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Ephrin-B2 regulates VEGFR2 function in
developmental and tumour angiogenesis
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The formation and guidance of specialized endothelial tip cells is
essential for both developmental and pathological angiogenesis1.
Notch-1 signalling regulates the generation of tip cells, which
respond to gradients of vascular endothelial growth factor
(VEGF-A)2. The molecular cues and signalling pathways that con-
trol the guidance of tip cells are poorly understood. Bidirectional
signalling by Eph receptors and ephrin ligands represents one of
the most important guidance cues involved in axon path finding3.
Here we show that ephrin-B2 reverse signalling involving PDZ
interactions regulates endothelial tip cell guidance to control
angiogenic sprouting and branching in physiological and patho-
logical angiogenesis. In vivo, ephrin-B2 PDZ-signalling-deficient
mice (ephrin-B2DV) exhibit a reduced number of tip cells with
fewer filopodial extensions at the vascular front in the mouse
retina. In pathological settings, impaired PDZ signalling decreases
tumour vascularization and growth. Mechanistically, we show that
ephrin-B2 controls VEGF receptor (VEGFR)-2 internalization and
signalling. Importantly, internalization of VEGFR2 is necessary
for activation and downstream signalling of the receptor and is
required for VEGF-induced tip cell filopodial extension. Together,
our results suggest that ephrin-B2 at the tip cell filopodia regulates
the proper spatial activation of VEGFR2 endocytosis and signal-
ling to direct filopodial extension. Blocking ephrin-B2 reverse
signalling may be an attractive alternative or combinatorial anti-
angiogenic therapy strategy to disrupt VEGFR2 function in
tumour angiogenesis.

Vessels and nerves possess similar specialized structures—tip cells
and growth cones—that, through filopodial extensions, sense the
surrounding tissue for specific cues that direct their movements.
Emerging evidence suggests that axonal growth cones and capillary
tip cells use common repulsive and attractive signals in their environ-
ment that ultimately determine their directional guidance through
the body4,5. Indeed, axon guidance molecules such as netrins, sema-
phorins, slits and ephrins are essential for normal vascular pattern-
ing5,6 and therefore might mediate guidance events controlling
vascular sprouting. Ephrin-B2, a transmembrane ligand for Eph
receptors, possesses intrinsic signalling capabilities that are required
for early angiogenic remodelling7–9. However, the molecular mech-
anism underlying the function of ephrin-B2 in coordinating proper
development and function of the vasculature is currently unknown.
Because ephrinB ligands have well-defined functions as repulsive
molecules for the guidance of axons, we investigated whether
ephrin-B2 would have a role in tip-cell guidance and function.

To study the role of ephrin-B2 reverse signalling during angiogen-
esis in vivo, we used two different mouse lines with either a targeted

mutation of five tyrosine residues (ephrin-B25Y) or a deletion of a
single valine residue in the cytoplasmic domain of ephrin-B2
(ephrin-B2DV), which impair phosphotyrosine- or PDZ-dependent
reverse signalling, respectively. The latter is required for the remodel-
ling of the lymphatic vasculature10 as well as postnatal lung alveolar
development11. We first focused on the function of ephrin-B2 in
developmental angiogenesis by investigating angiogenic sprouting
in the mouse retina12. Extension of the developing superficial vas-
cular plexus was impaired in the newborn ephrin-B2DV mice com-
pared with wild-type littermates and ephrin-B25Y mice (Fig. 1a–c
and Supplementary Fig. 1a). Ephrin-B2DV, but not ephrin-B25Y,
P7 retinas showed a 25% decrease in vessel branching and a strik-
ing reduction in the number of vascular sprouts quantified by
the number of filopodial bursts in the developing vascular plexus
(Supplementary Fig. 1b–i). The vascularization of different brain
regions such as cortex, thalamus and striatum as well as retina was
similarly reduced by more than 20% in ephrin-B2DV adult mice
(Supplementary Fig. 1j–l). Detailed analysis of the vascular front
revealed that filopodial density was strikingly reduced (56.7% reduc-
tion in the number of filopodia per vessel length in ephrin-B2DV
mice compared with control littermates) (Fig. 1d, e), whereas
proliferation at the vascular front was not affected (Supplementary
Fig. 2), suggesting that reduced sprouting activity rather than
endothelial proliferation accounted for the reduced vessel density.
In agreement with a function of ephrin-B2 at the tip cell, ephrin-B2
clusters localized to tip cell filopodia (Fig. 1f). During retinal
development an astrocyte scaffold guides the extension of tip cell
filopodia and the subsequent migration of endothelial sprouts13–16.
Interestingly, EphB receptors are abundantly expressed in retinal
astrocytes (Supplementary Fig. 3) and might, with EphB receptors
expressed in retinal endothelial cells (see accompanying paper17),
represent a source of activation of ephrin-B2 clusters at the tip cell.
Conditional strategies to remove EphB receptors from these tissues
specifically by cell type will help to address their relative contribu-
tions to the activation of ephrin-B2 at the tip cell. Gain-of-function
experiments revealed a direct effect of ephrin-B2 on filopodial exten-
sion dynamics in endothelial cells (Fig. 1g–j and Supplementary
Movie 1). This excessive extension of filopodia prevented inclusion
of endothelial cells into tubular structures (Supplementary Fig. 4 and
Supplementary Movie 2) and was dependent on reverse ephrin-B2
PDZ signalling (Supplementary Fig. 4, Supplementary Fig. 5 and
Supplementary Movies 2–6). These observations are consistent with
an intercellular repulsive activity regulated by Eph-ephrin con-
tacts18,19 that might, for example, set off the initial destabilizing forces
needed for the budding of the selected sprouting endothelial cell (tip
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cell) from a quiescent tube. Together, our results indicate that
ephrin-B2 reverse signalling through PDZ interactions controls
vessel sprouting by promoting tip cell filopodial extension during
developmental angiogenesis.

VEGF is a crucial regulator during the initial establishment of
astrocyte–endothelial interactions that mediate endothelial cell guid-
ance along the pre-existing astrocytic scaffold13,20. Therefore, we next
investigated if the lack of filopodial extensions in ephrin-B2DV tip
cells could be a result of misregulated VEGF receptor function indi-
cating a molecular crosstalk between ephrin-B2 reverse and VEGFR
signalling. The tight regulation of intracellular VEGFR2 localization is
an important mechanism to control its signalling properties21. At the
cellular surface VEGFR2 is dephosphorylated and inactivated by the
action of membrane-associated phosphatases such as CD148 (ref. 22)

or VE-PTP23. Conversely, internalization of VEGFR2, as for TGF-b,
EGF or NGF receptors, promotes signalling in the endosomal com-
partment22,24. Indeed, ephrin-B2 PDZ interactions were required for
VEGF-induced internalization of VEGFR2 in endothelial cells
(Fig. 2a, b), supporting our in vivo findings of an exclusive require-
ment of PDZ interactions downstream of ephrin-B2 ligands for
proper vessel sprouting (Fig. 1). Total VEGFR2 and ephrin-B2
expression levels were not changed in ephrin-B2DV compared with
control cells (Supplementary Fig. 6). To corroborate functionally the
control of VEGFR2 endocytosis by ephrin-B2 reverse signalling we
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Figure 1 | Ephrin-B2 PDZ interactions are required in vivo for tip cell
filopodial extension during developmental angiogenesis. a, Isolectin-B4
staining of control and ephrin-B2DV P1 retinas. b, c, Quantification based
on radial length from optic nerve to the periphery (b) and on the percentage
of retina area covered with vessels (c) (s.e.m., n 5 6–8). d, e, Ephrin-B2DV
mice exhibit reduced filopodial extensions (green dots) per vessel length (red
line) at the sprouting front as quantified in e (s.e.m., n 5 10–12). f, Retinal
whole-mount staining with EphB4-Fc shows ephrin-B2 clusters at the tip cell
filopodia (white arrows). g–j, Ephrin-B2 induces filopodial extensions in
MECs. Six frames of Supplementary Movie 1 (g) and higher magnification of
the cell surface (h) are shown. Cumulative filopodial length (i) and number
of filopodia (j) per 100mm of cell surface length are quantified (s.e.m.,
n 5 14). Scale bars, 150mm (a), 100mm (d, higher magnifications), 25 mm
(d, f left panel, g, h) and 10 mm (f, middle panel). *P , 0.05, **P , 0.01,
***P , 0.001.
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Figure 2 | Ephrin-B2 controls VEGFR2 internalization and signalling.
a, b, Endocytosis of VEGFR2 visualized by an ‘antibody feeding’ assay (see
Methods) in MECs stimulated for 30 min with VEGF and quantified based
on fluorescence intensities (s.e.m., n $ 20) c, VEGFR2 co-precipitates with
ephrin-B2. As a reference ephrin-B2 was pulled down with EphB4-Fc.
d, e, VEGFR2–Tyr 1175 phosphorylation in MECs. Quantification is shown
as the percentage of fluorescence in every mutant versus total intensity in
controls after 30 min VEGF treatment (e) (s.e.m., n $ 24). f, VEGFR2
phosphorylation in vivo on Tyr 1175 and Tyr 1054 is compromised in
ephrin-B2DV mouse mutants. Ctrl, control. g, Internalization of VEGFR2 is
necessary for activation of the receptor and downstream signalling. VEGF-
induced phosphorylation on VEGFR2–Tyr 1175 and Akt in MECs untreated
or pre-treated for 2 h with dynasore is shown. Scale bar, 25 mm. **P , 0.01,
***P , 0.001.

LETTERS NATURE | Vol 465 | 27 May 2010

488
Macmillan Publishers Limited. All rights reserved©2010



next stimulated endothelial cells with soluble EphB4 receptor to
activate ephrin-B2 reverse signalling25,26. Activation of ephrin-B2
was sufficient to induce VEGFR2 internalization and, like VEGF-
mediated internalization of VEGFR2, EphB4-induced VEGFR2
internalization required a functional PDZ target site on ephrin-B2
(Supplementary Fig. 7a, b). EphB4-induced internalization of
VEGFR2 was confirmed in a biotinylation assay with endothelial cells
and live mouse tissue (Supplementary Fig. 7c, d). Activation of
ephrin-B2 specifically induced the internalization of VEGFR2 but
not other angiogenic receptors such as Tie2. Importantly, internali-
zation of VEGFR2 but not Tie2 was impaired in ephrin-B2DV mice
(Supplementary Fig. 7c, d). In line with a direct control of VEGFR2
endocytosis by ephrin-B2, VEGFR2 co-localized with surface ephrin-
B2 ligand patches (Supplementary Fig. 8) and both proteins co-
immunoprecipitated (Fig. 2c). Together, our results indicate that
ephrin-B2, through PDZ interactions, is a potent regulator of
VEGFR2 trafficking.

To address whether the regulation of VEGFR2 trafficking by
ephrinB reverse signalling influences VEGFR2 activation, we assessed
VEGFR2 tyrosine phosphorylation and downstream signalling. In
agreement with the control of VEGFR2 internalization by ephrin-B2
reverse signalling, ephrin-B2 knockout and ephrin-B2DV endothelial
cells displayed a striking reduction in VEGFR2 phosphorylation
whereas ephrin-B25Y cells did not show any defects (Fig. 2d, e).
Correspondingly, in vivo, ephrin-B2DV mice showed reduced levels
of VEGFR2 phosphorylation at different phosphorylation sites (Fig. 2f
and Supplementary Fig. 9a), suggesting that ephrin-B2DV mice fail to
internalize and activate VEGFR2 efficiently. VEGF-induced Akt
activation was impaired in ephrin-B2DV endothelial cells (Sup-
plementary Fig. 9b). The requirement of VEGFR2 internalization
for signalling was confirmed using dynasore, a potent inhibitor of
dynamin-dependent endocytic pathways27. Treatment of endothelial
cells with dynasore inhibited VEGF-induced VEGFR2 phosphoryla-
tion and downstream signalling assessed by Akt activation (Fig. 2g and
Supplementary Fig. 10). To prove that VEGFR2 internalization is
functionally required for tip cell filopodial extension, we developed
a short-term culture system of explanted retinas that allowed us to
stimulate the tissue acutely and to assess cellular responses of tip cells
at the vascular front. These explanted retinas robustly responded to
stimulation with VEGF-A, as evidenced by the increased number of
filopodial extensions per vessel length (Fig. 3a, b). Co-treatment with
dynasore impaired filopodial extension, indicating the requirement
for VEGFR2 internalization to induce tip cell function. The ability of
activated ephrin-B2 to induce filopodial extension directly in
endothelial cells (Fig. 1g, j) was confirmed in the tissue by stimulating
retinal explants with EphB4-Fc. Activation of ephrin-B2 was sufficient
to increase the number of filopodial extensions in tip cells significantly
(Fig. 3c, d). To underline the role of ephrin-B2 as a potent regulator of
VEGFR2 internalization and function, we acutely deprived the retinal
explants of VEGF-A by applying a soluble VEGFR1 extracellular
domain-Fc fusion protein (soluble Flt-1), which binds VEGF-A with
high affinity and has been used extensively as a VEGF-A trap13.
Filopodial extension was severely compromised after sFlt-1 treatment
but was significantly rescued when ephrin-B2 was simultaneously
activated by EphB4-Fc treatment (Fig. 3c, d), suggesting that
ephrin-B2 functionally cooperates with VEGF to stimulate VEGFR2
at the tip cell. In summary, we propose a model of ephrin-B2 function
at the tip cell where activation of ephrin-B2 induces VEGFR2 inter-
nalization and activation, thereby controlling tip cell filopodial exten-
sion and vascular sprouting (Fig. 3e).

Because our data identified ephrin-B2 reverse signalling as a potent
regulator of VEGFR2 function, we next explored if ephrin-B2 reverse
signalling also controls VEGFR2 function during tumour angiogen-
esis. We first assessed intracranial tumour growth in ephrin-B2DV
mice using an orthotopic glioma tumour model28 (see Methods).
Intracranial tumour growth in ephrin-B2DV mice was severely
reduced, reaching less than 25% of the volume of control tumours

in wild-type littermates (Fig. 4a, b). The stunted tumour growth was
associated with a decreased tumour vascularization, as reflected by
the quantification of the vascular area density (Fig. 4c, d).
Quantification of vessel perfusion (marked by intravascular lectin)
revealed a similar decrease in functional vascular area (data not
shown). Morphologically, the vasculature of control tumours con-
sisted of tortuous and highly branched blood vessels (Fig. 4c).
Vascular sprouts and filopodial extensions were readily detectable
on the blood vessels of control tumours (Fig. 4c, higher magnifica-
tions). In contrast, the vasculature of the tumours grown in ephrin-
B2DV mice was less tortuous and less branched (Fig. 4c).
Importantly, like the reduction in vascular sprouting seen in retinal
vascularization after impaired PDZ-dependent signalling (Fig. 1a–e
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Figure 3 | Ephrin-B2-mediated VEGFR2 internalization is required for tip
cell filopodial extension. a, b, VEGF-induced tip cell filopodial extension
requires internalization of VEGFR2. P4 retinal explants stimulated with
VEGF-A or with VEGF-A and dynasore for 4 h. Filopodial extension
analysed and quantified as in Fig. 1b (b) (s.e.m., n 5 14–19) c, d, Activation
of ephrin-B2 induces tip cell filopodial extension and rescues tip cell
filopodial dynamics after VEGF sequestering. P4 retinal explants stimulated
with Fc, EphB4-Fc, Fc and soluble Flt-1, or soluble Flt-1 and EphB4-Fc for
4 h. Filopodial extensions analysed and quantified as above (d) (s.e.m.,
n 5 11–15). e, Model of ephrin-B2 function at the tip cell filopodia. Ephrin-
B2 (green) expressed at the tip cell filopodia regulates VEGFR2 (red)
internalization and signalling to control filopodial extension and vessel
sprouting. Line represents plasma membrane and circle endocytic vesicle.
Scale bar, 25 mm. *P , 0.05, **P , 0.01, ***P , 0.001.
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and Supplementary Fig. 1), the tumour blood vessels in ephrin-B2DV
mice were devoid of sprouts and filopodia (Fig. 4c, higher magnifica-
tions), indicating that ephrin-B2 reverse signalling controls VEGFR2
function in tumour vessels. Interestingly, this phenotype was not
restricted to the brain vasculature as reduction in tumour growth
and vascularization were reproduced in a heterotopic tumour model
in the skin of ephrin-B2DV mice (Supplementary Fig. 11). Moreover,
we confirmed that the function of ephrin-B2 during pathological
angiogenesis is endothelial specific because comparable tumour
and vascular phenotypes were observed in Gl261 astrocytomas
injected in mice with an endothelial-specific tamoxifen-inducible
ephrin-B2 loss-of-function (ephrin-B2iDEC; for description of the
mice see Methods and the accompanying paper17) (Supplementary
Fig. 12).

Together, our results identify ephrin-B2 reverse signalling through
PDZ interactions as a positive regulator of VEGFR2 trafficking and
signalling to control endothelial tip-cell-mediated vessel sprouting in
physiological and pathological settings. Directional migration
guided by surface receptors has been shown to be tightly regulated
by RTK endocytosis, which ensures localized intracellular responses
to guidance cues by stimulating spatial restriction of signalling. These
effects have been extensively studied in border cells that perform a
stereotypic migration during oogenesis in Drosophila29. Our results
reinforce such a model for RTK guidance during vascular sprouting
events. We postulate that ephrin-B2 activation at the tip cell filopodia
regulates proper spatial activation of VEGFR2 by controlling recep-
tor endocytosis. Interestingly, our observation of nude vascular
structures devoid of sprouts and filopodia in the tumours grown in
ephrin-B2DV mice indicates a general mechanism for ephrin-B2 in
regulating VEGFR2 action both in physiological and pathological
angiogenesis. Moreover, the function of ephrin-B2 ligands in the
regulation of VEGFR trafficking seems to extend beyond VEGFR2
and to include other family members such as VEGFR3 (see accom-
panying paper17). Importantly, VEGFR3 has recently been shown to
be localized prominently at the filopodial extensions of tip cells,

acting as a modulator of developmental and pathological angiogen-
esis30. It has subsequently been proposed that a combination of
VEGF/VEGFR2 and VEGFR3 blockade may improve the outcome
of anti-VEGF therapies31. Thus, blocking ephrin-B2 signalling in
tumours might represent an intriguing strategy to interfere simulta-
neously with both VEGFR2 and VEGFR3 function that could be used
as an alternative or combinatorial anti-angiogenic treatment for
tumour therapy.

METHODS SUMMARY
Endothelial cell culture. Primary mouse endothelial cells (MECs) from P4-7

ephrin-B2lox/lox mice were isolated from lung with collagenase treatment and

purified by CD31-coupled magnetic beads. Ephrin-B2 knockout endothelial

cells were generated by Cre recombinase adenoviral infection (Vector Biolabs).

Retinal vasculature analysis. Mouse retinas were dissected and retinal vessels

were visualized as described in the Methods. Images were acquired using a

confocal microscope (Leica TCS SP2). Quantitative measurements were per-

formed using ImageJ (National Institutes of Health) and MetaMorph

(Molecular Devices).

Acute retinal explants. Retinas were dissected from P4–5 pups and flat-

mounted onto hydrophilic membrane filters (40mm pore size) as described in

the Methods. Retina explants were incubated in a humidified incubator supplied

with 5% CO2 for 2–4 h for recovery before stimulation.

Antibody feeding assay. Antibody feeding assays were performed as described26.

Images were acquired using a digital camera (SpotRT; Diagnostic Instruments)

attached to an epifluorescence microscope (Zeiss) equipped with a 363 objective

(Plan-Apochromat, Zeiss). All quantitative measurements were performed using

MetaMorph software (Molecular Devices).

Astrocytoma generation and tumour injections. Murine astrocytomas were

generated as described28. Astrocytes isolated from perinatal mice were immor-

talized by transfection with SV40 large T-antigen and transformed to astrocyto-

mas by viral transduction of H-rasV12 (pBABE puro H-Ras V12, Addgene).

Tumour cells were injected stereotactically into the left striatum or subcuta-

neously in ephrin-B2DV mice or control littermates. To avoid immune rejection,

mice from the same crossing generation were used for astrocyte isolation and

tumour injection. Gl261 astrocytoma cells were injected stereotactically in the

left striatum of ephrin-B2iDEC mice. All the animal experiments were conducted

under institutional guidelines and were approved by the Hessen Animal Ethics

Committees.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Mouse mutants

Primary endothelial cell isolation. The generation of the conditional knockout

mice ephrin-B2lox/lox has been described32. Ephrin-B2DV/DV and ephrin-B25Y/5Y

mice have been generated as described10. P4–7 mice were killed. Lungs were

removed into dissection buffer (HBSS, Gibco, supplemented with 10% fetal

bovine serum, Hyclone) and minced into small pieces. The tissues were then

treated with equal volumes of collagenase type II (Biochrom, 260 units per

millilitre) at 37 uC in a humidified incubator supplied with 5% CO2 for

30 min with occasional shaking. The mixtures were passed through 40 mm dis-

posable cell strainer and centrifuged at 200g for 5 min at 4 uC. Lung tissue pellets

were collected and resuspended in dissection buffer. Tissue suspensions were

centrifuged at 200g for 5 min at 4 uC and pellets were collected and resuspended

twice in fresh dissection buffer to wash out remaining collagenase. After washing,

tissue pellets were resuspended in 2 ml dissection buffer and incubated with anti-

rat IgG coated magnetic beads (Invitrogen, 8 3 107 beads per lung) pre-coupled

with rat anti-mouse PECAM-1 (MEC13.3, BD Pharmingen, 7mg per lung) at

4 uC for 1 h with gentle rotation. The beads were washed five times by placing the

tube on a magnet (Invitrogen), aspirating the supernatant and refilling with

dissection buffer. The washed beads were resuspended in endothelial cell

medium consisting of DMEM 1 GlutaMAX-I 1 4.5 mg l21 D-glucose (Gibco),

100 U ml21 penicillin, 100mg ml21 streptomycin (PAA Laboratories), 20% fetal

bovine serum which was previously tested not to promote cell differentiation

(Hyclone) and 0.4% (v/v) endothelial cell growth supplement with heparin

(Promocell), and plated onto gelatin-coated plates. The magnetic beads were

detached from the cells by trypsinization in the first passage.

Generation of ephrin-B2 knockout endothelial cells and tube formation
assays. Endothelial cells isolated from ephrin-B2lox/lox mice were infected with

adenovirus encoding Cre recombinase (Vector Biolabs). The virally infected cells

were cultured for 1 week and tested for the lack of ephrin-B2 protein by immu-

nofluorescence using EphB4-Fc and anti-Fc antibodies (Supplementary Fig. 5).

Endothelial cells in sparse culture were detached with accutase (PAA), resus-

pended in starving medium containing DMEM 1 GlutaMAX-I 1 4.5 mg l21

D-glucose (Gibco) and 1% fetal bovine serum (Hyclone), and plated onto

48-well plate pre-coated with Matrigel (BD Biosciences). Fifteen thousand cells

were seeded per well. The plate was incubated at 37 uC in a humidified incubator

supplied with 5% CO2 for 6–8 h. Quantitative measurement of the tubular

network based on the percentage of area covered with capillary structures was

done by using ImageJ (National Institutes of Health) and MetaMorph software

(Molecular Devices). Ephrin-B2KO cells were still able to form tubular struc-

tures although these tubes showed a 2.4-fold increase in tube disruption.

However, ephrin-B2KO tubes were suitable for re-introduction of wild type

and signalling mutants to study the repulsive activity conferred by ephrin-B2

signalling. For the time-lapse movies the percentages of non-integrated cells

versus the total yellow fluorescent protein (YFP)-expressing cells identified at

the beginning of each movie was quantified. At least three independent movies

per condition were quantified.

Endothelial cell expression constructs, transfection and stimulation. The

YFP–ephrin-B2 WT expression construct was generated as described33. YFP–

ephrin-B2DC (amino acids 1–167) was generated by replacing the CFP gene

from pJK42 (CFP-ephrin-B2DC, provided by J. Lauterbach) with the YFP gene

from pEYFP-N1 (Clontech) at the SalI and BsrGI cloning sites. To generate YFP–

ephrin-B25Y, the BbsI-EcoRV fragment encoding the carboxy (C)-terminal part

of ephrin-B2 in the YFP–ephrin-B2 plasmid was replaced by a fragment in which

five conserved tyrosine residues of ephrin-B2 were mutated as previously

decribed10. Generation of YFP–ephrin-B2DV was done by site-directed muta-

genesis (Stratagene) to remove the C-terminal valine from the ephrin-B2 gene.

The ephrin-B2 expression constructs were introduced into primary mouse

endothelial cells by electroporation using basic endothelial Nucleofector Kit

(Amaxa). Recombinant mouse EphB4-Fc and ephrin-B2-Fc chimaeras (R&D)

pre-coupled with the antibody against human Fc (Jackson ImmunoResearch) at

a final concentration of 4 mg ml21 were used for stimulation of the primary

endothelial cells.

Analysis of postnatal retinal angiogenesis. Visualization of retinal vessels was

done as described13 with minor modifications. Briefly, retinas dissected from neo-

natal mice (mutants or wild-type littermates as a control) were permeabilized and

stained with 40mg ml21 FITC conjugated lectin from Bandeiraea simplicifolia

(Isolectin-B4, Sigma-Aldrich) at 4 uC overnight. After five washes with PBS, retinas

were post-fixed in 4% paraformaldehyde (PFA) and flat mounted with Vectashield

mounting medium containing 49,6-diamidino-2-phenylindole (DAPI) (Vector

Laboratories). Quantification of retinal angiogenesis was done in P1 and P2 in a

C57/BL6 background. For later stages (P7 and adult) all the quantification

was done in the CD1 background because ephrin-B2DV mice in the C57/BI6

background die during the first week of life from a lymphatic phenotype. The

numbers of branch points and filopodial bursts in arterial zones were quantified

from randomly defined 30–35 microscopic fields from eight retinas per group for

ephrin-B2DV and control littermates. The values were normalized with field sizes.

Vascular density measurement was done by calculation of areas covered with

vessels in at least five arterial zones in each retina using ImageJ. For the P2 C57/

Bl6 mouse retinas, the radial length of the vascular network was measured from the

average length of at least three lines drawn from the centre of the retina in the optic

disc to the edge of the network. Vascular density was measured from the vascular

areas in 300mm 3 300mm fields next to the optic discs. Six to eight retinas from

each genotype were used for all quantifications. Filopodial protrusions at the

vascular front were analysed from 20 microscopic fields picked from 10–12 retinas

per group for ephrin-B2DV and control littermates and quantified using

MetaMorph software (Molecular Devices). Student’s t-tests were used to assess

statistical significance of the differences between measurements.

Analysis of adult brain and retinal vasculature. Mice (mutants or wild-type

littermates) were anaesthetized and 1.5 ml of 50 mg ml21 fluorescein isothiocya-

nate dextran, relative molecular mass 2 3 106 (Sigma-Aldrich), in PBS were

injected intracardially. Brains and eyes were dissected and fixed with 4% PFA

at 4 uC overnight. Coronal brain sections (60mm) were obtained with a vibra-

tome and mounted with Vectashield mounting medium containing DAPI.

Retinas were dissected and flat-mounted as described above. Confocal images

of brain and retinal vessels were used to analyse vessel density based on areas of

the brain or retinal tissues covered with vessels using ImageJ. Four mice from

each genotype were used for quantifications and statistics using Student’s t tests.

Acute retinal explants. Eyes were enucleated from new born pups (P4–5) and

transferred to FBS-free DMEM medium. Retinas were dissected from eye cups

and vitreous bodies were totally removed. Retinas were flat-mounted onto the

hydrophilic polytetrafluoroethylene (PTFE) membrane of Millicell inserts

(Millipore) with the photoreceptor layer on top and the nerve fibre layer

attached to the membrane. DMEM with 10% FBS was layered underneath the

membrane and dropped on retinas to prevent dryness. Retina explants were

incubated at 35 uC in a humidified incubator with 5% CO2 for 2–4 h before

stimulation. For stimulation of retina endothelial tip cells, all factors diluted

in DMEM with 3% FBS were layered underneath the insert membrane and

dropped on the explants. Concentrations of VEGF164 and EphB4Fc or hFc used

were 1mg ml21 and 10 mg ml21, respectively. Soluble Flt-1 and dynasore were

added to the medium at concentrations of 1mg ml21 and 0.32 mM, respectively.

Stimulation was performed at 35 uC in a humidified incubator with 5% CO2 for

4 h. Explants were fixed with 4% PFA at 35 uC for 4 h and stained with isolectin-B4

as described above.

Antibody feeding assay. The assay was performed as described26 with some

modifications. Primary mouse endothelial cells (from mutants or ephrin-

B2lox/lox as a control) were blocked at 37 uC for 10 min in blocking solution

consisting of DMEM, 2% (w/v) bovine serum albumin and 4% (v/v) donkey

serum (Jackson ImmunoResearch). Anti-Flk1 primary antibody (R&D, 1:40) in

the blocking solution was incubated with cells at 37 uC for 20 min. After two

washes with warm D-PBS 1 Ca21/Mg21, cells were stimulated with recombi-

nant human VEGF165, pre-clustered EphB4-Fc or human Fc in endothelial

medium at 37 uC for 30 min, and fixed with 4% PFA in PBS at 4 uC for

30 min. Surface receptors (green) were detected by incubation with Cy2-

conjugated secondary antibodies (Jackson ImmunoResearch, 1:200) without per-

meabilization for 2 h at room temperature. After three washes with PBS, cells were

permeabilized for 30 min with ice-cold PBS containing 0.2% Triton X-100, 2%

(w/v) bovine serum albumin and 4% (v/v) donkey serum, and Cy3-conjugated

secondary antibody (Jackson ImmunoResearch, 1:200) was incubated with the

cells for 1 h at room temperature to visualize internalized receptors. A digital

camera (SpotRT; Diagnostic Instruments) attached to an epifluorescence micro-

scope (Zeiss) equipped with a 363 objective (Plan-Apochromat, Zeiss) was used

for imaging. Quantitative measurements based on fluorescent intensities were

performed using MetaMorph software (Molecular Devices). Quantification of

four independent experiments with more than 20 cells per condition was per-

formed by analysing percentages of internalized receptors (red fluorescence) from

total amount of receptors (green fluorescence 1 red fluorescence). Student’s

t-tests were used to assess statistical significance of the differences between

measurements.

Cell surface biotinylation assay. The assay was performed as described26 with

minor modifications. To label surface proteins, MECs from ephrin-B2DV or

wild-type mice as a control were incubated with 0.5 mg ml21 EZlink-NHS-SS-

Biotin (Pierce) in D-PBS buffer with 1 mM MgCl and 0.1 mM CaCl at 37 uC for

5 min. Cells were washed and stimulated with 4mg ml21 EphB4Fc or control hFc

in D-MEM medium at 37 uC for 10–60 min as indicated. Biotin bound to

proteins which remained on the cell surface was cleaved out by incubation with

46 mg ml21 reduced L-glutathione (Sigma) in 150 mM NaCl for 30 min at 4 uC.
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Glutathione was then neutralized by incubation with 9.2 mg ml21 iodoaceta-
mide (Sigma) in D-PBS buffer with Ca21 and Mg21 for 15 min at 4 uC. Cells

were lysed and processed as described for tissue biotinylation.

Live tissue surface biotinylation assay. Acute cortical slices (400 mm thick) from

ephrin-B2DV or wild-type littermates as a control were prepared from brains of

P8–9 mice using a custom-made slicer. Slices were kept in artificial cerebrospinal

fluid (ACSF: 124 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 2.5 mM CaCl2, 2 mM

MgSO4, 26 mM NaHCO3, 10 mM glucose, saturated with 95% O2 and 5% CO2)

for 1–2 h at room temperature. To label surface proteins, slices were incubated

on ice with EZlink-NHS-SS-Biotin (Pierce) at a concentration of 0.5 mg ml21

ACSF for 1 h. After two washes with ACSF, 10 mg ml21 EphB4Fc or control hFc

proteins were applied to the slices. Stimulations were performed for 1–1.5 h at

room temperature. Remaining surface biotin was stripped out by incubation

with 46 mg ml21 reduced L-glutathione (Sigma) for 30 min on ice. Glutathione

was subsequently neutralized by incubation with ethanolamide (0.9 ml ml21

ACSF) on ice for 30 min. Slices were washed twice with ACSF and cells were

lysed with NP-40 lysis buffer (see immunoprecipitation). Equal amounts of

proteins from each sample were incubated with Neutravidin sepharose

(Pierce) on a rotating wheel overnight at 4 uC. Beads were washed three times
with lysis buffer and boiled at 95 uC in SDS sample buffer before proceeding with

western blot analysis.

Immunofluorescence. After stimulation, endothelial cells from mutant mice or

ephrin-B2lox/lox mice as a control were fixed in 4% paraformaldehyde in PBS at

4 uC for 30 min. Cells were incubated with NH4Cl for 10 min at room temper-

ature and blocked with PBS containing 2% (w/v) bovine serum albumin and 4%

(v/v) donkey serum for 1 h at room temperature. Triton X-100 (0.2%) was added

to the blocking solution when permeabilization was required. Cells were incu-

bated with primary antibody in blocking solution for 1 h at room temperature,

washed three times with PBS and incubated with secondary antibody for 1 h at

room temperature. Concentrations of antibodies used were as follows: rabbit

anti-Tyr 1175 VEGFR2 (Cell Signalling Technology) 1:200, rabbit, goat anti-

VEGFR2 (R&D Systems) 1:100, donkey anti-hFc (Jackson Immunoresearch)

1:100. Vectashield mounting medium containing DAPI was used to mount

samples. A similar protocol was applied for immunofluorescence of whole-

mount retinas with variation in incubation times. EphB4–Fc and ephrin-B2–

Fc fusion proteins were used at a final concentration of 5mg ml21. Rabbit anti-

GFAP (DAKO), and Cy5-conjugated goat anti-hFc (Jackson Immunoresearch)
were used at dilution of 1:70 and 1:100, respectively. For Tyr 1175 quantification,

three independent experiments with 24–45 cells per condition were performed

by analysing the percentage fluorescence intensity in every mutant versus total

intensity in the control. Student’s t-tests were used to assess statistical signifi-

cance of the differences between measurements.

Immunoprecipitation and immunoblotting. Experiments were performed as

described26 with some modifications. MECs isolated from ephrin-B2DV or wild-

type mice as a control were starved for 4 h, 80mm dynasore was added for the last

2 h, followed by stimulation with recombinant human VEGF165. Neonatal

mouse brains or MECs were lysed with NP-40 lysis buffer (50 mM Tris HCl

buffer, pH 7.5, 1% NP-40, 150 mM NaCl, 10 mM sodium pyrophosphate,

20 mM NaF, 1 mM sodium orthovanadate and 1% complete protease inhibitor

cocktail (Roche)), centrifuged at 15,700g. for 10 min, and supernatants were

collected. The samples were pre-incubated with protein G-Sepharose beads

(Pharmacia) for 30 min at 4 uC. Beads were removed by centrifugation at

1,500g. For immunoprecipitation, supernatants were incubated with 40ml

protein G-Sepharose beads pre-bound with 4mg anti-flk1 antibody (R&D sys-

tems) or 5 mg EphB4-Fc or hFc for 2 h at 4 uC. Protein samples (from total lysates
or immunoprecipitation) were separated in 7.5% SDS–polyacrylamide gel elec-

trophoresis and transferred to 0.45-mm nitrocellulose membranes (Schleicher &

Schuell). Anti-pTyr 951, anti-pTyr 1054, anti-pTyr 1175, anti-pTyr 1212 and

anti-pSer Akt antibodies (Cell Signaling Technology, 1:1,000) were used to

detect the level of phosphorylated VEGFR2 at the tyrosine residues indicated

or activated Akt. Membranes were incubated in striping buffer (5 mM NaH2PO4,

2% SDS and 0.02% b-mercaptoethanol) at 60 uC for 30 min and the amounts of

VEGFR2 or Akt were assessed with anti-flk1 antibody (clone A-3, Santa Cruz

Biotechnology, 1:200) or anti-Akt (Cell Signalling Technology, 1:1,000).

Western blots are representative of five independent experiments.

Generation of murine astrocytomas. High-grade syngenic astrocytomas were

generated by immortalizing astrocytes with SV40 large T-antigen/V-12H-ras.

This tumour model has already been successfully used to reveal the functional

significance of HIF and VEGF in tumour angiogenesis and progression28. Briefly,

primary astrocytes were isolated from P1–2 mice in CD1 background and plated

in non-coated polystyrene culture flasks. Astrocytes were purified by shaking the

flasks on a rotator at 250 r.p.m. at 37 uC for 2 days to detach all other neuronal

cells. Cells were washed and the medium was changed every day. After confirma-

tion of purity by staining with anti-GFAP antibody, astrocytes were stably co-

transfected with SV40 large T-antigen expression construct and the pEYFP-N1

plasmid (Clontech) by electroporation with a Nucleofector Kit (Amaxa). After

selection in medium containing 300mg ml21 geneticin (Gibco) for 2 weeks, res-

istant colonies were pooled and infected with a retrovirus containing the

H-RasV12 oncogene (Addgene). Colonies grown in selection medium contain-

ing 2mg ml21 puromycin (Sigma-Aldrich) were pooled. Expression of SV40

large T-antigen and H-RasV12 proteins was confirmed by immunoblot analysis

with the corresponding antibodies (Calbiochem).

Tumour transplantation. CD1 ephrin-B2DV and control littermate or C57B/

BL6 ephrin-B2iDEC and control littermate (ephrin-B2WT/loxPCre2 treated with

tamoxifen) mice were anaesthetized and placed into a stereotactic apparatus

(Kopf Instruments). A burr hole was made 2 mm left of the sagittal suture and

0.5 mm anterior to the bregma using a dental drill 0.7 mm in diameter. For

transplantation, 5 3 104 CD1 astrocytoma cells (see above) or C57B/BL6-

Gl261 astrocytoma cells were resuspended in cold, CO2-independent medium

and slowly injected at a depth of 3.5 mm from the dura using a 2.5-ml Hamilton

microsyringe with an unbevelled 33G needle. Mice were maintained until the

development of neurological symptoms. Two separate transplantation experi-

ments were performed with independently generated CD1 astrocytoma lines

(n 5 7–11). Endothelial-cell-specific function of ephrin-B2 in Gl261 intracranial

tumour growth was assessed in mice with an endothelial-specific tamoxifen-

inducible ephrin-B2 loss-of-function (ephrin-B2iDEC; n 5 8–9). Tumour-bearing

mice were injected with 100mg biotinylated tomato lectin (Vector Laboratories)

retrobulbarly, 5 min before cardiac perfusion with 4% PFA in PBS. Tumour

volume was determined by tracing the tumour area using the semi-automated

stereological system Stereo Investigator 4.34 (MicroBrightField) and a Carl Zeiss

Axiophot microscope, equipped with a Hitachi HV-C20A camera. Series of every

twelfth section (480-mm interval) throughout the brain were analysed. For sub-

cutaneous tumour injections, CD1 ephrin-B2DV and control littermates were

anaesthetized, shaved and 2 3 106 CD1 astrocytoma cells resuspended in PBS/

Matrigel were injected in a total volume of 200ml into either flank of the mice.

Tumour-bearing animals were maintained for 21 days until tumours exceeded a

volume of 800 mm3. Tumours were frozen in Tissue-Tek for further histological

analysis (n 5 15–17). Statistical comparisons of values were made using the

Student’s t-test. Statistical significance was defined as P , 0.05.

Immunohistochemistry. Tumour samples were frozen and cut into 40-mm

(intracranial tumour) or 8-mm (subcutaneous tumour) sections. For haematox-

ylin and eosin staining, they were first stained with Mayer’s haematoxylin

(10 min) and then counterstained with alcoholic eosin for 2 min. For immuno-

histochemical studies, free-floating (intracranial tumour) or mounted (sub-

cutaneous tumour) sections were washed in PBS. Endogenous peroxidase was

neutralized with 0.6% H2O2 in PBS for 30 min. After washing again in PBS,

sections were mounted on microscope slides and dried for 3 h at room temper-

ature (intracranial tumour). Antigen retrieval was performed for 10 min in Tris-

EDTA buffer, pH 8.0, in a steamer. Sections were blocked with 20% normal goat

serum (NGS)/0.01% Triton in PBS for 1 h. For CD34 staining, sections were

blocked with 5% bovine serum albumin (BSA)/0.01% Triton for 1 h.

Subsequently a second blocking step was performed using 20% NGS/0.01%

Triton in PBS for 1.5 h. The sections were then treated overnight at 4 uC with

CD34 primary antibody (1:100, clone MEC14.7, Abcam) in 10% NGS/0.01%

Triton in PBS. After washing in PBS, sections were incubated with secondary

antibody peroxidase-conjugated goat anti-rat IgG, and diluted 1:100 in 10%

NGS/0.01% Triton in PBS for 1 h. After a PBS wash, visualization was performed

using the CSA II, Biotin-Free Catalysed Amplification System (Dako) according

to the manufacturer’s instructions. After washing in PBS, sections were counter-

stained in haematoxylin for 8 min and mounted in Aquatex (Merck). Vessel

density was quantified by measuring blood vessel area stained with CD34 in

ten randomly chosen optical fields per tumour. Student’s t-tests were used to

assess statistical significance of the differences between measurements.
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