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The hemangioblast in the mesoderm gives rise to both angioblasts and hematopoietic stem cells. The
movement of hemangioblast precursor cells in the fetal trunk is a critical event in early embryogenesis.
Vascular endothelial growth factor (VEGF) signaling is likely involved in this migration given the partial
disturbance of VEGF receptor (VEGFR)-positive cell accumulation and migration in VEGFR2 null mice or
mice with a truncated VEGFR1. However, it is not clear how the VEGF system regulates this migration or its
direction. We show here that the expression of VEGF-A is dominant in the anterior portion of the embryo,
whereas VEGFR1 and VEGFR2 are expressed in the posterior portion of the embryo. An inhibitor of VEGFR
kinase blocked the migration of VEGFR-positive cells in a whole-embryo culture system. In addition, VEGFR-
positive cells migrated toward a VEGFR1- or VEGFR2-specific ligand in vitro. Furthermore, VEGFR-positive
cells derived from wild-type or VEGFR2�/� mice moved rapidly anteriorly, whereas cells derived from
VEGFR2�/� mice carrying a truncated VEGFR1 [VEGFR1(TM-TK)�/�] migrated little when injected into
wild-type mice. These results suggest that the VEGF-A protein concentrated in the anterior region plays an
important role in the guidance of VEGFR-positive cells from the posterior portion to the head region by
interacting with VEGFR in the mouse embryo.

Blood vessels are constructed by two processes, namely, vas-
culogenesis and angiogenesis. In vasculogenesis, blood vessels
and blood cells share a common progenitor, the hemangioblast
(38, 39). Hemangioblast precursor cells, which differentiate
into hemangioblasts, cells of the smooth muscle cell lineage,
and others, are derived from moving mesodermal cells and are
dependent on growth factors such as bone morphogenetic pro-
tein, basic fibroblast growth factor 2 (FGF2), and vascular
endothelial growth factor (VEGF). At first, the mesoderm
appears between the endoderm and the ectoderm at the em-
bryonic-extraembryonic junction, which marks the future pos-
terior portion of the embryo. The nascent mesoderm moves in
two directions. The most posterior mesoderm pushes its way
into the extraembryonic region. It also moves predominantly
anteriorly in the fetal tissue (20, 32, 42, 56).

VEGF and its receptor family, including VEGFR1 (Flt-1),
VEGFR2 (KDR/Flk-1), and VEGFR3 (Flt-4), form a crucial
regulatory system for normal and pathological angiogenesis
(14, 37, 45, 50). VEGFR1, VEGFR2, and VEGFR3 are struc-
turally related to the Fms/Kit/PDGFR family and contain an
extracellular domain carrying seven immunoglobulin (Ig)-like

sequences, a transmembrane (TM) domain, and a cytoplasmic
tyrosine kinase (TK) domain with a long kinase insert.
VEGFR1 is expressed as a full-length tyrosine kinase receptor
and, in some cases, as a soluble form which carries only the
extracellular domain (29, 36, 51, 58).

In VEGF-A gene knockout studies, even VEGF-A heterozy-
gous (�/�) mice showed embryonic lethality due to multiple
defects in vascular structure formation (6, 13). Both VEGFR1
null mutant mice and VEGFR2 null mutant mice were embry-
onically lethal at very similar stages, from embryonic day 8.0
(E8.0) to E8.5, but their phenotypes were different from each
other (15, 49). VEGFR2 homozygous (�/�) mice died with no
development of a vascular system or hematopoiesis, whereas
VEGFR1 homozygotes (�/�) died due to an overgrowth of
vascular endothelial cells and the disorganization of blood
vessels.

In adults, VEGFR1 and VEGFR2 are specifically expressed
on vascular endothelial cells (12, 25, 27, 44, 59). As an excep-
tion, the VEGFR1 mRNA has been shown to be expressed on
monocytes/macrophages (3, 9). In addition, other cell types
were also recently reported to express VEGFR1 (7, 18, 21). In
contrast to VEGFR2, which is a major positive signal trans-
ducer for angiogenesis through its strong tyrosine kinase ac-
tivity, VEGFR1 has a unique biochemical activity with a 10-
fold higher affinity for VEGF-A than VEGFR2 but with a
much weaker tyrosine kinase activity (37, 43, 47, 52).
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The VEGF-A system has been proven to have roles in the
embryonic development of vessels and blood cells by the use of
mice deprived of the genes encoding its ligand or receptors (6,
13, 15, 49). VEGF-A and VEGFR2 contribute to the genera-
tion and regulation of hemangioblasts (5, 6, 49), and VEGFR1
acts as a negative regulator of the proliferation of differenti-
ated endothelial cells in vessels (15, 16, 22). In addition, the
migration of hemangioblast precursor cells toward fetal em-
bryos is a critical step in the formation of the capillary network.
Importantly, VEGFR1-TM-TK-deficient mice very often show
a partial disturbance of VEGFR-positive cell accumulation
and migration in the anterior portion of the embryo (see the
companion to this paper [21a]). This is likely brought about by
a loss of VEGFR1 signaling and reduced VEGFR2 signaling.
Consistent with this idea, the major functional receptor con-
cerning endothelial cell migration toward VEGF-A is believed
to be VEGFR2 rather than VEGFR1 (19), whereas macro-
phage migration toward VEGFs was proven to be controlled
by VEGFR1 because of its dominant expression (3, 9, 19, 47).
However, it is not known which of the VEGF family members
guides the precursor cells that express VEGF receptors.

We examined the locations where VEGF ligand receptors
are expressed in early developmental fetal tissue and found the
unique expression of a ligand and receptors in restricted re-
gions. Detailed functional analyses performed with specific
inhibitors and VEGFR-positive cells derived from VEGFR1/
2-deficient mice strongly suggested that the interaction be-
tween VEGF-A and VEGF receptors is involved in hemangio-
blast precursor cell migration in the early embryo.

MATERIALS AND METHODS

Mice. To generate VEGFR1(TM-TK) mutant mice, we first obtained a 24-kb
mouse VEGFR1 genomic DNA clone, including a cDNA carrying exons 16 to 19,
from a genomic library of the 129Sv strain (Stratagene, La Jolla, Calif.). The
targeting vector contains a neomycin resistance gene which replaces exon 16,
encoding the transmembrane domain, and it also encodes diphtheria toxin A.
Targeted CCE embryonic stem cell clones were injected into C57BL6/J blasto-
cysts, and male chimeric mice were crossed with female C57B6L/J mice to yield
mice that were heterozygous for the VEGFR1(TM-TK) mutation (accompany-
ing paper). The genotypes of the pups obtained by crosses between
VEGFR1(TM-TK)�/� mice were determined by Southern blot hybridization
and PCR analyses. VEGFR2 null mutant mice were purchased from Jackson
Laboratory (Bar Harbor, Maine).

Whole embryo culture. Pregnant mice were dissected at 7.25 to 7.75 days
postcoitum, and embryos were roller cultured in DR75 medium (75% rat serum
and 25% Dulbecco’s modified Eagle’s medium) (57) with dimethyl sulfoxide
(DMSO; 0.01%) or 10 �M SU5416 in 0.01% DMSO at 37°C in 5% CO2 for 24 h.
The wild-type and VEGFR2�/� embryos were then fixed for 10 min in 4%
paraformaldehyde and stained with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-ga-
lactopyranoside) overnight at room temperature. Stained embryos were refixed
in 4% paraformaldehyde, photographed, and processed for wax histology. Five-
micrometer-thick sections were counterstained with eosin.

Reverse transcription-PCR (RT-PCR) analysis. Total RNAs from embryo
tissue samples were extracted and reverse transcribed with specific primers.
Specific primers for VEGFR1, VEGF-A, brachyury, and �-actin were designed as
previously described (23, 34). In addition, appropriate primers for PlGF,
VEGF-B, VEGF-C, VEGF-D, neuropilin, VEGFR2, and FGF8 were designed
with the following sequences: for PlGF, 5�-ATGCTGGTCATGAAGCTGTTC
A-3� and 5�-GGACTGAATATGTGAGACACCT-3�; for VEGF-B, 5�-ATGAG
CCCCCTGCTCCGT-3� and 5�-CTACAGGTGTCTGGGTTGAG-3�; for VEGF-
C, 5�-ATGCACTTGCTGTGCTTCTTG-3� and 5�-TGTCCTGGTATTGAGGGT
GG-3�; for VEGF-D, 5�-ATGTATGGAGAATGGGGAATG-3� and 5�-TTTACA
CAGGGGGGCTTGAA-3�; for neuropilin, 5�-ATGGAGAGGGGGCTGCCGT
T-3� and 5�-GAAGAGAAAGGGCCCTGAAG-3�; for VEGFR2, 5�-AAGTGATT
GAGGCAGACGCT-3� and 5�-TGATGCCAAGAACTCCAT-3�; and for FGF8,

5�-GGTGACGGATCAGCTCAGCC-3� and 5�-TGTAGAGACCTGTCTCTGC
G-3�.

Whole-mount immunohistochemistry. Dissected embryos were stained essen-
tially as previously described (54). In brief, the specimens were dehydrated,
treated with 0.3% H2O2 in methanol to eliminate endogenous peroxidase activ-
ity, and rehydrated. After the samples were blocked with a mixture containing
2% skim milk, 0.2% bovine serum albumin, and 0.3% Triton X-100, an anti-
mouse VEGF-A antibody (34), an anti-mouse VEGFR1 antibody for the N-
terminal amino acid sequence (22), or an anti-mouse VEGFR2 antibody
(Pharmingen, San Diego, Calif.) was added and incubated at 4°C overnight.
Washed specimens were incubated with secondary antibodies conjugated to
horseradish peroxidase, alkaline phosphatase, rhodamine, or fluorescein isothio-
cyanate. Immunofluorescence was scanned by confocal microscopy.

Isolation of VEGFR-positive cells and cell labeling. Mesoderm cells were
collected according to a protocol described in a previous report (23), with some
modifications. In brief, fetal tissues from E7.5 to E7.75 that had been deprived
of the allantois and head were digested in collagenase at 37°C for 60 min and
then filtered through a sterile 58-�m-pore-size nylon mesh. The collected cells
were incubated with a rat anti-mouse VEGFR2 antibody (Pharmingen), followed
by anti-rat IgG microbeads (Miltenyi Biotec, Bergish Gladbach, Germany).
These cells were labeled with rhodamine by use of a PKH26 fluorescent staining
kit (Zynaxis, Malvern, Pa.).

In vitro migration assay. Soft agar gels (3%) containing 0, 10, 40, and 100 ng
of VEGF-E, mouse VEGF-A164 (R&D, Minneapolis, Minn.), or mouse PlGF
(R&D)/ml were placed in each corner of collagen I-coated eight-well culture
slides (Becton Dickinson, Bedford, Mass.), and collected mesoderm cells sorted
by use of an anti-VEGFR2 antibody (as indicated above) were applied to the
center of each well. After incubating the cells in 2% fetal calf serum–Dulbecco’s
modified Eagle’s medium, with or without SU5416, we counted the cells that had
migrated to the VEGF-containing gels.

The isolation of VEGFR2-positive cells from 8 to 10 embryos without heads at
E7.5 was performed as described above. We then labeled these cells with rho-
damine and seeded them on cover glass (2 mm2) coated with collagen I for 90
min. We also obtained cells derived from the anterior or posterior portion of the
embryos, which were treated with collagenase solution and were seeded on the
center part of each eight-well slide chamber. After attachment of the cells to the
slide chamber, we placed a piece of cover glass with VEGFR-positive cells on
parts of the slide chamber adjacent to those cells. We counted the numbers of
VEGFR-positive cells that migrated toward the cells derived from the anterior or
posterior portion of the embryos by dark-field microscopy.

Transplantation and colonization. About 10 rhodamine-labeled mesoderm
cells were grafted orthotopically into the ventral mid-portion of a recipient
embryo at an equivalent stage to the donor embryo by use of a micromanipulator
under a dissecting microscope (30). The micromanipulated embryos were roller
cultured and examined after 24 h. Migrated cells were detected with a Leica
microscope. Six to 10 embryos of each genotype were examined.

Statistical analysis. For statistical analysis, the data were expressed as means
� standard deviations and were analyzed by Student’s t test. P values of �0.05
were considered significant.

RESULTS

An inhibitor of VEGF receptor kinases blocks VEGFR-pos-
itive cell accumulation and migration. To examine whether the
cell accumulation and migration of embryonic VEGFR-posi-
tive cells are regulated by the VEGFR tyrosine kinases, we
cultured wild-type embryos from E7.25 to E7.75 with SU5416
(17, 24), a tyrosine kinase inhibitor specific to VEGFR1 and
VEGFR2, for 24 h. We similarly cultured VEGFR2�/� em-
bryos, in which the lacZ gene is driven under the control of the
endogenous VEGFR2 promoter, at an equivalent stage to
trace VEGFR2-positive cells. After 24 h, �70% of control
DMSO-treated wild-type embryos showed embryonal “turn-
ing” (data not shown). However, all wild-type embryos cul-
tured with SU5416 showed growth arrest before turning.

We also observed the same phenotype in the background of
VEGFR2�/� embryos. VEGFR2-positive lacZ-stained cells
were not apparent in embryonic heads after the treatment with
SU5416. Histologically, SU5416 inhibited the formation of ves-
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sels in the dorsal aorta (arrowheads in Fig. 1F), in contrast with
DMSO (arrowhead in Fig. 1E), in a transverse section of the
middle portion of the embryo (Fig. 1D and G). Notably, very
few VEGFR-positive cells were seen in the cranial region of
cultured embryos due to the effect of SU5416 compared to the
control embryos (arrow in Fig. 1C) at the cephalic level (Fig.
1A). The majority of these cells accumulated in the middle
ventral or posterior region of the embryo (open arrowhead in

Fig. 1F). These results suggest that the migration of posterior
VEGFR-positive cells is regulated by VEGFR tyrosine ki-
nases.

Distinct expression patterns of VEGF-A and VEGFRs in
embryos. We examined the sites of expression of VEGF family
members and VEGF receptors. We divided the embryos from
E7.5 to E7.75 into four parts along the anterior-posterior axis
and obtained RNAs from each part (left panel in Fig. 2A). Of
the VEGF ligand family members, including VEGF-A,
VEGF-B (40, 41), placenta growth factor (PlGF) (35),
VEGF-C (26, 33), and VEGF-D (2), VEGF-A was the most
apparent gene whose expression level was higher in the ante-
rior than in the posterior region by RT-PCR analysis. In con-
trast, the cell population expressing both VEGFR1 and
VEGFR2 existed mainly in the posterior portion. By using
real-time PCR, we confirmed that the levels of VEGF-A were
higher in the anterior than the posterior portion, whereas
VEGFR1 and VEGFR2 levels were higher in the posterior
portion. The ratio of VEGF-A mRNAs from the posterior to
anterior four sections was 1:0.95:1.5:1.5, and the ratios of

FIG. 1. Blockade of the VEGF system inhibits VEGFR-positive
cell migration. (A to F) Whole embryos were cultured with DMSO (B
and E) or SU5416 (C and F), and VEGFR-positive cells in transverse
sections at the levels schematized in panels A and D were identified by
lacZ staining. Fewer LacZ-positive cells were found in the dorsal aorta
(arrowheads) and head region (arrows) in embryos that were cultured
with SU5416 (C and F). The open arrow indicates mismigrated cells
surrounding the gut (F). (G) Numbers of endothelial cells lining the
dorsal aorta in the anterior, middle, and posterior portions of cultured
embryos with DMSO or SU5416 (each single dot is the average cell
number for five sections per embryo).

FIG. 2. Spatially distinct expression pattern of genes encoding the
VEGF ligand and receptors in embryos from E7.5 to E7.75. (A) Em-
bryos were divided into four parts (left), and the mRNA level in each
part was semiquantitatively estimated by RT-PCR (right). RNA de-
rived from the lung was a positive control for VEGF-D. (B and C)
Immunohistochemistry showing the distribution of VEGF-A protein in
front (B) and side (C) views of a whole embryo. The VEGF-A signal
was stronger in the anterior than the posterior portion of the trunk.

VOL. 25, 2005 VEGF SYSTEM REGULATES EMBRYONIC CELL MIGRATION 357



VEGFR2 and VEGFR1 mRNAs from the posterior to anterior
four sections were 1:1:0.55:0.6 and 1:1:0.75:0.75, respectively.
At this time, the brachyury (T) and FGF8 genes (46), which are
mesoderm-specific markers, were expressed predominantly in
the posterior rather than the anterior portion (right panel in
Fig. 2A).

Next, we immunohistochemically examined the localization
of the VEGF-A protein. Consistent with the RT-PCR analysis,
the VEGF-A protein was found in the entire embryo, most
remarkably in the anterior portion and the allantois (Fig. 2B
and C). Previously, it was reported that VEGFR1 and
VEGFR2 are initially expressed in the mesoderm at an early
developmental stage when VEGFR1 or VEGFR2 null knockout
fetuses do not show any apparent phenotype (11, 16, 49).
When we doubly stained whole-mounted embryos with both
anti-mouse VEGFR1 and VEGFR2 antibodies, the VEGFR1
and VEGFR2 proteins were found to colocalize on the same
cells (open arrowheads) in the posterior region (Fig. 3D to L).
The contrast in the locations of VEGF-A and VEGFRs per-
mitted us to examine the possibility that VEGF-A may guide
the receptor-expressing cells.

VEGFR1- and VEGFR2-specific ligands guide VEGFR-pos-
itive cells in an in vitro system. Since SU5416 inhibited
VEGFR-positive migration in whole embryo cultures in vitro,
we next examined which kinase of VEGFRs is involved in this
phenotype. We collected VEGFR2-positive cells at E7.5 by
using an anti-mouse VEGFR2 antibody and examined the
migration toward VEGF-A in vitro. These cells also expressed
VEGFR1 (data not shown). Because only a limited number of
VEGFR2-positive cells can be obtained from embryos at E7.5
without a yolk sac and allantois, we developed a novel system
to assess migration in vitro (see Materials and Methods) (Fig.
4A).

VEGFR2-positive cells derived from 10 wild-type embryos
at E7.5 were applied to the center of a well and cultured for
16 h to allow migration toward ligand-containing gels. The
most appropriate concentration for the migration was 40 ng of
VEGF-A/ml (Fig. 4B and C), and SU5416 strongly suppressed
VEGFR-positive cell migration at all VEGF-A concentrations
(Fig. 4C). Next, we examined whether PlGF and VEGF-E,
which are VEGFR1- and VEGFR2-specific ligands, respec-
tively, stimulate the migration of VEGFR-positive cells. At 40
ng/ml, PlGF elicited 71% and VEGF-E elicited 80% of the
migration stimulated by VEGF. When we applied both PlGF
and VEGF-E, the migration capacity was comparable to that
obtained with VEGF-A (data not shown). Thus, a specific
ligand for VEGFR1 or -2 can independently induce migration
in vitro.

In addition, we used mixtures of ligands, such as 10 ng of
PlGF/ml, with various concentrations of VEGF-A. At a low
concentration (10 ng/ml) of VEGF-A, the scores were partially
additive (30% increase). At higher doses of VEGF-A (40 and
100 ng/ml), additive effects were hardly detected (data not
shown). We also tested PlGF with VEGF-E (only with high
doses of VEGF-E) and found that the effect was only minor.
Since PlGF null mutant mice were reported to have no clear
abnormalities during the early embryonic stage and since the
VEGF-E gene is not present in the human and mouse ge-
nomes, we suggest that the major ligand for the stimulation of
VEGFR-positive cell migration is VEGF-A.

VEGFR-positive cells migrate anteriorly in the VEGF-A–
VEGFR system. To determine in which direction VEGFR-
positive cells move in vivo, we performed the following exper-
iment. We collected VEGFR2-positive cells from several
embryos at E7.5 and seeded them on cover glass. We then
placed them (square 1 in Fig. 5A) next to a spot on the cover
glass where cells from the anterior or posterior region of the
embryos had been seeded (square 2 in Fig. 5A). After 16 h, the
VEGFR-positive cells had migrated to cells obtained from the
anterior portion of embryos, and this migration was eliminated
by a neutralizing anti-mouse VEGF-A antibody (Fig. 5B). It
was also blocked by the application of SU5416 or soluble
VEGFR1 (Fig. 5C). VEGFR-positive cells did not migrate
toward cells obtained from the posterior region of embryos.
Thus, abundant VEGF-A in the anterior rather than posterior
portion may induce VEGFR-positive cells to migrate anteri-
orly.

To assess whether purified VEGFR-positive cells from E7.5
to E7.75 move in the anterior direction in vivo, we injected
rhodamine-labeled cells derived from wild-type, VEGFR2�/�,
or VEGFR1(TM-TK)�/� VEGFR2�/� embryos into the ros-

FIG. 3. Posterior cells dominantly express both VEGFR1 and
VEGFR2. Sagittal sections of embryos at E7.75 were stained with
anti-mouse VEGFR1 (A, D, and J) or anti-mouse VEGFR2 (B, E, and
H), and the images were merged (C, F, and I). The embryo was
scanned by confocal microscopy, and a three-dimensional image was
reconstructed to represent the whole embryo (A to C). The colocal-
ization of VEGFR1 and VEGFR2 in posterior cells (open boxes in
panels D to F) was apparent at a higher magnification (arrowheads in
panels G to I).
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tral mid-portion of wild-type or VEGFR1(TM-TK)�/�

VEGFR2�/� embryos at an equivalent stage and cultured the
whole embryos for 24 h. As expected from the results obtained
with the VEGF-VEGFR paracrine system, when VEGFR-
positive cells collected from wild-type or VEGFR2�/� em-
bryos were injected into wild-type mice, they migrated to the
cranial region and the caudal part of the heart (Fig. 6E and F).
On the other hand, VEGFR1(TM-TK)�/� VEGFR2�/� cells
did not significantly migrate from the injection site (Fig. 6G).

Notably, VEGFR2-positive cells from wild-type embryos ef-
ficiently moved to the hindbrain and the caudal part of the
heart in VEGFR1(TM-TK)�/� VEGFR2�/� embryos (arrow-
head in Fig. 6H). However, many lacZ-stained VEGFR2-pos-
itive cells of host VEGFR1(TM-TK)�/� VEGFR2�/� em-
bryos still remained in the posterior-to-tail portion (arrow in
Fig. 6D). Thus, the lack of migration of VEGFR-positive cells
to the anterior portion in VEGFR1(TM-TK)�/� VEGFR2�/�

embryos is due to a loss of migration activity instead of to
environmental factors.

DISCUSSION

VEGFR-positive cell migration is regulated by the VEGF-
A–VEGFR system. The movement of hemangioblast precursor
cells as well as their differentiation into endothelial cells is a
critical event in early embryogenesis. The mesodermal progen-
itors initially appear in the posterior portion of the embryo and
move anteriorly toward the trunk. The mesoderm can be di-
vided into five subgroups, the chordamesoderm, the paraxial
mesoderm, the intermediate mesoderm, the lateral mesoderm,
and the head mesenchyme (20, 32, 42, 55, 56). The various
mesoderm precursor cells migrate to different locations along
the embryonic anteroposterior axis. For the mesodermal de-
rivatives in the embryo, those destined for rostral structures

such as the heart and forebrain mesoderm ingress through the
early primitive streak. They are followed by those for the rest
of the cranial mesoderm and, lastly, the paraxial and lateral
mesoderm (30, 42, 56). The lateral plate mesoderm gives rise
to the heart, blood vessels, and blood cells, and the head
mesenchyme will contribute to cephalic connective tissues.

In this study, we examined which ligand of the VEGF family
is most involved in the migration of VEGFR-expressing me-
sodermal cells and showed that VEGF-A is expressed at a high
concentration in the anterior portion of the embryo and that
VEGFR1- and VEGFR2-expressing cells are located in the
posterior region from E7.5 to 7.75 (Fig. 2 and 3). By using an
embryo culture assay (Fig. 1), we showed that the VEGFR
tyrosine kinase inhibitor SU5416 significantly suppressed the
migration and accumulation of VEGFR-positive cells at the
anterior region. In an vitro cell migration assay, the majority of
VEGFR-positive cells migrated toward the VEGF family, in-
cluding VEGF-A, PlGF, and VEGF-E, and the cell population
was derived from the anterior but not the posterior part (Fig.
4 and 5). This migration was blocked by the VEGFR tyrosine
kinase inhibitor SU5416, soluble VEGFR1, and an anti-
VEGF-A antibody. SU5416 was reported to inhibit not only
VEGFR, but also the platelet-derived growth factor receptor
(PDGFR) (17, 24). Therefore, a partial involvement of
PDGFR cannot be completely ruled out for these experiments
using SU5416. To rule out the possible effects of SU5416 on
the tyrosine kinases of other receptors such as PDGFR, we
performed a semi-in vivo migration assay by injecting
VEGFR2-positive cells into the fetal trunk. Cells derived from
wild-type mice moved to the anterior but not the posterior
portion of embryos, while those from VEGFR1(TM-TK)�/�

VEGFR2�/� mice lost almost all of their ability to migrate
(Fig. 6). Thus, among the VEGF family, VEGF-A concen-

FIG. 4. VEGF-A guides VEGFR-positive cells in vitro. (A) Scheme of a well in which several concentrations of ligand-containing gel were
placed in the corners. (B) VEGFR-positive cells migrated to gels containing 0, 10, 40, and 100 ng of VEGF-A/ml after 16 h of culture. (C) Numbers
of cells that migrated to VEGF-A in medium containing DMSO as a negative control or 10 �M SU5416, a VEGFR kinase-specific inhibitor.
VEGF-A at 40 ng/ml was most effective, and SU5416 completely suppressed this migration. PlGF or VEGF-E at 40 ng/ml also induced maximum
migration. *, P � 0.05 by a t test.
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trated in the anterior portion most likely provides the route for
VEGFR-positive cells. Consistent with this view, it was re-
ported that fewer endothelial cells lined the smaller lumen of
the dorsal aorta in the anterior than the posterior region of
VEGF-A�/� embryos (6), indicating that VEGFR-positive
cells may be suppressed during migration to the anterior por-
tion.

Other VEGF family members such as PlGF, VEGF-B, and

VEGF-C are also expressed to some extent from E7.5 to E7.75
(Fig. 2). However, they are not the major inducers of cell
migration since their expression was similar between the ante-
rior and posterior regions and because mice in which these
genes were knocked out were reported to have basically nor-
mal vasculogenesis (1, 4, 5, 28).

By which mechanism do the cells in the anterior portion of
the embryo express VEGF-A early in embryogenesis? It is well

FIG. 5. VEGFR-positive cells move toward the anterior portion of embryos with concentrated VEGF in vitro. (A) Scheme of the assay system
enabling the migration of VEGFR-positive cells toward embryonic cells derived from the anterior or posterior portion of several wild-type embryos
at E7.5. (B) Rhodamine-labeled VEGFR-positive embryonic cells migrated toward cells from the anterior region after 0, 2, and 6 h (left panels).
A neutralizing anti-mouse VEGF-A antibody strongly suppressed the migration of the cells derived from the anterior portion (right panels). The
direction of migration was from box 1 to box 2. The images were made by dark-field microscopy. (C) Numbers of migrated VEGFR2-positive cells
in medium containing DMSO as a negative control, 10 �M SU5416, 1 �g of sVEGFR1/ml, or 1 �g of neutralizing anti-mouse VEGF-A
antibody/ml. *, P � 0.05 by a t test.
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FIG. 6. VEGFR-positive cells migrate in the anterior direction in a manner dependent on VEGFRs in vivo. (A to H) Colonization of
rhodamine-labeled VEGFR-positive cells derived from wild-type (A and E), VEGFR2�/� (B and F), and VEGFR1(TM-TK)�/� VEGFR2�/� (C
and G) mice in wild-type mice. (D and H) Transplanted cells from wild-type mice migrated to the cranial region (arrowhead) compared to host
VEGFR2-positive cells (arrow) in VEGFR1(TM-TK)�/� VEGFR2�/� embryos. The left panels show a bright field view, and the middle panels
show a dark field view. The boxed part of the dark field view is magnified in the right panels. (I) Distances migrated from the injection site (white
circle in panels E to H). More than 90% of the VEGFR-positive cells derived from VEGFR1(TM-TK)�/� VEGFR2�/� mice remained around
the injection site.
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known that the hypoxia-inducible factor (HIF) system plays a
crucial role in the upregulation of VEGF-A under hypoxic
conditions. However, just before vasculogenesis in early em-
bryogenesis (about E7.0 to E7.5), O2 is distributed by diffusion
in utero, and the level of O2 seems to be almost the same
throughout the embryo. Therefore, a transcriptional regulatory
system other than HIF appears to be responsible for the up-
regulation of VEGF-A.

Another important question is which VEGF receptor, R1,
R2, or both, is involved in the accumulation and migration of
VEGFR-expressing cells in early embryogenesis. VEGFR2 has
a relatively strong kinase activity compared to VEGFR1 (48)
and induces a major endothelial mitotic and migration signal
(19, 49, 53). Thus, VEGFR2 is a major candidate for this
migration signal. However, we consider VEGFR1 tyrosine ki-
nase to also be involved in this cell migration for the following
reasons: (i) the VEGFR1-specific ligand PlGF induced the
migration of VEGFR-positive cells in vitro (Fig. 4), and (ii)
VEGFR2�/� mice carrying wild-type VEGFR1 showed turn-
ing of the embryo and migration of VEGFR-positive cells to
the middle and anterior portions, although to a lesser degree
than normal (3, 21a). The migration of injected VEGFR-pos-
itive cells derived from VEGFR1(TM-TK)�/� VEGFR2�/�

mice, but not from VEGFR2�/� mice, was severely disturbed
in wild-type embryos (Fig. 6).

Physiological meaning of VEGFR-positive cell movement in
early embryogenesis. What are the roles of VEGFR-positive
cell migration during embryogenesis? VEGFR-positive cell
movement may have at least two roles. Firstly, it may act as a
supplier of progenitor cells to rigidly form blood vessels start-
ing from the posterior region, because a more severe structural
abnormality of the dorsal aorta was observed in the middle
portion than in the posterior portion in VEGFR1(TM-TK)-
deficient mice. The second role might be to support the for-
mation of the head and other tissues since VEGFR-positive
cells were shown to differentiate not only into endothelial cells
and hematopoietic cells but also into the smooth muscle cell
lineage (60).

In mammals, three VEGF receptors, VEGFR1, VEGFR2,
and VEGFR3, and five VEGF family members, VEGF-A,
PlGF, VEGF-B, VEGF-C, and VEGF-D, have been identified
(50). An early function of the VEGF system has been shown to
be the generation of hemangioblasts in embryos. In this study,
we presented evidence that the mammalian VEGF system
plays another important role, that is, it has a role in the mi-
gration of VEGFR-positive mesodermal cells during early em-
bryogenesis. Recently, it was reported that the VEGFR ho-
molog of Drosophila is expressed in hemocytes and border
cells, and VEGF homologs are expressed along hemocyte and
border cell migration routes (8, 10). The interactions of ligands
and receptors control the migration of these cells. Thus, the
ancestral function of the VEGF-VEGFR pathway is consid-
ered to be the guidance of target cells. The single VEGFR gene
of Drosophila may be functionally abolished and divided into
three mammalian VEGFRs to regulate more complicated
mechanisms in the formation and maintenance of the blood
vessel system. However, the fundamental role of the VEGF-
VEGFR system to ensure that VEGFR-expressing cells are
guided to an appropriate region by a ligand during early em-
bryogenesis may be conserved in mammals and Drosophila.
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