9.0, whole-mount homozygous mutant 
embryos appeared indistinguishable from 
wild-type and heterozygous embryos. The 
myocardium, endocardium (Il),  and small 
vessels appeared normal in PECAM-1 stain- 
ing of tissue sections (Fig. 4, A and B). In 
contrast, the staining revealed irregularly 
formed large vessels with defective lumens, 
including the anterior cardinal vein and dor- 
sal aorta (arrows and arrowheads in Fig. 4, A 
and B, respectively). 

The defects in the VEGFR-3-'- embryos 
were localized at putative sites of VEGFR-3 
ligand signaling. For example, the VEGFR-3 
gene was expressed at E9.0 in endothelial cells 
of the dorsal aorta (Fig. 4C) (1 7), and its ligand, 
VEGF-C, was expressed in the adjacent tissue 
(Fig. 4D). The yolk sac blood islands of the 

homozygous and heterozygous knockout em- 
bryos were normal in structure, their endothelial 
cells expressed VEGFR-3 as determined by 
LacZ staining (Fig. 4, E and F) (17), and 
the mesodermal component also contained 
VEGF-C mRNA (Fig. 4, G and H). No 
VEGFR-3 RNA was detected in in situ hybrid- 
ization analysis of sections from the VEGFR- 
3-/- embryos, confirming that the gene-target- 
ing strategy had produced a null allele (Fig. 4, I 
to K). In contrast, the localization and intensity 
of the VEGF-C in situ hybridization signal 
were similar regardless of the VEGFR-3 geno- 
type (11). 

The embryonic cardiovascular system is 
the first organ system to develop (18). For- 
mation of the yolk sac blood islands, which 
contain hematopoietic and endothelial pre- 

Table 1. VECFR-3 genotypes and corresponding phenotypes. Data are the number of embryos or mice 
with the indicated genotype from VECFR-3"- breeding pairs. After E9, al l  the VECFR-3-/ embryos 
were growth retarded; they were necrotic after E12.5. Edema of the pericardial sac was observed a t  El0 
in 82% (9 out of 11) of the null embryos. ND, not determined. 

Age VECFR-3+It VECFR-3+'- VECFR-3-I- ND Total 
- 

E9.0 to E9.5 3 1 
E 10.0 19 
El2 to El3 9 
El4 4 
Adults 53 

* A  single El0 VECFR-3'l- embryo had edema of the pericardium. tNecrotic. 

cursors, and their subsequent remodeling into 
a functional circulatory system become criti- 
cal for fetal survival beyond E9.5. The car- 
diovascular system is sensitive to perturba- 
tion, and its development is disrupted by a 
considerable number of mutations generated 
by homologous recombination (18). Embryos 
heterozygous for VEGF fail to develop major 
vessels and die at El 1 to El2 (1). VEGFR- 
2-null embryos die at E8.5 to E9.5 because of 
an early defect in the development of hema- 
topoietic and endothelial cells (2). Embryos 
deficient in VEGFR- 1 show disorganized as- 
sembly of endothelial cells into functional 
vessels and die also at E8.5 to E9.5 (3), 
although mice lacking only the VEGFR-1 
tyrosine kinase domain are viable (19). In 
contrast, the present results suggest that al- 
though the vascular remodeling and matura- 
tion are abnormal in the VEGFR-3-null em- 
bryos, no major defects occur in the differen- 
tiation of endothelial cells and in the forma- 
tion of primary vascular networks by 
vasculogenesis or intersomitic vessels by en- 
dothelial cell sprouting. These differences in 
the null phenotypes strongly suggest that 
VEGFR-3 functions in a signaling pathway 
distinct from that used by the other VEGFRs. 

Vascular remodeling defects and pericar- 
dial fluid accumulation similar to those de- 
scribed here have also been reported in em- 
bryos mutant for the transcription factors ScV 
Tal (20), Tel-1 (21), and the tissue factor gene 
(22), but it is not known whether these genes 
act upstream or downstream of VEGFR-3.Oth- 
er targeted mouse mutants with altered vascular 
development show increased endothelial cell 
apoptosis (23) or defects in endothelial cell 
sprouting (12, 24), signaling between arteries 
and veins in capillary mo~phogenesis (25), ves- 
sel stabilization (26, 27), pericyte migration 
(28), ahd tunica media formation (29). 

The lymphangiogenic effects of VEGF-C 
(6) and its paracrine expression pattern with 
VEGFR-3 (9) have suggested that this ligand 
receptor pair functions in the developing and 
adult lymphatic system. Our present results 
provide evidence that VEGFR-3 is important 
for the remodeling and maturation of primary 
vascular networks into larger blood vessels 
and that the VEGFR-3 signaling pathway is 
necessary for the early development of the 
cardiovascular system. 

Fig. 4. lmmunohistochernical and in situ hybridization analysis of the VEGFR-3-null embryos. Blood 
vessels were identified by PECAM-1 staining; only the region around the neural tube is shown for 
clarity. At E9.0, the vasculature of the homozygous null embryo (A) is underdeveloped, and the 
major vessels, the weakly PECAM-stained cardinal vein (arrow), and strongly stained dorsal aorta 
(arrowhead) appear rudimentary; their lumens are defective in comparison with the heterozygous 
embryos in (B). At E9.0, P-Gal staining indicates VECFR-3 ex ression in the endothelial cells of the 
dorsal aorta (C) and yolk sac (E and F) of the VEGFR-3-E and VEGFR-3-I- embryos. In situ 
hybridization analysis shows that VEGF-C is expressed in mesodermally derived cells of the aortal 
region (D) and of the yolk sac [(C), dark field; (H), bright field]. No VEGFR-3 RNA signal was 
obtained from sections of VEGFR-3-I- embryos (I), whereas weak and strong signals were 
detected in blood vessels surrounding the neural tube (arrowheads) from heterozygous (J) and 
wild-type (K) embryos, respectively. Scale bars, 75 pm. 
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California, for example, intraspecific aggres­
sion is rare, even over large spatial scales 
(>100 km), suggesting the presence of ex­
pansive supercolonies (19). In its native 
range, Argentine ants exhibit pronounced in­
traspecific aggression over small spatial 
scales (<100 m) and maintain colony struc­
tures more closely resembling those of mul­
ticolonial ants (19). This variation in the oc­
currence of intraspecific aggression among 
colonies permits a direct test of the mecha­
nisms responsible for the elevated population 
densities typical of unicolonial ants. More­
over, this variation provides an unparalleled 
opportunity to assess experimentally how ter­
ritoriality may limit population size (20). 

We tested the relationship between in­
traspecific aggression and population size by 
rearing pairs of lab colonies that either did or 
did not exhibit intraspecific aggression. To 
do this, we sampled workers and queens from 
spatially separate nests in southern California 
(21). We then set up 44 experimental colonies 
(22), each consisting of three queens, 500 
workers, and <50 brood pieces. Using plastic 
tubing, we connected colonies into pairs via a 
common foraging arena. Colony pairs were 
placed into three experimental categories on 
the basis of the origin of each nest and wheth­
er they exhibited intraspecific aggression 
(23). Categories included an aggressive treat­
ment (pairs that exhibited aggression and 
were collected from different sites), a nonag-
gressive treatment (pairs that did not exhibit 
aggression and were collected from different 
sites), and a control (colonies from the same 
site). For each colony pair, we quantified 
intraspecific aggression (24), worker mortal­
ity, foraging activity, resource retrieval rates, 
and productivity (25). 

Throughout the experiment, workers from 
the aggressive treatment group remained ag­
gressive (often fighting to the death), whereas 
workers from the nonaggressive treatment 
and control groups rarely showed any sign of 
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Despite the innumerable ecological problems and large economic costs asso­
ciated with biological invasions, the proximate causes of invasion success are 
often poorly understood. Here, evidence is provided that reduced intraspecific 
aggression and the concomitant abandonment of territorial behavior unique to 
introduced populations of the Argentine ant contribute to the elevated pop­
ulation densities directly responsible for its widespread success as an invader. 
In the laboratory, nonaggressive pairs of colonies experienced lower mortality 
and greater foraging activity relative to aggressive pairs. These differences 
translated into higher rates of resource retrieval, greater brood production, and 
larger worker populations. 
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