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Hedgehog signaling is essential for endothelial tube formation
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Summary

During embryonic development, the first blood vessels are vascular tube formation in avian embryos. We also show
formed through the aggregation and subsequent assembly that Hedgehog signaling is required for vascular tube
of angioblasts (endothelial precursors) into a network of formation in mouse embryos, and for vascular cord
endothelial tubes, a process known as vasculogenesis. Thesdormation in cultured mouse endothelial cells. These results
first vessels generally form in mesoderm that is adjacent to demonstrate a previously uncharacterized role for
endodermal tissue. Although specification of the angioblast Hedgehog signaling in vascular development, and identify
lineage is independent of endoderm interactions, a signal Hedgehog signaling as an important component of the
from the endoderm is necessary for angioblasts to assemble molecular pathway leading to vascular tube formation.
into a vascular network and to undergo vascular tube

formation. In this study, we show that endodermally Key words: Vasculogenesis, Tubulogenesis, Endoderm, VEGF,
derived sonic hedgehog is both necessary and sufficient for Mouse, Chick

Introduction the enclosed space between the cells (Clark and Clark, 1939;
The formation of a functional vascular system is a prerequisitg®/kman and Haudenschild, 1980; Davis and Camarillo, 1996;

for embryonic survival and organogenesis. The initial step iY/eyer etal., 1997; Lubarsky and Krasnow, 2003). In the avian
this process, termed vasculogenesis, involves (1) thembryo, the process of vascular tubulogenesis occurs over a

specification of angioblasts within mesodermal tissues, (2) tHeeriod of ~4 hours (Hirakow and Hiruma, 1981). Thus, the
proliferation and coalescence of these angioblasts into cord@rmation of the entire primary vascular system in the avian
and (3) the formation of endothelial tubes that fuse to form §mbryo takes ~10 hours, from the first appearance of
continuous network. With few exceptions, subsequent growtAngioblasts to the creation of a complex tubular network.
and elaboration of the embryonic vascular system occurs vidthough these morphological processes are not as completely
angiogenesis, a process that entails the branching af#flaracterized during murine development, they appear largely
reorganization of existing vessels (Wilting and Christ, 1996)Similar to those described in the avian embryo (Drake and
Angiogenesis is the exclusive source of new blood vessels fiéming, 2000). o _ _

the adult organism. In avian embryos, discrete angioblasts areVasculogenesis occurs at two distinct embryonic locations
initially detected shortly after the onset of somite formationduring development. In extra-embryonic tissues, angioblasts
Over a period of ~6 hours, these angioblasts generate iritially appear in blood islands in the splanchnic mesoderm
polygonal network of angioblast cords at the precise locationgdjoining the extra-embryonic endoderm in the posterior half
of the future endothelial tubes (Coffin and Poole, 1988). In &f the embryo. In contrast to extra-embryonic angioblasts,
process that is still poorly characterized, the cords oWwhich form structures that are closely associated with blood
angioblasts then form lumens to generate the complex tubulgells, intra-embryonic angioblasts are only rarely associated
network that corresponds to the original vascular plexus. Theith blood cells (Cormier and Dieterlen-Lievre, 1988; Olah
process of vascular tube formation, which usually involves twet al., 1988; Jaffredo et al., 1998; Ciau-Uitz et al., 2000). In
or more endothelial cells, initiates with the appearance aivian embryos, the first intra-embryonic angioblasts, which
‘clear, slit-like spaces’ between angioblasts (Houser et alfprm slightly later than the extra-embryonic angioblasts, are
1961). The expansion of these slits into a lumen appears wsible as discrete cells at bilateral sites near the headfolds
involve the formation of intracellular vacuoles that coalesce¢hat correspond to the future endocardium (at two somites),
with other vacuoles and fuse with the cell membrane to enlargend slightly later at the lateral edges of the anterior intestinal
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portal (Coffin and Poole, 1988; Sugi and Markwald, 1996)Materials and methods
Angioblasts subsequently become visible throughout broag it hybridization and immunocytochemistry

regions of the embryo proper. AlthO.UQh the extra'embryom‘Whole-mount in situ hybridization with digoxigenin-labeled antisense
and intra-embryonic vessels will ultimately form & popes were carried out using standard protocol. In situ hybridization
continuous vascular network, each area developg sections was performed as described (Grapin-Botton et al., 2001).
independently of the other (Hahn, 1909; Miller andQuail endothelial cells were detected with the QH1 monoclonal
McWhorter, 1914; Reagan, 1915). At present, it is not knowmntibody (Developmental Studies Hybridoma Bank). Embryos were
if extra and intra-embryonic angioblasts are specified by thetained using previously described methods (Sugi and Markwald,
same mechanism, or whether different genetic pathway@%),except that embryos were blocked in 5% normal donkey serum
regulate their formation. and a donkey anti-mouse Texas Red-conjugated IgG secondary
Although the morphological events underlying Vascmalantibody (Jackson ImmunoResearch) was used at a concentration of

; : f pg/ml. Immunostained sections were generated by embedding
80rd .E)r[jnatlon andd (tan.?olthe“"’.ll It(meerSeslsthhaV.e b?.e eviously stained embryos in 30% gelatin and fixing overnight in 5%
escribed in some detall, 1ess IS known about the signall raformaldehyde. Specimens were then vibratome sectioned at 40
pathways involved in vascular development. One of the mo and imaged using deconvolution microscopy. To detect co-

important signaling molecules involved in early blood vesselocalized QH1 andptcl expression, in situ hybridization was
development is vascular endothelial growth factor Aperformed on 1um paraffin sections, and the embryos were post-
(hereafter VEGF), which acts through its high-affinity fixed in 4% paraformaldehyde for 20 minutes prior to QH1 antibody
receptor VEGFR2 (FLK1/KDR). VEGF activity is essential staining using standard conditions. Whole-mount mouse embryos
for the formation of blood vessels, and embryos |acking eitharere fixed with 4%PFA/PBS and assayed with antibodies to VEGR2
VEGF or VEGFR2 develop few (or no) angioblasts and didPharMingen Avas 1#1) at 0.31g/ml and PECAM (PharMingen Mec
early in development (Shalaby et al., 1995; Carmeliet et al.l,3'_3) at 0.5ug/ml. Embryos were then incubated with biotinylated
1996: Ferrara et al., 1996). In various contexts, VEGF hadi-rat secondary at 0.25g/mi (Vector Laboratories) and ABC

. eagent (Vector Laboratories). Staining was visualized with
been shown to act as a potent mitogen (Keyt et al., 199 iaminobenzidine (DAB) substrate. After viewing and imaging

Wilting et al., 1996; Park et al., 1993), chemoattractanfsined embryos as wholemounts, they were embedded in paraffin
(Waltenberger et al., 1994; Cleaver and Krieg, 1998; Ash angax and sectioned at 10n.

Overbeek, 2000) and survival factor (Gerber et al., 1998a;

Gerber et al., 1998b). Additionally, the proper regulation oEmbryology

VEGF is crucial for the formation of normal endothelial Avian embryos were staged according to Hamburger and Hamilton
channels (Fong et al., 1995; Fong et al., 1999; Drake et a{Hamburger and Hamilton, 1951). Stage 5 (late gastrula) quail
2000). Fibroblast growth factors (FGFs) have also beeambryos (unless otherwise specified) were placed on plastic rings
implicated as proliferative agents during vascularand endoderm was removed from one half of the embryo using
the early lethality of knockout embryos have impedecEMPryos, but older embryos were dissected in media containing
research into the developmental roles of individual family>:01% typsin, which was subsequently inactivated with 0.02%

b ] tetal. 2002). Duri b t t%psin inhibitor. Embryos were then incubated as New Cultures
members (Javerzat et al., ). During subsequent vascu ew, 1955) at 37°C until the appropriate stage (usually 7-8 somites)

development, additional molecules are important folisee Fig. 1A,B). When necessary, heparin acrylic beads (Sigma)
promoting the maturation of specified endothelial cells into &ere implanted immediately after endoderm removal. In these
patent vascular system, for conferring arterial or venousxperiments, heparin beads were rinsed in PBS and soaked for 1
identity, and for recruitment of the vascular smooth muscl@our or more in the appropriate concentration of growth factor, on
layer of blood vessels (for reviews, see Lawson andte. The beads were then briefly rinsed in PBS before being
Weinstein, 2002; Vokes and Krieg, 2002b). However,implanted in embryos. For _Hedgehog inhibition expe_riments,
although known signaling pathways are essentially linked tsmbryos at 1-2 somites Wéere incubated as New cultures |rT_1mersed
endothelial cell specification and proliferation, the specifid PMEM containing 0.5% ethanol and 10@m cyclopamine

. . : : oronto Research Chemicals) or DMEM containing 0.5% ethanol
signaling pathvx_/a_lys required for vascula_r t.UbUIOgeneSIS haf r controls and incubated) at 7 in 95% o>?ygen 0until
not been identified (Hogan and Kolodziej, 2002; Lubarsky,,, oyimately the eight-somite stage. Mouse embryos were

and .Kr.asnow, 2003). Lo . . . harvested between E8 and E8.5, and were a combination of 129/SvJ
Within the embryo, the initial specification of angioblasts ingutbred with Swiss Webster.

the mesoderm is independent of tissue interactions with other

germ layers (Vokes and Krieg, 2002a). However, the first bloogell culture

vessels within the embryo always form in mesoderm that is ihe mouse endothelial cell lines bEnd3 (Montesano et al., 1990) and
close proximity to endoderm (Mato et al., 1964; Wilt, 1965;EOMA (Obeso et al., 1990) were obtained from ATCC and cultured
Gonzalez-Crussi, 1971; Mobbs and McMillan, 1979; Meierjn Dulbecco’s Modified Eagles Medium (DMEM) containing 10%
1980; Kessel and Fabian, 1985; Pardanaud et al., 198%)BS (Hyclone), penicillin and streptomycin. For treatment studies,
Furthermore, we have recently demonstrated that a signffnd3 cells were plated a<a0* cell/cn. When the cells had
originating from the endoderm is essential for the assembly ¢gached confluence the media was switched to serum-free DMEM

: : : d rm-SHH-N (mouse recombinant N-terminal fragment, R&D
an.g|0b|a5ts into tUb.es (Vokes and Krieg, 20_02a): We prese ?/stems) or rhuman VEGF (R&D Systems) added at the indicated
evidence that sonic hedgehog (SHH) signaling by the

. . ._._concentrations and incubated for 72 hours. To determine proliferation,
vasculogenic endoderm plays a central role in organizinggis were pulsed with 40m BrdU for 2 hours, fixed in methanol and
specified angioblasts into vascular tubes. SHH is the firgained with FITC-anti BrdU (Roche). Cells were then counterstained
growth factor identified that specifically regulates vascular tub@ith propidium iodide. Random fields and more than a 1000 total
formation. nuclei for each condition were counted.
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RT-PCR A B
Chick embryos at the five-somite stage were placed on New Cultul
rings and submerged in 0.01% trypsin. To obtain endodermal tissu
the intra-embryonic endoderm was removed from both halves of tr
embryo using tungsten needles. Mesodermal tissue samples we
obtained by then stripping the exposed somites and lateral pla
mesoderm from the ectoderm. The notochord was excluded from th
sample. Total RNA was extracted from these tissues, and from who
chick embryos using TRIZ8I(Invitrogen). For cultured cells, total
RNA was isolated using guanidinium isothiocyanate (Chomczynsk
and Sacchi, 1987). Precipitated RNA was treated with DNAse ti
remove residual genomic DNA and phenol-chloroform extracted prio
to the generating cDNA. The number of cycles for each primer pai
was empirically determined to be in the linear range of amplification

Primers

Chick embryos

GAPDH, (forward) SCAGGTGCTGAGTATGTTGTGGAGTC3and

(reverse) SICTTCTGTGTGGCTGTGATGGC3(Tm=62C); SHH,

(forward) BATCTCGGTGATGAACCAGTGGC3 and (reverse)
5TTTGACGGAGCAGTGGATGTGC3 (Tm=58C); VEGFA (core
sequence common to all isoforms), (forwardCAAATTCCTG-

GAAGTCTACGAACG3 and (reverse) 'BATTCTTGCGATCTC-

CATCGTG3 (Tm=62C).

Mouse cell lines

GAPDH, (forward) BCAGTATGACTCCACTCACGG3 and
(reverse) B5TGAAGACACCAGTAGACTCCS3 (166 bp); patched 1,
(forward) BCTGCTGCTATCCATCAGCGTS and (reverse) 'BA- Control No Endoderm
GAAGGATAAGAGGACAGGS; smoothened, (forward) GTGAT-

GATGAGCCCAAGAGAS and (reverse)'BGGGGCAGAGTGGT-  Fig. 1.(A) Endoderm was removed from one half of stage 5 quail

GAAGC3 (422 bp); VEGFR2, (forward) '8CCCTGAGTC-  empryos with the unmanipulated half serving as an internal control.
CTCAGGAC3 and (reverse) BGGTCTCCACGCAGAACCS(344  (B) The embryos were then assayed at the seven- to eight-somite

bp). ) stage, after tube formation had occurred, using whole-mount staining
VEGFA (three PCR product are produced by these primers [766bRith QH1 antibody and subsequent sectioning and analysis with
(VEGFugg), 644bp (VEGhes) and 512bp (VEGEo)], (forward)  geconvolution microscopy. (C) Endoderm was removed from one
S'GCGGGCTGCCTCGCAGTCaNd (reverse) 3CACCGCCTTG-  hgif of the embryo (typically at stage 5, but at three somites in this
GCTTGTCAC3 (Marti and Risau, 1998). example) with the other half serving as a control. (B) As shown by
QH1 staining of vascular cells in the eight-somite embryo, removal
of endoderm results in failure of vascular assembly and tube

Results formation.
An endodermal signal is required immediately prior
to, or during, endothelial tube formation experiment that the endodermal signal is acting immediately

In previous studies, we have demonstrated that a signal arisipgor to, or during, vascular tube formation.

from the embryonic endoderm is essential for vascular

tubulogenesis (Vokes and Krieg, 2002a). As a preliminary stefhh is expressed in endoderm at the time of tube

towards molecular characterization of this signal, we carried o@rmation

experiments to determine the time at which endoderm signalinthe signaling factors that may be required for blood vessel
is required for vascular assembly. Quail embryos were used fawbulogenesis are currently unknown. Therefore, we used an
these experiments, because removal of the single-cell thidRT-PCR approach to examine the expression of candidate
endodermal layer is readily achieved and because the QHyjtowth factors in both the mesodermal and endodermal layers
antibody can be used to detect vascular precursor celdld chick embryos at the time when tube formation commences
(Pardanaud et al., 1987). Endoderm was removed from half five somites). Tissue samples were limited to the intra-
the three-somite embryo (Fig. 1A), at which stage numerousmbryonic region of the embryo, and did not include axial
angioblasts have differentiated, but have not yet begun tissues, which express high levels of many different growth
assemble into vascular cords (Coffin and Poole, 1988; Sugi affigctors. Of the growth factor sequences examined, 8hly
Markwald, 1996). When manipulated embryos were assayeslas present in the endoderm and absent from the mesoderm
for vascular tube formation ~8 hours later, at the eight-somit@Fig. 2A; data not shown). Sequences corresponding to Indian
stage (Fig. 1B), no vascular tubes were observed on the sidedgehog (IHH) were not detected at significant levels in either
lacking endoderm, although abundant unassembled angioblagt® mesodermal or endodermal tissue samples at this stage
were present (12/12 embryos; Fig. 1D). By contrast, thédata not shown), and the chick ortholog of Desert hedgehog
unmanipulated control side showed the presence of an extensivas not yet been reported. Transcripts encoding the essential
network of tubular vessels (Fig. 1C). We conclude from thissasculogenic growth factor, VEGF were also detected in the
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Fig. 2. Expression of Hedgehog signaling components
correlates with vascular assembly. (A) RT-PCR analysis of
five-somite chick tissues, showing presenc8tiin the
endoderm and absence in non-axial mesoderm. VEGF is
present in both the mesoderm and endoderm. (8h@in
situ hybridization on a two-somite chick embryo showing
low levels of endodermal expression (indicated by
arrowheads) and an eight-somite chick embryo showing
greatly increased endodermal staining (arrowheads).
(D) Transverse section through an eight-somite chick
embryo showinghhexpression in the endoderm
(arrowheads). (E,F) In situ hybridization analysis of a six-
somite quail embryo witPtch1(bright field) and QH-1
(fluorescence) showing thBtchlis present in angioblasts
that have not yet formed tubes (arrowheads).
(G-J) Transverse sections through seven-somite chick
embryos analyzed by in situ hybridization. The expression
of Shhin the endoderm (G, arrowhead), but not in the
dorsal aorta (da). (H-J) The Hedgehog receRtrhland
Ptch2 and the transduc&moare present in endothelial
S — " cells of seven-somite embryos.

from the two-somite until the eight-somite stage. This
J¥ is the period during which most vascular

G L WG Y~

i g wel & o~ " ’ 1 1

: !_.g,_ iite : 3 r ‘ tubulogenesis occurs in the untreated embryo
. da da’s

g da % da 1 (Hirakow and Hiruma, 1983). Analysis of blood

: : g N S\ il vessel formation by QH1 immunofluorescence
i Naas? s | > showed that all embryos treated with 1QM

shh ptcl ptecz SO cyclopamine exhibited vascular abnormalities

(13/13). These alterations ranged from the presence

of small, interrupted tubes, with a corresponding
endoderm, but were present in the mesoderm in higher amouitgrease in unassembled clusters of angioblasts, to instances
(Fig. 2A). where virtually no discernible tubular structures were detected

Endodermal expression of SHH has been described at latg¥ig. 3B). In the latter case, angioblasts remained abundant and

stages (ten somites) (Roberts et al., 1995), but not at this earligere located in the regions where blood vessel formation
time. In situ hybridization revealed that in addition to the well-would normally occur. By contrast, vascular development was
characterized domain of expression in the notochord and floonostly normal in control embryos treated with carrier solution
plate of the neural tub&hhis also detected at low levels in alone (Fig. 3A). Defects were observed in a small proportion
the lateral endoderm of two- and three-somite embryos (Figf carrier treated embryos (2/9), but the extent of abnormalities
2B). At the four-somite stage, expression intensifies and
expands to include almost all embryonic endoderm, a patte!
that persists throughout early development (Fig. 2C,D) Control
Hedgehog ligands signal by binding to the patched (PTCH1
receptor thereby relieving repression on the Hedgehoc
transducer smoothened (SMO) (reviewed by Ingham an
McMahon, 2001). In additioiPtchland a related genBfch2
are transcriptional targets of SHH signaling. We have carrie
out additional in situ assays in the chick embryo which shov
that the Hedgehog signaling compond?tishl, Ptch2andSmo
are expressed in mesodermal tissues, including angioblas
(Fig. 2E-J). These data suggest that angioblasts not on
express essential components of the signaling pathway, but ¢
actively responding to a Hedgehog signaling input.

Cyclopamine

Inhibition of hedgehog signaling leads to disruption Fig. 3.Hedgehog signaling is essential for vascular assembly. Quail
of vascular assembly embryos treated with 1Q@M cyclopamine from the two-somite until

. . . the eight-somite stage (B) show severe deficiencies in vascular
To determine whether Hedgehog signaling may play a role iBssembly when assayed with the endothelial cell specific antibody,

regulating embryonic vasculogenesis, quail embryos WergH-1. Dorsal aortae formation (arrowheads) is not present and there
treated with cyclopamine, a highly specific inhibitor of SMOis almost complete lack of vascular assembly when compared with
(Incardona et al., 1998; Taipale et al., 2000; Chen et al., 2002mbryos treated with control media (A).
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Fig. 4.Mouse embryos lacking SMO have severe defects in
vascular tube formation. Vascular cells are visualized using
an antibody that recognizes VEGFRnomutant embryos

fail to form anterior dorsal aortae, although abundant
VEGFR2-positive angioblasts are still present. (A,D) Wild-
type embryo at four-somites contains patent dorsal aortae
(arrowheads). (B,C,E) Mutant embryos (four to eight
somites) show no apparent anterior dorsal aortae, either in
wholemount embryos (arrowheads in B,C) or section (E,
arrowheads show numerous angioblasts, but no dorsal
aortae). (F) Posterior section through embryo depicted in E
shows that dorsal aortae in mutant embryos (indicated by
black arrowheads) appear histologically normal at the caudal
end of the embryo. (G) Transverse section through
additional wild-type and (H) mutant embryos showing
complete lack of a patent dorsal aorta (arrowheads) in the
mutant embryo. Transverse sections through branchial arch
of wild-type (I) and mutant (J) sibling embryos at 11 somites
showing severe vascular defects. The mutant embryo
contains only a few, very poorly formed, endothelial tubes
(white arrowheads), while an equivalent section through a
wild-type embryo shows well-formed blood vessels (white
arrowheads), including the primary head vein (hv), dorsal
aorta (da) and first branchial arch artery (ba). Both sections
are approximately 9Qm anterior to the start of the heart.
(K,L) In situ hybridization foiShhexpression on wild-type

(K) or mutant (L) embryos at approximately eight somites
showing equivalent expression$fihin endoderm.

In less extreme cases (5/12), very small tubes formed
on one or both sides of the embryo. Interestingly, all
later stageSmomutants (six somites and later) contain
severely defective or absent dorsal aortae in the anterior
two-thirds of the embryo (Fig. 4E), but exhibit
detectable tubular dorsal aortae in the posterior third of
the embryo (Fig. 4F shows a caudal section through
same embryo shown in 4E). As the formation of the
dorsal aortae occurs bi-directionally, from both the
rostral and caudal ends in the mouse embryo (Drake and
Fleming, 2000), our observations suggest that
observed, and the proportion of embryos showing defects, wétedgehog signaling is required for tubulogenesis of a distinct
similar to that observed in unmanipulated embryos maintaineahterior domain of the dorsal aorta. To confirm that the defects
under New Culture conditions (data not shown). Thesé vascular tube formation were not caused by a deficiency of
experiments demonstrate that inhibiting hedgehog signalingngioblasts, we quantitated the VEGFR2-positive cells in cross-
prevents angioblasts from undergoing normal vasculasections of Smo’~ embryos lacking dorsal aortae. Stage-

assembly and tube formation. matched wild-type and mutant embryos contained 14.3 or 26.5
angioblasts, respectively, on one side of the embryo (average of

Mouse Smo mutants exhibit severe defects in three adjacent sections from three different embryos). This

vascular tube formation indicates that failure of vascular tube formation is not caused

Smoothened (SMO) is an essential component of the Hedgehby a reduction in angioblast number. Although we focused our
signaling pathway. To determine whether SMO is required foanalysis on the dorsal aortae, vascular tube formation in many
the formation of the primary vascular network, we examineather areas in the anterior embryo, including the plexus in the
Smomutant embryos between the four- and 12-somite stageephalic mesenchyme and the aortic arches, also exhibited
[prior to embryonic arrest (Zhang et al., 2001)], focusing on thenissing or defective tube formation (compare Fig. 41 with 4J;
paired dorsal aortae, which are the first prominent vessels ttata not shown). AlthougBma’~ embryos are incapable of
form within the mouse embryo. All mutant embryos (12/12)responding to hedgehog signaling, previous studies have
contained defects in dorsal aorta tube formation, while wildindicated that endodermal development is morphologically
type stage-matched littermates exhibited normal vasculaturermal in these animals (Zhang et al., 2001). In addition, we
and patent tubes (9/9 embryos examined). In the most sevesieow that the endoderm of the mutant embryos still exhibits
Sma’-mutants (7/12), the anterior half of the dorsal aorta wasormal sonic hedgehog expression (compare Fig. 4K with 4L).
completely absent, although abundant angioblasts were stitl seems likely, therefore, that the failure of vascular tube
present (compare Fig. 4A,D with 4B,C, E and Fig. 4G with 4H)formation in mutant embryos results from lack of hedgehog
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signaling to angioblasts, rather than being an indirec
consequence of altered endoderm development.

SHH rescues vascular patterning in endodermless
embryos

The cyclopamine experiments in avian embryos strongl
suggest that Hedgehog signaling is required in the pathwe
leading to vascular assembly and tubulogenesis. To learn mc
about the action of SHH, we carried out bead implantatiol
experiments to determine whether addition of SHH protein i
sufficient to rescue vascular assembly and tubulogenesis
embryos lacking endoderm. As an initial control, quail
embryos from which endoderm had been removed wer
implanted with beads carrying buffer alone. Small clusters ¢
angioblasts were observed in the vicinity of the control bead:
but vascular assembly and tubulogenesis did not occur (1/1Z
and the aggregates of angioblast cells lacked any discernit
lumen as assayed by deconvolution microscopy (compare Fi
5A,B with 5C,D,E). When beads soaked in SHki@41l) were
added to quail embryos from which the endoderm had bee
removed, well-formed blood vessels were produced in th
majority of cases (11/15). These were typically linear vessel
that formed in close proximity to the surface of the bead (Fig
5F). Examination of transverse sections through these vessi
indicated that they did indeed contain lumens (Fig. 5G). Th
effect of SHH on vascular assembly is not due to a gener:
non-specific effect of growth factor stimulation, as no
appreciable vascular tube formation was observed when bea
carrying BMP4, FGF-2 or T@H were added to endodermless
embryos (data not shown). As shown in Fig. 2A, VEGF
transcripts are present at significant levels in the embryon
endoderm. It is possible that removal of this tissue is sufficier
to drop VEGF levels below a threshold required for vascula
tube formation. We therefore tested whether addition of thi
potent vascular mitogen was sufficient to bring about vascule
tubulogenesis in endodermless embryos. As expected, wh
beads soaked in VEGF at varying concentrations (flng0
ngfl and 100 ngdl) were added to embryos, a dramatic
increase in angioblast number was observed and these ce¢
formed into broad sheets of QH1-positive tissue surroundin
the bead. The primary dlffereng:e between the d'ﬁ.ere”F VEG'IEig. 5.Sonic hedgehog (SHH) signaling is sufficient to rescue

doses was the radius over which angioblast proliferation Wagseyjar assembly in the absence of endoderm. The panels on the left
observed. In no case did VEGF treatment lead to formation @how a whole-mount view of QH-1 stained quail embryos, while
vascular tubes or to organization of a vascular network (0/3#ose on the right show deconvolution microscope sections through
embryos; Fig. 5H,l). Thus, VEGF does not substitute fothe same or similar embryos. (A,B) The control side of embryos
endodermal tissues in the induction of tubulogenesis. Howeverntains a robust vascular plexus with patent tubes (arrowhead in B).
when VEGF and SHH are combined (beads soaked in 1d@-E) By contrast, the side lacking endoderm contains unassembled
ngil and 3 mgil respectively), endodermless embryos clusters of angioblasts that do not contain a lumen (arrowheads in
formed a robust vascular plexus (6/7 embryos) that morB-E; asterisks indicate control beads). (F,G) Beads containing SHH

a rescue vascular assembly and tube formation (arrowhead in G).
glg;terl]yerrﬁsaekr)r:]belegotr?]e z;/;Ing’Eyp% Jvﬁs\(,:vﬂlr? rFinet\éerE than Sl_”?H,I) VEGF causes massive endothelial cell proliferation, but is not
( P 9. 9J, g. 5AB). able to rescue vascular assembly or tubulogenesis. QH-1-positive

. . . cells form apparent sheets of tissue (arrowhead in 1). (J,K) When
Addition of SHH to endothelial cells in culture et S VB G baads ars added (not in field o E/isiczn), a
promotes vascular assembly robust tubular vascular plexus is formed. The arrowhead in K

The preceding experiments have addressed the role widicates a longitudinal section through a connecting blood vessel.
Hedgehog in promoting vascular tube formation from nascer8cale bar: 15m.

angioblasts. To determine whether Hedgehog signaling could

function similarly in mature endothelial cells, we first asked if

cultured endothelial cells express Hedgehog signalinffoma (Fig. 6A). To determine whether SHH can regulate
components. BothPtchl and theSmowere detected by RT- endothelial cell morphology in culture, @/ml of SHH was
PCR in two separate mouse endothelial cell lines, bEnd3 aratided to confluent bEnd3 cells in serum-free media. After 72
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Fig. 6. Vascular assembly in cell culture A
in response to exogenous SHH. (A) RT.

PCR analysis detecBichl Smoand
Vegfr2transcripts in bEnd3 cells (lane

1) and Eoma cells (lane 2).

(B) Confluent bEnd3 cells were

switched to serum-free DMEM or (C)

DMEM plus 2pg/ml of SHH. SHH

induces assembly of vascular

endothelial cells into tube-like

structures. (D) RT-PCR analysis\égf
transcripts. The cDNA was synthesized

from untreated and treated bEND3 D E

cultures 48 hours after the addition of

SHH or VEGF. cDNA synthesized from

adult mouse heart total RNA was used VEGF -53353
as a positive control. (E) bEnd3 cells s12bp

were assayed for proliferation by BrdU GAPDH
labeling, following addition of SHH at
concentrations indicated. Data were

000 A0 00 OO0 A Be

12

averaged from three separate e 8
experiments. Addition of SHH does not
increase endothelial cell proliferation. &

4
hours, vascular network-like structures are clearly visible ir
SHH-treated cells (compare Fig. 6B with 6C). The cells do nc 0

form patent tubes, because they are grown directly on tt
plastic surface of the culture dish. The differences ir
morphology cannot be attributed to an upregulation of VEGF,
as there is no detectable VEGF expression in these cells (F
6D). Furthermore, the assembly of a vascular network afte
SHH treatment is not caused by an increase in cell number Collectively, our findings provide compelling evidence in
because there is no stimulation of cellular proliferation whetirds and mammals that SHH, which is produced by the
SHH is added to the culture media (Fig. 6E). Thus, SHH exerendoderm, is an important regulator of vascular tube formation
a direct influence on the morphological properties offrom specified angioblasts. This conclusion is strengthened by
endothelial cells, independently of cell proliferation. several previous reports that also implicate SHH signaling in
vascular tube formation. Murine embryoid bodies derived from

. . ES cells lackingsmoinitially express endothelial cell markers
Discussion but fail to form endothelial enclosed blood islands (Byrd et al.,
Although tubulogenesis has been studied in some deta002), and an initial examination &mo mutant embryos
particularly in the formation of tracheal tubesDmosophila  reported that extra-embryonic yolk sac vessels were poorly
and during mammalian kidney tube development, very little iSormed and greatly reduced in number (Byrd et al., 2002).
known of the mechanisms that control the process of vasculZebrafishShhmutant embryos contain angioblasts but do not
tube formation (Hogan and Kolodziej, 2002; Lubarsky andorm vascular tubes in the trunk region of the embryo (Brown
Krasnow, 2003). In this study, we present multiple lines okt al., 2000), and overexpression of SHH by injectiofStu
evidence, indicating that SHH is an important factor regulatingnRNA, causes the formation of lumenized ectopic vessels
blood vessel assembly and tubulogenesis. First, SHH {dawson et al., 2002). Transgenic mouse embryos ectopically
expressed in endodermal tissues, immediately adjacent to tbepressingshhin the neural tube display hypervascularization
developing vascular network, but not in the mesodermal tissy®owitch et al., 1999), and treatment of mouse embryonic
itself. This is consistent with previous studies indicating that aeurectoderm explants with IHH is reported to respecify
signal originating in the endoderm is required for vascular tubexplants to form tissues containing blood vessels (Dyer et al.,
formation (Vokes and Krieg, 2002a). Second, angioblast£001). Finally, in culture, the addition of SHH causes
nascent endothelial tubes and cultured endothelial cells expressdothelial cells to assemble into capillary networks (Kanda et
Hedgehog transducing molecules, and are therefore capableadf, 2003). Our demonstration of a specific requirement for
responding to Hedgehog signaling. Third, the loss or inhibitiotrdedgehog signaling in intra-embryonic vascular assembly and
of Hedgehog signaling results in a dramatic reduction inubulogenensis significantly extends our understanding of
vascular assembly in the mouse, and completely eliminatdsedgehog action in the developing vascular system.
vascular tube formation in avian embryos. Finally, the Our analysis of th&mao’~ phenotype indicates that the intra-
implantation of beads containing SHH into endodermless aviaembryonic vascular phenotype is more severe that that previously
embryos is sufficient to rescue vascular tube formation, andescribed for the yolk sac (Byrd et al., 2002), suggesting that
addition of SHH to cultured endothelial cells causes the&levelopment of intra-embryonic blood vessels is in some respects
formation of vascular network-like structures. distinct from that of the extra-embryonic vasculature. This is not
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Fig. 7.Model for vascular assembly. (A) In the A B C
unmanipulated embryo, both the mesodermal and
endodermal layers contribute VEGF, although the
mesodermal contribution is greater (as indicated by the W '
larger red arrows). The presence of VEGF leads to the *..*.,YYJ v %‘, *Meswerm
proliferation of angioblasts (black dots) in the mesodern  AMATATA A Endaderm
layer. In combination with SHH signaling from the

endoderm (blue arrows), angioblasts assemble into a

vascular network with patent tubes. (B) When endodern [ NEad B

experimentally removed from embryos, angioblasts are

specified, but are unable to organize into vascular tubes. (C) The addition of SHH beads (blue circles) to endodermldssseffibigisto
rescue vascular tubulogenesis. When VEGF beads (red circles) are added in combination with SHH beads, a more compjéxwsssular
formed, suggesting that VEGF from the endoderm (small red arrows) is also important for vascular development.

Wild-type No endoderm Rescue

altogether unexpected, as the first extra-embryonic blood vesselsltured cells (Fig. 6D), and no increase in cellular proliferation
are derived from endothelial encased blood islands while intrgFig. 6E). Overall, these results strongly suggest that SHH
embryonic vessels are derived from aggregations of individuaignaling acts independently of VEGF to mediate tube
angioblasts. However, based on the severe intra-embryorficrmation; however, we do not exclude the possibility that SHH
vascular phenotype of t8mo’~ mutants, it is surprising that plays an additional role in upregulating VEGF expression under
mice lacking SHH signaling do not exhibit obvious vascularcertain circumstances. In Fig. 7, we present a model in which
defects (Chiang et al., 1996). Our results suggest that this 8HH operates in concert with VEGF to promote normal
probably the result of functional redundancy of SHH with IHH,vasculogenesis. In this model Hedgehog signaling is the crucial
which also signals through the SMO pathway and which appeafactor for initiating the tubulogenesis pathway, as no vascular
to be expressed in an overlapping pattern in the intra-embryortigbes are formed in the absence of SHH activity. The model also
endoderm of the mouse embryo (Zhang et al., 2001). Finally, wadicates that VEGF, which originates in both mesodermal and
note that unlike avian embryos treated with cyclopamine, moussndodermal tissues, is necessary for the proliferation of normal
embryos that lack Hedgehog signaling still form a limited numbenumbers of angioblasts. The idea that VEGF levels must be
of vascular tubes. This implies that an alternative, Hedgehograintained within a narrow range for normal vascular
independent pathway is sufficient for vascular tube formation idevelopment is illustrated by a recent study of yolk-sac
certain regions of the mouse embryo. The nature of thigasculogenesis in mouse embryos carrying a targeted mutation
alternative pathway is currently unknown. of Vegfexpression in the visceral endoderm, but not the adjacent
SHH has also been implicated as an indirect angiogenimesodermal tissue. These embryos showed defects in yolk sac
factor in the postnatal mouse. In assays examining corneblood vessel formation, demonstrating that VEGF originating
angiogenesis and surgically induced hindlimb ischemia, additioftom the mesodermal layer alone is not sufficient for normal yolk
of SHH resulted in a significant increase in angiogenesis. SHehc vasculogenesis (Damert et al., 2002). Our data suggests that
is believed to act indirectly in these experiments by upregulatingEGF may also function to promote cell-cell interactions. This
VEGF and angiopoietins 1 and 2 (Pola et al., 2001). Likewisdatter point is evidenced by the formation of the extended sheets
the microinjection MRNA encodinghhinto zebrafish embryos of angioblasts following treatment with VEGF alone (Fig. 5H,1).
caused an upregulation of VEGF in the somites (Lawson et al., Current models for tubulogenesis indicate that three general
2002). Our studies strongly suggest that a simple epistateellular processes are involved. The first is increased contact
relationship between SHH and VEGF is unlikely to account fobetween the individual cells that will constitute vascular cords.
vascular tube formation. First, cyclopamine inhibition of SHHThe second is the establishment of apical basal polarity, which
signaling completely eliminates vascular tubulogenesis in thappears to be an absolute prerequisite for the formation of cellular
avian embryo (Fig. 3), even in the presence of abundant VEGEbes (Lubarsky and Krasnow, 2003). Finally, interactions
in the endodermal and mesodermal layers (Fig. 2A; data nbetween angioblasts and the surrounding extracellular matrix are
shown). Second, the addition of SHH alone is sufficient tdoelieved to play important roles in tube formation (Vernon et al.,
mediate efficient tubulogenesis in endodermless embryos. Thi®95; Drake et al., 1998). Several cell adhesion molecules have
is in contrast to administration of VEGF alone, which results irbeen described in the developing vascular system, including
the proliferation and adhesion of angioblasts, but never causB&ECAM (CD31), cadherin 5 (VE-cadherin) and N-cadherin.
detectable vascular tube formation. Third, our data show th&Vhile thePecamknockout is viable with no discernible vascular
Hedgehog receptor components are expressed in angioblagtenotype (Duncan et al., 1999), cadherin 5 mutants show a
(Fig. 2E,H,1,J) and in cultured endothelial cells (Fig. 6A),severe vascular phenotype that is embryonic lethal. However,
consistent with a mechanism in which SHH acts directly upothese embryos still form a significant number of endothelial
endothelial cells to initiate the tubulogenesis pathway. Fourthubes, indicating that other molecules, such as N-cadherin may
we observe that addition of both VEGF and SHH facilitates thalso be involved in cell adhesion (Gory-Fauré et al., 1999;
formation of a more extensive plexus that closely resembles@armeliet et al., 1999). The establishment of apicobasal cell
wild-type network (compare Fig. 5A,F,J), again suggesting thatolarity is also thought to play an integral role in the formation
SHH is not merely required to upregulate VEGF levels. Finallypf cellular tubes (Lubarsky and Krasnow, 2003). For example,
we find that cultured endothelial cells respond to Hedgehoduring the epithelial tubulogenesis of MDCK cell in response to
signaling by aggregating into vascular cords (Fig. 6C). Durindnepatocyte growth factor/scatter factor, cells transiently lose cell
this process, there is no detectable VEGF expression in tipelarity, but this is restored prior to lumen formation (Pollack et
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al., 1998). To the best of our knowledge, there are no markers ©ku-Uitz, A., Walmsley, M. and Patient, R(2000). Distinct origins of adult
apicobasal polarity in embryonic blood vessels, and so the roleand embryonic blood iXenopusCell 102, 787-796.

of cell polarity during vascular tubulogenesis remains completel9'z1'g'05'ngﬁla?i':;kiﬁhélﬁ’ﬁ% n'\fgcr;ﬁgﬂc Joffgrggoggl?got{‘e growth of

unCharaCtenzed', Interactions  between ang|0b|a5ts a_md tl&‘f\eaver, 0. and Krieg, P(1998). VEGF mediates angioblast migration during
extracellular matrix (ECM) are also thought to play a crucial role development of the dorsal aortaXenopusDevelopment 25, 3905-3914.
in vascular tube formation. An increasing body of evidence&offin, J. and Poole, T. (1988). Embryonic vascular development:
implicates interactions between integrins, primau'bBl and immunohistoc_hemical identif_ication of th_e ori‘gin‘ and _subsequent
fibronectin as being crucial for this process. This evidence is gg&zro%gnﬁgﬁigz ‘7’;5_“7"28 major vessel primordia i quail - embryos.
bas?dv In part, on the ob_servatlo_n that some murine embrye§mier, F. and Dieterlen-Liévre, F. (L988). The wall of the chick embryo
lacking fibronectin contain angioblasts, but fail to form aorta harbours M-CFC, G-CFC, GM-CFC and BFUSEvelopment.02,
endothelial tubes (George et al., 1997; Francis et al., 2002). In279-285.
addition, the injection of blocking antibodies to @ieintegrin ~ Dahmann, C. and Basler, K.(2000). Opposing transcriptional outputs of
causes a failure of tube formation in chick embryos (Drake et al., g?gggﬁﬁ?aif’;%'rugnSggyggﬂrfggdllclol'jglzCompa"memal cell sorting at the
1992)- Damert, A., Miquerol, L., Gertsenstein, M., Risau, W. and Nagy, A.
Given the sparse knowledge of the events leading to (2002). Insufficient VEGFA activity in yolk sac endoderm compromises
tubulogenesis, the precise role played by SHH remains ng?atopoietic and endothelial differentiatiddevelopmentl29, 1881-
speculative. One possibility is that SHH functions in promoting, %< _ : i
a specific type of cell adhesion. This is consistent with modefS7C = = 06 Tt T oG e, e e aon: and
in Drosophilaproposing a Hedgehog-mediated cell adhesion coalescence regulates capillary lumen and tube formation in three-
pathway that controls cell segregation in the wing imaginal disc dimensional collagen matriExp. Cell Res224, 39-51.
(Dahmann and Basler, 2000). Alternatively, given the evidenc@rake, C. J. and Fleming, P. A(2000). Vasculogenesis in the day 6.5 to 9.5
that SHH signaling within mouse dental epithelial cells isDrmouse embrydBlood 95, 1671-1679.

. - . T ake, C. J., Davis, L. A. and Little, C. D.(1992). Antibodies t@1-integrins
reqU|red for their p0|ar'zat|0n (Gm“'Lmde etal, 2002)- SHH cause alterations of aortic vasculogenesis in a&v. Dynamic493 83-91.

Signaling may be required to eS_tab"Sh apiCOba$a| polarity iDrake, C. J., Hungerford, J. E. and Little, C. D.(1998). Morphogenesis of
angioblasts prior to lumen formation. Clearly, the identification the first blood vesselé\nn. N. Y. Acad. S&57, 155-179.

of cell polarity markers in angioblasts would greatly facilitatefo‘ek;m;- )., LaRue, A, Fertara N-Ia”d g?t'e'B‘.:'l gégzigg)'lg/SEGF
. . . . es ce enavior auring vasculogendsess. olol. 3 - .
studies to further elucidate the cellular mechanisms underlylnlguncan’ G, S. Andrew, D. P., Takimoto, H.. Kaufman, S. A., Yoshida, H.,

vascular tube formation. Spellberg, J., de la Pompa, J. L., Alia, A., Wakeham, A., Karan-Tamir,
) ] . ) B. et al. (@999). Genetic evidence for functional redundancy of
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