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The transmembrane ligand ephrinB2 and its cognate Eph receptor tyrosine kinases are important regulators of
embryonic blood vascular morphogenesis. However, the molecular mechanisms required for ephrinB2
transduced cellular signaling in vivo have not been characterized. To address this question, we generated two
sets of knock-in mice: ephrinB2�V mice expressed ephrinB2 lacking the C-terminal PDZ interaction site, and
ephrinB25F mice expressed ephrinB2 in which the five conserved tyrosine residues were replaced by
phenylalanine to disrupt phosphotyrosine-dependent signaling events. Our analysis revealed that the
homozygous mutant mice survived the requirement of ephrinB2 in embryonic blood vascular remodeling.
However, ephrinB2�V/�V mice exhibited major lymphatic defects, including a failure to remodel their primary
lymphatic capillary plexus into a hierarchical vessel network, hyperplasia, and lack of luminal valve
formation. Unexpectedly, ephrinB25F/5F mice displayed only a mild lymphatic phenotype. Our studies define
ephrinB2 as an essential regulator of lymphatic development and indicate that interactions with PDZ domain
effectors are required to mediate its functions.
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The vertebrate circulatory system is composed of blood
and lymphatic vessels, which are closely related in terms
of their origin, morphogenesis, and molecular cues regu-
lating their development and growth. However, the two
vascular systems have different fine structures, serve dis-
tinct roles, and require strict separation (Rossant and
Howard 2002; Oliver 2004). During embryonic develop-
ment, blood vessels originate from mesodermally de-
rived endothelial precursors during a process called vas-
culogenesis. These vessels grow and remodel into a ma-
ture network of hierarchically organized vessels both by
the regression of vessels and by angiogenesis, which con-
sists of sprouting, splitting, and fusion of pre-existing
vessels. Lymphatic vessels appear to originate from a
subset of venous endothelial cells, which commit to the
lymphatic endothelial cell (LEC) lineage and sprout from
the major veins in the jugular and perimesonephric area

to form lymphatic sacs, from which the vessels subse-
quently grow by centrifugal sprouting (for review, see
Alitalo and Carmeliet 2002; Oliver and Detmar 2002).
Similarly to the blood vasculature, the lymphatic system
undergoes maturation and remodeling, although here the
process is less well understood (see below).

The major functions of the lymphatic vasculature are
to maintain tissue fluid balance and to provide immune
surveillance and a route for fat absorption in the gut. The
unidirectional lymph flow recovers extravasated tissue
fluid from the periphery by blind-ended lymphatic cap-
illaries, which drain into larger collecting lymphatic ves-
sels and return the lymph to the cardiovascular system
via the thoracic duct, which empties directly into the
left subclavian vein. Unlike blood vessels, the lymphatic
capillaries have discontinuous basement membrane;
they form loose intercellular junctions, lack pericyte
coverage, and are therefore highly permeable to large
macromolecules. In contrast, larger collecting lymphatic
vessels have a smooth muscle cell (SMC) layer that helps
to pump the lymph forward while the luminal valves in
these vessels prevent the backflow (Oliver and Detmar
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2002). Reflecting the functional diversity, the antigenic
profile of the blood vascular endothelium varies in dif-
ferent types of vessels and in different organs (Ruoslahti
2004). In contrast to blood vascular endothelium, very
little is known of the heterogeneity of the lymphatic
endothelium in different vessel types.

Because of their common origin, the molecular mecha-
nisms regulating the development of blood and lym-
phatic vasculatures are partially shared. Formation of the
early blood vascular plexus is highly dependent on vas-
cular endothelial growth factor (VEGF) signaling through
its receptors VEGFR-1 and VEGFR-2 (for review, see Ros-
sant and Howard 2002). In contrast, another member of
the VEGF family, VEGF-C, has a critical role in the regu-
lation of the growth of lymphatic vessels via the LEC
receptor, VEGFR-3 (Jeltsch et al. 1997; Veikkola et al.
2001; Karkkainen et al. 2004). After the initial vascular
formation further remodeling of both blood and lym-
phatic vasculatures seems to require continued VEGF/
VEGF-C signaling in co-operation with the regulation of
the activity of Tie receptor tyrosine kinases by Angio-
poietins (Gale et al. 2002; for review, see Thurston 2003).
In addition, the remodeling of the primary blood capil-
lary plexus and the formation of major vessels require
signaling mediated by ephrinB2 and its receptors (Wang
et al. 1998; Adams et al. 1999; for review, see Adams 2002).
However, the expression of different ephrins and Eph re-
ceptors in the lymphatic system and their involvement in
lymphatic development has not been previously examined.

In the blood vasculature, ephrinB2 is expressed in the
arterial endothelial and SMCs, whereas EphB4 is present
in the endothelium of veins (Wang et al. 1998; Adams et
al. 1999; Shin et al. 2001). The interaction between eph-
rinB2 and EphB4 may provide the critical repulsion sig-
nals required to set arterial–venous boundaries, reminis-
cent of their repulsive guidance of axonal growth cones.
However, ephrinB–Eph interaction can also stimulate
endothelial cell sprouting (Adams et al. 2001; Palmer et
al. 2002), and therefore the outcome of this interaction
may depend on the cellular context and on the involve-
ment of other signaling components, such as growth fac-
tor receptors. Molecularly, the ephrinB–Eph system can
function bidirectionally: As for most other receptor ty-
rosine kinases, ligand binding induces “forward” signal-
ing, mainly through phosphotyrosine-mediated path-
ways. But ephrins can also signal into their host cell—
referred to as “reverse” signaling (for review, see
Kullander and Klein 2002). The ephrinB cytoplasmic tail
can be phosphorylated by Src-family kinases in their ty-
rosine residues, which provide docking sites for intracel-
lular signaling molecules (Palmer et al. 2002). EphrinBs
also have a C-terminal motif for the binding of PDZ-
domain containing proteins (Lu et al. 2001; Palmer et al.
2002 and references within). In vivo, certain morphoge-
netic processes such as segmentation and axon guidance
have been shown to require ephrinB cytoplasmic se-
quences in addition to Eph forward kinase signaling (for
review, see Davy and Soriano 2005; Cowan et al. 2004;
Dravis et al. 2004). The role of ephrinB2 cytoplasmic
sequences in angiogenesis, however, is controversial (see

below). In addition, the signaling pathways downstream
of ephrin reverse signaling that are required in vivo are
not well understood. A recent report suggested that the
related ephrinB1 required its PDZ target site for the el-
evation and fusion of palatal shelves, a complex process
that involves cell migration, adhesion, and cell repro-
gramming (Davy et al. 2004).

In order to get further insights into the mechanisms of
ephrinB2 signaling, we have generated two novel knock-
in alleles of ephrinB2: ephrinB2�V mice expressed eph-
rinB2 lacking the C-terminal valine within the PDZ in-
teraction site, and ephrinB25F mice expressed ephrinB2
in which five conserved tyrosine residues were replaced
by phenylalanine to disrupt phosphotyrosine-dependent
signaling events. The analysis of the homozygous
ephrinB2�V/�V and ephrinB25F/5F mice revealed that
these mice survive the requirement of ephrinB2 in em-
bryonic vascular remodeling. However, ephrinB2�V/�V

mice developed chylothorax and exhibited major lym-
phatic defects, including hyperplasia, lack of luminal
valve formation, and failure in the lymphatic remodel-
ing, which were largely rescued in ephrinB25F/5F mice.
The observed lymphatic defects revealed hitherto unde-
scribed remodeling events in skin lymphangiogenesis
and establish ephrinB2 as an essential component in
post-natal lymphatic development.

Results

Generation of hypomorphic ephrinB2 alleles

To investigate novel ephrinB2 isoforms deficient in cy-
toplasmic interactions, we first generated the corre-
sponding cDNAs and expressed them in heterologous
expression systems (HeLa cells and HEK293 cells) (Fig.
1A). To be able to compare relative protein levels and
plasma membrane targeting of transfected constructs,
we attached yellow fluorescent protein (YFP) to their ex-
treme N terminus, a modification that does not interfere
with surface expression or receptor binding (Zimmer et
al. 2003). All ephrinB2 isoforms including wild-type eph-
rinB2 (ephrinB2WT), ephrinB2 lacking the C-terminal va-
line within the PDZ interaction site (ephrinB2�V), and
ephrinB2 in which five conserved tyrosine residues were
replaced by phenylalanine (ephrinB25F) were efficiently
expressed as judged by Western blot analysis against YFP
(data not shown). Plasma membrane targeting was con-
firmed by the ability of cells transfected with these con-
structs to bind soluble EphB4-AP fusion protein (Fig. 1B).
We also used the surface-binding assay to address the
controversy (Davy and Soriano 2005) about plasma mem-
brane localization of two independently generated cyto-
plasmic deletion (�C) mutants. EphrinB2�C protein pre-
viously studied in our laboratory (Adams et al. 2001) car-
ries 14 amino acids corresponding to the ephrinB2
cytoplasmic tail followed by the hemagglutinin (HA) epi-
tope tag (here referred to as ephrinB2�C-HA) (Fig. 1A).
Transfected cells expressing ephrinB2�C-HA bound
EphB4-AP as well as the cells expressing wild-type eph-
rinB2, indicating efficient plasma membrane localiza-
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tion. In contrast, another deletion mutant described by
Cowan et al. (2004) carries only eight amino acids corre-
sponding to the ephrinB2 cytoplasmic tail followed by
sequences encoded by the in-frame loxP sequence (here

referred to as ephrinB2�C-lox). Although this protein was
efficiently expressed, the transfected cells showed
strongly reduced EphB4-AP binding, indicating poor traf-
ficking to the plasma membrane (Fig. 1B). The average

Figure 1. Generation and validation of
novel ephrinB2 cDNA knock-in mutants.
(A) Schematic representation of YFP-eph-
rinB2 mutants with the relevant amino
acid sequence alterations in their cytoplas-
mic tails. (Top) EphrinB2�V and ephrinB25F

compared with wild-type ephrinB2. (Bot-

tom) Previously reported alleles of eph-

rinB2 including a substitution of HA-tag
for the cytoplasmic domain (ephrinB2�C-HA;
Adams et al. 1999) and a substitution of
the ORF encoded by a loxP site for the cy-
toplasmic domain (ephrinB2�C-lox; Dravis
et al. 2004). (B) Quantitative analysis of
surface ephrinB2 in HeLa cells transiently
transfected with GFP (control, left-most
lane) or ephrinB2 wild-type or mutant con-
structs, as assayed by binding of EphB4–
alkaline phosphatase fusion protein. Re-
sults of a representative experiment are
presented as the average of bound alkaline
phosphatase activity divided by total ex-
pressed protein and normalized to values
for the wild-type construct (see Materials
and Methods). Transfection of cells with
wild-type (WT), 5F, �V, or �C-HA eph-
rinB2 expression plasmids result in robust
binding of EphB4-AP, whereas �C-lox
transfected cells exhibit little surface-
binding activity, consistent with the pro-
tein product being trapped in the trans-
Golgi network (Cowan et al. 2004). ** in-
dicates p < 0.01 for triplicate measure-
ments, Student’s two-tailed t-test. (C) Eph-
rinB2 tyrosine phosphorylation after vana-
date treatment. Hela cells transiently
transfected with wild-type (WT), tyrosine
mutant (5F), or PDZ site-deficient (�V)
ephrinB2 constructs were stimulated with
vanadate and lysed. Immunoprecipitated
ephrinB2 was analyzed by anti-phosphoty-
rosine (4G10) and total ephrinB2 by anti-
YFP Western blot. (D) Interaction of eph-

rinB2 with PDZ proteins. HeLa cells transiently transfected with wild-type (WT) or PDZ-binding site-deficient (�V, �4) ephrinB2
constructs were lysed and the lysates subjected to pull-down using bacterially produced syntenin1 fused to maltose-binding protein
(SY) or unfused maltose-binding protein (MBP). (Top) The resultant pull-downs were analyzed by anti-ephrinB2 Western blot. (Bottom)
Pull-down input was analyzed by Western blot against ephrinB2 on total lysates. (E) Colocalization of PDZ domain containing protein,
syntenin, with ephrinB2. Hela cells transiently transfected with wild-type (WT) or PDZ-binding site-deficient (�V) YFP-ephrinB2
constructs. Cells were stimulated for 30 min with clustered EphB4-Fc receptor bodies to induce ephrinB2 clustering (Zimmer et al.
2003). A mutant GFP-tagged syntenin, lacking PIP2-binding activity, colocalized robustly with patches of ephrinB2WT (left panel) but
not with ephrinB2�V (right panel). Bar, 10 µm. (F) Targeting strategy for the generation of mutant mice expressing ephrinB25F or
ephrinB2�V. Exon 1 (gray box) contains the 5� end of the ORF. The depicted cDNA knock-in strategy was described previously (Adams
et al. 2001; see also Materials and Methods). The loxP-flanked (black triangles) neomycin selection marker (black box) was subsequently
removed by intercrossing with a mouse line transgenic for Cre recombinase. HindIII restriction sites (“H”) and the probe used for
Southern hybridization are indicated. (G) EphrinB2 expression levels in adult brain lysates. EphrinB2 was immunoprecipitated from
total adult brain lysates of wild-type and heterozygous (5F/+), homozygous (5F/5F and �V/�V) knock-in mice, or ephrinB2lx/lx;Nestin-
Cre mutants (lx/lx;NCre) (Grunwald et al. 2004). The resulting precipitates were analyzed by anti-ephrinB2 Western blot. Mutant
ephrinB2 is translated to approximately native levels. (H) EphrinB2 tyrosine phosphorylation in E12.5 embryos. EphrinB2 was immu-
noprecipitated as in G from E12.5 wild-type and homozygous mutant animals and the precipitates analyzed for phosphotyrosine
content by anti-phosphotyrosine (4G10) Western blot. Total ephrinB2 was analyzed by anti-ephrinB2 Western blot.
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value of normalized EphB4-AP binding of ephrinB2�C-HA

was 7.2× greater than that determined for ephrinB2�C-lox

(4.5 ± 2.7 × 10−9 vs. 0.62 ± 0.2 × 10−9 OD/minute/light
abundance unit, n = 3 independent experiments). More-
over, YFP fluorescence of cells expressing ephrinB2WT

and ephrinB2�C-HA proteins showed diffuse cytoplasmic
and plasma membrane staining, whereas most of the
ephrinB2�C-lox protein aggregated within the cytoplasm,
possibly in the trans-Golgi network as suggested previ-
ously (Cowan et al. 2004; Dravis et al. 2004; Supplemen-
tary Fig. S1). These results indicate that all the cytoplas-
mic mutant ephrinB2 isoforms, except the ephrinB2�C-lox

protein, are targeted to the cell surface. EphrinB2�C-HA,
although possibly deficient in vivo in other behaviors
besides reverse signaling (see Discussion), behaves in a
qualitatively different manner from the protein null
ephrinB2�C-lox in transfected cells.

To further validate the behavior of the novel ephrinB2
point mutants, we treated transiently transfected HeLa
cells with the tyrosine phosphatase inhibitor vanadate to
allow maximum tyrosine kinase activity (Fig. 1C). While
immunoprecipitated tagged wild-type and ephrinB2�V

proteins showed phosphotyrosine signal following this
potent stimulus, ephrinB25F was not phosphorylated,
confirming that cytoplasmic tyrosine phosphorylation
sites are missing in the ephrinB25F protein. To evaluate
the alteration of PDZ binding in the ephrinB2�V mutant
protein, we transfected tagged ephrinB2 constructs into
HeLa cells and subjected them to pull-down using a
known ephrinB2 interactor, syntenin-1 fused to MalBP
(Koroll et al. 2001). The MalBP–syntenin-1 construct,
but not MalBP alone, efficiently pulled down wild-type
ephrinB2. EphrinB2�V and an ephrinB2 construct lacking
the last four residues, and therefore the whole PDZ-bind-
ing domain (ephrinB2�4), were not detectably pulled
down by this construct, indicating that the PDZ-binding
site was destroyed (Fig. 1D). Finally, we examined the
ability of syntenin to colocalize with ephrinB2 in trans-
fected cells. When ephrinB2 clustering was induced by
stimulating the cells with EphB4-Fc, syntenin frequently
localized with clusters of ephrinB2WT, but it did not co-
localize with ephrinB2�V clusters (Fig. 1E).

Having validated the behavior of the cytoplasmic eph-
rinB2 mutants in transfected cells, we generated knock-
in mutant mice by inserting the mouse cDNAs (without
the N-terminal YFP tag) into the endogenous mouse eph-
rinB2 locus by homologous recombination in embryonic
stem cells (Fig. 1F). Germline mutant mice were gener-
ated using standard protocols and the neomycin cassette
was subsequently removed in the progeny by Cre-mediated
excision. The severity of the phenotype of ephrinB2�V/�V

mice was dependent on the presence of neomycin cas-
sette and on the genetic background (see Materials and
Methods). For further analyses, all ephrinB2 alleles were
kept on a genetic background enriched for C57/Bl6 (at
least three times outcrossed). We validated correct ex-
pression of ephrinB2 protein by comparing the expres-
sion levels in adult brain (in CD1 genetic background
where all the mutants showed normal viability). Ani-
mals homozygous for either ephrinB25F or ephrinB2�V

knock-in alleles showed approximately wild-type levels
of ephrinB2 expression (Fig. 1G). To assess tyrosine phos-
phorylation in vivo, we immunoprecipitated ephrinB2
from E12.5 embryos and probed using 4G10 anti-
phosphotyrosine antibodies. ephrinB25F/5F mutants
showed a strongly reduced phosphotyrosine signal rela-
tive to wild-type embryos (Fig. 1H). Residual signal
may represent tyrosine phosphorylated coprecipitated
ephrinB1 or ephrinB3.

EphrinB2 PDZ interaction but not tyrosine
phosphorylation is required for normal development
of lymphatic vasculature

Homozygous ephrinB2�V/�V and ephrinB25F/5F, as well
as control ephrinB2WT/WT mice, were born in expected
Mendelian ratio, indicating that these mice survived the
requirement of ephrinB2 in embryonic blood vascular
remodeling. While ephrinB25F/5F and ephrinB2WT/WT

mutant mice survive to adulthood, ephrinB2�V/�V mu-
tants in C57Bl/6 background died during the first 3 wk
after birth. Cadavers were frequently found with effusion
of chyle from the thoracic duct into the pleural space, a
condition called chylothorax (Fig. 2A). The death of the
mice is likely due to synergized effect of the defects in
the lymphatic vasculature with the failure in blood vas-
cular remodeling of the lung (G.A. Wilkinson, T. Mäki-
nen, and R. Klein, unpubl.). Before the appearance of chy-
lothorax, chylous fluid was often detected in lymphatic
vessels in the thoracic area, such as in the lymphatics on
the heart pericardium and on the rib cage (data not
shown). Normally, chyle is present only in the mesen-
teric lymphatic vessels, cisterna chyli, and thoracic duct,
and therefore the presence of chylous fluid in any other
body cavity or tissue implies leakage or backflow of
lymph from the central lymphatic channels. In addition,
several mutant mice had red blood cells in the lymphatic
vessels (data not shown), suggesting a possible failure in
the separation of the blood and lymphatic systems. The
phenotype suggested an important role for ephrinB2 PDZ
interaction in the normal development of the lymphatic
vasculature.

EphrinB2 is expressed in the endothelial cells
of collecting lymphatic vessels

To begin addressing the role of ephrinB2 in lymphatic
vessel development, we first investigated ephrinB2 ex-
pression using a lacZ reporter mouse (Wang et al. 1998).
As previously reported (Gale et al. 2001; Shin et al. 2001),
ephrinB2 expression was detected in the arterial endo-
thelium and in the SMCs surrounding arteries and some
veins, while the venous endothelium was negative for
ephrinB2 expression (Fig. 2B–E, Supplementary Fig. 2A–
C). Rather unexpectedly, we found strong expression of
ephrinB2 in the endothelial cells of collecting lymphatic
vessels, including the lymphatic vessels surrounding the
ischiatic vein (Fig. 2B), in the subcutaneous fat (Fig. 2C),
in the mesentery (Fig. 2D), and the thoracic duct (Fig. 2E;
see also Supplementary Fig. 2A–C). Collecting lymphatic
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vessels were identified by the presence of characteristic
valves (arrows in Fig. 2B–D) and by their chylous fluid
content, as well as by the expression of the lymphatic
endothelial cell-specific marker, VEGFR-3 (Dumont et
al. 1998; Supplementary Fig. 2B). Moreover, we found
that cultures of LECs expressed ephrinB2 and its cognate

receptor EphB4 (Supplementary Fig. 2D). We also ana-
lyzed the expression of EphB4 using a lacZ reporter
mouse (Gerety et al. 1999) and found that EphB4 was
expressed in vivo in the endothelium of lymphatic ves-
sels, including the thoracic duct and the lymphatic ves-
sels in the mesentery and in the skin (Supplementary
Fig. S2E–G).

Collecting lymphatic vessels are hyperplastic
and unvalved in ephrinB2�V/�V mice

Because of the strong expression of ephrinB2 in the col-
lecting lymphatic vessels, we analyzed the morphology
and function of these vessels in the ephrinB2 mutant
mice. To directly evaluate lymphatic function, we inves-
tigated uptake and transport of large-molecular-weight
fluorescent (FITC) dextran, which was injected subcuta-
neously into the footpads. In wild-type mice, the FITC
dextran injected into the hindlimb footpad was rapidly
drained into the small-diameter, valved collecting lym-
phatic vessels surrounding the ischiatic vein (Fig. 2F).
However, these collecting vessels were severely hyper-
plastic in ephrinB2�V/�V mutant mice (Fig. 2G). To
monitor the anatomy of the lymphatic vessels, we inter-
crossed the ephrinB2 mutants with mice carrying the
lacZ gene in the VEGFR-3 locus (VEGFR3LZ allele) (Du-
mont et al. 1998). The hyperplastic morphology of the
collecting lymphatic vessels in the ischiatic vein region
(Fig. 2H,I) as well as in the skin (Fig. 2J,K) was confirmed
by �-Gal staining of ephrinB2�V/�V;VEGFR3LZ/+ mu-
tants. In contrast, the vessels appeared normal in
ephrinB25F/5F and ephrinB2WT/WT mutant mice carrying
the VEGFR3LZ allele (data not shown).

In the wild-type mice the collecting lymphatic vessels
have luminal valves, which prevent the backflow of the
lymph (arrows in Fig. 2F,H,J,L). However, no valves were
detected in the ephrinB2�V/�V mutant mice (Fig.
2G,I,K,M). Due to the lack of valves, reflux of FITC-
dextran dye was observed in the mutants, for example,
from the major collecting channel, the thoracic duct,
into the side branches (Fig. 2N,O).

In summary, these results suggest defects in the mor-
phology and in the luminal valve formation in collecting
lymphatic vessels in ephrinB2�V/�V mutant mice. In
contrast, the formation of collecting lymphatic vessels
appeared normal in ephrinB25F/5F and ephrinB2WT/WT

mutant mice (Supplementary Fig. 3A–D; data not shown)

EphrinB2 PDZ-binding site is required
for the remodeling of the dermal
lymphatic vasculature

In order to get further insights into the mechanisms by
which the phenotype arose, we used ephrinBLZ/+ and
VEGFR-3LZ/+ mice to visualize the formation of dermal
lymphatic vessels during post-natal development in
wild-type and ephrinB2 mutant mice. In newborn mice,
the dermal lymphatic vasculature forms a primitive
plexus of large diameter vessels in deeper dermal layers

Figure 2. Collecting lymphatic vessels are hyperplastic and
unvalved in ephrinB2�V/�V mice. (A) Chylothorax in an
ephrinB2�V/�V mutant mouse. Gross dissection of the chest cav-
ity of a P6 ephrinB2�V/�V mutant cadaver showing chest cavity
filled with chyle (*). (h) Heart. (B–E) X-Gal staining in hetero-
zygous ephrinB2LZ/+ reporter mice. In addition to strong expres-
sion in the arterial endothelium and SMCs, ephrinB2 promoter
activity is detected in the endothelium of collecting lymphatic
vessels surrounding the ischiatic vein (B), in the skin (C), mes-
entery (D), and thoracic duct (white arrowhead, E). (B–D) While
venous endothelium (V) is negative for ephrinB2 expression, the
SMCs surrounding larger veins are positive (see also Supple-
mentary Fig. S2). Luminal valves are indicated with black ar-
rows. (L) Lymphatic vessel; (A) artery; (V) vein; (DA) dorsal
aorta. (F–O) Fluorescent lymphoscintiography of the collecting
lymphatic vessels surrounding the ischiatic vein (F,G) and of the
thoracic duct (N,O) after high-molecular-weight FITC-dextran
injection into the hindlimb footpad of wild-type (F,N) and
ephrinB2�V/�V mutant (G,O) mice. X-Gal staining of lymphatic
vessels in VEGFR3LZ/+ mice of ischiatic vein region (H,I), col-
lecting lymphatic vessels of the skin (J,K), and mesenteric lym-
phatic vessels (L,M) of the indicated genotypes (top). The col-
lecting lymphatic vessels are hyperplastic in the mutant mice
(G,I,K) and lack the luminal valves present in wild-type mice
(arrows in panels F,H,J,L). The thoracic duct is indicated by
white arrowheads in panels N and O; the leakage and reflux of
FITC dextran dye into the side branches in ephrinB2�V/�V mu-
tant mouse is indicated by white arrows in O. Bars: B–D,F–M,
200 µm; E,N,O, 500 µm. Ages of the mice: B,F–I,N,O, P10;
D,E,L,M, P5; C,J,K, P1.
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(Fig. 3A,C). These initial capillaries express ephrinB2
(Fig. 3G) as well as EphB4 (Fig. 3H). The primitive plexus
is then further remodeled; post-natal day 2 (P2) skin
shows the subtle beginnings of pointed sprouts emerging
from the initial capillaries (Fig. 3E,e�). In areas where
sprouting is more advanced, the lymphatic vessels have
produced secondary and tertiary sprouts that invade up-
per dermal layers (Fig. 3I). Sprouts extend into upper der-
mal layers to form a superficial capillary plexus (arrows
in Fig. 3I,K,M). After the formation of the two vessel
layers, ephrinB2 expression is maintained in the precol-
lector vessels in the deeper dermal layers, whereas the
superficial capillary plexus did not show detectable eph-
rinB2 expression (Fig. 3O). Instead, EphB4 expression is
detected both in the capillaries and in the precollecting
lymphatic vessels (data not shown; see Fig. 6I–L, below).

We found that the initial lymphatic vascular plexus in
the newborn skin formed normally in ephrinB2�V/�V;
VEGFR3LZ/+ mutant mice (Fig. 3B,D). However, the
sprouting of endothelial cells was disturbed (Fig. 3F,f�,J).
While the initiation of sprout formation appeared to oc-
cur, the cells failed to take the characteristic elongated
morphology of a sprouting endothelial cell; rather the
mutant plexus depicted few rounded bumps suggesting
aborted attempts of sprouting (Fig. 3F,f�). The failure in
sprout formation resulted in the reduction or absence of
the formation of the superficial capillary network (Fig.
3L,N, Supplementary Fig. S4C,D). In contrast to the
mice expressing ephrinB2�V, control knock-in mutants
expressing either wild-type ephrinB2 or ephrinB25F dis-
played a normal lymphatic vessel network (data not
shown; Supplementary Fig. S4E–H).

The presence of the VEGFR3LZ allele may lead to re-
duced protein levels of VEGFR-3, which is a major regu-
lator of lymphangiogenesis, and therefore enhance the
lymphatic phenotype in the ephrinB2 mutants. There-
fore we also stained skin biopsies from ephrinB2 mu-
tants wild type for the VEGFR-3 allele with antibodies
against VEGFR-3 and LYVE-1, commonly used markers
for lymphatic endothelium (see Materials and Methods).
In ephrinB2�V/�V mutants lacking the VEGFR3LZ allele
the lymphatic phenotype was qualitatively similar, yet
somewhat milder, than in ephrinB2�V/�V;VEGFR3LZ/+

mutants. Precollecting vessels were markedly hyperplas-
tic (data not shown). However, the formation of the su-
perficial capillary plexus occurred to some extent, but
the superficial capillaries were also hyperplastic (Supple-
mentary Fig. S4I–L).

EphrinB2 has an important function in the remodeling
of the early embryonic blood vasculature (Wang et al.
1998; Adams et al. 1999). Therefore, we also analyzed the
dermal blood vessels in the ephrinB2 mutants to find out
if the blood vasculature had the same requirements for
ephrinB2 PDZ interactions as the lymphatic vessels.
Staining of the ear skin for pan-endothelial cell marker
PECAM-1 showed normal hierarchical architecture of
blood vessels and capillaries in the ephrinB2�V/�V mice
when compared with the wild-type mice (Supplementary
Fig. S4M,N). In addition, we intercrossed ephrinB2�V/�V

mutants with the tie2-lacZ marker line (Schlaeger et al.
1997) to specifically stain the blood vessels. The general
architecture of smaller and larger blood vessels was ob-
served in the controls and ephrinB2�V/�V;tie2-lacZ mu-
tants, although especially in the older mutants the larger

Figure 3. Defective remodeling of the lym-
phatic capillary plexus in ephrinB2�V/�V mu-
tant skin. Whole-mount X-gal staining in the
VEGFR3LZ/+ background of wild-type (+/+;
A,E,e�,I,M) and ephrinB2�V/�V (B,F,f�,J,N) mutant
skin (respective sections in panels C,D,K,L). Ven-
tral skin biopsies were taken from mice at the
indicated ages (P0–P5). Sprouts forming from the
primary plexus in wild-type skin are indicated by
filled arrowheads in panel E (higher magnifica-
tion in e�), secondary and tertiary sprouts by a
black arrow in panel I. (K,M,O) Sprouts elongate
to upper dermal layers and form a superficial
lymphatic capillary plexus (arrows). In the mu-
tants, the sprouting is disturbed (open arrow-
heads in F, higher magnification in f�), which
leads to failure in the formation of the superficial
capillary plexus (J,L,N). (G,O) Combined X-Gal
and anti-VEGFR-3 staining in heterozygous
ephrinB2LZ/+ skin at P1 (G) and at P5 (O). Note
double staining of primary lymphatic capillary
plexus and smaller diameter precollectors (ar-
rowheads in G,O, respectively) for ephrinB2 (X-
Gal; blue) and VEGFR-3 (IHC; red). (O) The post-
remodeling superficial plexus is ephrinB2 nega-
tive (arrows). (G,O) In addition to endothelial
cells, ephrinB2 is also expressed in hair follicles and upper layers of the dermis. (H) X-Gal staining of EphB4LZ/+ skin at P1 revealed
EphB4 expression in primary lymphatic capillaries (arrowhead) in addition to veins. Bars, left panels and H (whole mounts), 200 µm;
right panels (sections), 50 µm. (e�,f�) Higher magnifications from E and F.
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arteries appeared to become slightly contorted, possibly
due to the lymphatic defects that may lead to tissue
edema (Supplementary Fig. S4O,P). We therefore con-
cluded that expression of ephrinB2 with an intact PDZ-
binding site was essential for lymphatic, but not blood
vascular remodeling.

Abnormal lymphatic drainage with dermal reflux
in ephrinB2�V/�V mice

As shown above, the remodeling of the dermal lym-
phatic system into a hierarchical network occurs post-
natally. Injections of FITC-dextran into the skin of wild-
type newborn mice lead to the filling of the whole primi-
tive cutaneous lymphatic capillary network, which is
therefore not yet functionally mature (Fig. 4A). Instead,
in normal P10 skin, which has undergone the remodel-
ing of the primitive plexus into a vessel network con-
sisting of lymphatic collectors versus capillaries, FITC-
dextran was rapidly drained into the small-diameter der-
mal collecting vessels, which were therefore the only
dermal vessels visualized by this method (Fig. 4B). When
FITC-dextran was similarly injected into ephrinB2�V/�V

mutant mice at P10, the dye labeled a vessel network
similar to the newborn dermal capillary plexus, as well
as hyperplastic collecting vessels, indicating defective
fluid transport (Fig. 4D). FITC-dextran injection into
ephrinB25F/5F mutant skin revealed a milder phenotype
with few dye-labeled branched collecting vessels (Fig.
4E), while control ephrinB2WT/WT mice showed a wild-
type pattern (Fig. 4C). These data show that the failure in
the remodeling of the lymphatic capillary plexus, as well as

defective valve formation that allows retrograde flow, leads
to abnormal lymphatic drainage and functional failure.

Failure in the specification of collecting versus
capillary lymphatic vessel identity
in ephrinB2�V/�V mice

We further analyzed the development of the dermal lym-
phatic vasculature using ear skin as a model, since due to
the thinner dermis it allows a complete whole-mount
visualization of the vasculature also in adult mice. As
shown by LYVE-1 immunostaining (Fig. 5) and VEGFR3
�gal activity (Supplementary Fig. S5), the remodeling of
the lymphatic vasculature in the ear occurred in a simi-
lar, although temporally different, manner as in the ven-
tral skin. Sprouts emerged from the initial lymphatic
capillary plexus at P4–P5 (Fig. 5E, Supplementary Fig.
S5A), and they extended into the upper layer of the der-
mis, resulting in a two-layered lymphatic vasculature in
the wild-type ear at approximately P10: a capillary
plexus below the epidermis and a collecting vessel net-
work in the medial part of the ear (Supplementary Fig.
S5C). Similar to ventral skin, the early capillary plexus of
the ear skin developed normally in the ephrinB2�V/�V

mutant mice (Fig. 5A,B), but the subsequent develop-
ment into a hierarchical network failed (Supplementary
Fig. S5B,D). In the functional assay, the mutant capillary
network was filled with FITC-dextran dye (Supplemen-
tary Fig. S5F), while in the normal ear the dye was rap-
idly drained to the collecting vessels (Supplemental Fig.
S5E), reminiscent of the situation in the ventral and back
skin (Fig. 4) and suggesting a functional failure.

High-resolution imaging of the ear skin by confocal
microscopy revealed that the initiation of the endothe-
lial cell sprouting coincided with the formation of filo-
podial extensions from the vessels (Fig. 5C), and this pro-
cess also took place in the ephrinB2�V/�V mutant mice
(Fig. 5D). The subsequent extension of the sprouting cell
(Fig. 5E), which has been recently described during blood
vessel development to occur as a guided process, where
the tip cell filopodia direct the endothelial cell migration
and elongation (Ruhrberg et al. 2002; Gerhardt et al.
2003, 2004), appeared to fail in the mutants, resulting in
blunt-ended protrusions (Figs. 5F, 3F,f�,J).

When the two layers of the lymphatic vasculature
were formed, the collecting vessels had formed luminal
valves and acquired SMC coverage. In parallel with the
initiation of the SMC recruitment, the expression of the
LYVE-1 marker was down-regulated in the collecting
lymphatic vessels (Figs. 5G, 6A–D), especially at the con-
tact sites with the SMCs (data not shown). In the mature
vasculature LYVE-1 expression remained high in the
lymphatic capillaries while the collecting lymphatic ves-
sels had no or only very weak expression, indicative of a
clear distinction of these vessel types not only morpho-
logically but also at the molecular level (Figs. 5G, 6A–D).
However, in the ephrinB2�V/�V mutant mice, the whole
lymphatic capillary network was positive for LYVE-1
staining (Fig. 5H), suggesting a failure in the specifica-
tion of collecting lymphatic vessel identity.

Figure 4. Abnormal lymphatic drainage in ephrinB2 mutant
mice. (A–E) Visualization of the dermal lymphatic vessels using
fluorescence microscopy after FITC-dextran injection into the
forelimb footpad of wild-type mice (+/+) at P0 (A) and at P10 (B),
and of ephrinB2 knock-in mutants at P10 (C–E). (A) At P0, the
whole primitive dermal lymphatic vessel network is visualized
after FITC-dextran injection. At P10, in wild-type (B) and
knock-in control (C) mouse skin, only subcutaneous collecting
lymphatic vessels (arrowheads) are visualized, while in
ephrinB2�V/�V (D) and ephrinB25F/5F (E) mutant mice a vessel
network is observed. Bars, 500 µm.
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Because some of the lymphatic defects of ephrinB2�V/�V

mutants could be due to disrupted interactions between
lymphatic endothelium and supporting SMCs, which
normally cover the collecting but not the capillary lym-
phatic vessels, we examined lymphatic and blood vessels
for their SMC coverage. Costaining of dermal vessels for
smooth muscle actin (�SMA) and the lymphatic marker
LYVE-1 revealed a lymphatic capillary network uncov-
ered by SMCs in normal control mice both at P21 and P5
(green signal in Fig. 5I,L). The only �SMA-positive struc-
tures were blood vessels (open arrowheads in Fig. 5I,L). In
contrast, ephrinB2�V/�V mutants displayed hyperplastic
lymphatic capillaries partially covered with SMCs at P21
(white arrow in Fig. 5J), but not at P5 (Fig. 5M). Impor-
tantly, this indicates that the earliest defects in the lym-
phatic remodeling, which were seen at P5 in ephrinB2�V/�V

mutant ear skin (Fig. 5F), are detected at a time when
the vessels were not yet covered by SMCs (Fig. 5L,M)
and desmin-positive pericytes were absent (data not
shown). Together with the observation that ephrinB2 is
predominantly detected in the lymphatic endothelium,
and not in SMCs (Fig. 6E–H), the data suggest a cell-
autonomous function of endothelial ephrinB2 in lym-
phatic remodeling.

In contrast to ephrinB2�V/�V mutants, the morphology
of the lymphatic capillaries and collecting lymphatic
vessels of ephrinB25F/5F mutant mice were normal. In
these mice the lymphatic capillaries were uncovered by
SMCs (Fig. 5K) and the collecting lymphatic vessels con-
tained normal valves (data not shown).

Differential expression of ephrinB2 and EphB4
in collecting vessels and lymphatic capillaries

Since the lymphatic endothelial cell-specific marker
LYVE-1 was predominantly expressed in the lymphatic

capillary endothelium while �SMA staining was only
seen in the collecting lymphatic vessels in the wild-type
skin (Figs. 5G, 6A–D), we used these markers together
with a general lymphatic endothelial marker, podopla-
nin, for the distinction between capillary versus collect-
ing lymphatic vessels. Costaining of ear skin for eph-
rinB2 (anti-�-Gal), podoplanin, and �SMA confirmed our
previous finding that ephrinB2 was specifically detected
in lymphatic vessels that contained valves and were cov-
ered by SMCs, thus representing collecting lymphatic
vessels (Fig. 6E–H). Furthermore, the staining revealed
that ephrinB2 was expressed primarily in the lymphatic
endothelium but not in the lymphatic SMCs (Fig. 6E–H).
Staining of the ear skin for the antibodies against the
ephrinB2 receptor, EphB4, together with LYVE-1 and
podoplanin antibodies, revealed that EphB4 was ex-
pressed in the whole cutaneous lymphatic network, i.e.,
in LYVE-1-negative valved collecting lymphatic vessels
and in LYVE-1-positive lymphatic capillaries (Fig. 6I–L).
The expression of EphB4 was not disturbed in
ephrinB2�V/�V mutants (data not shown).

Abnormal localization of PDZ-domain proteins
in lymphatic vessels of ephrinB2�V/�V mice

We next attempted to identify a candidate PDZ interac-
tor of ephrinB2 in lymphatic endothelium by screening
their expression in wild-type and ephrinB2�V/�V mutant
tissue. Among the PDZ proteins that have been de-
scribed to bind ephrinB ligands (Kullander and Klein
2002 and references within; Tanaka et al. 2003), we
found that—based on RT–PCR and in situ hybridiza-
tion—PDZ-RGS3, Dvl2, PICK1/PHIP, Syntenin, GRIP1,
and Par3 were expressed in wild-type lymphatic endo-
thelium of the mesenteries (Supplementary Fig. S6; data
not shown). Mesenteries were chosen because of the con-
venient colocalization of lymphatic, arterial, and venous

Figure 5. Defective remodeling and abnormal SMC
coverage of lymphatic capillaries in ephrinB2�V/�V

mice. (A–F) Immunofluorescence using antibodies
against lymphatic-specific marker LYVE-1 of the ear
skin at P3 and P5. The formation of the primary lym-
phatic capillary plexus and the formation of filopodia
occurred normally in ephrinB2�V/�V mice (B,D) when
compared with wild-type controls (A,C), but the elon-
gation of the sprouting tip cell (arrowhead in E) failed in
the mutants, resulting in blunt-ended protrusions (ar-
rowhead in F). (G,H) Double immunofluorescence using
antibodies against LYVE-1 (green) and podoplanin (red)
of the ear skin at P21. (G) Note that in wild-type mice
LYVE-1 is expressed in the endothelial cells of lym-
phatic capillaries (arrow), while podoplanin is expressed
both in the capillaries and valved collecting lymphatic
vessels (arrowhead). (H) In the ephrinB2�V/�V mice
the whole hyperplastic lymphatic vessel network is
LYVE-1 positive. (I–M) Double immunofluorescence
using antibodies against �-smooth muscle actin (�SMA)
for SMCs (red) and against LYVE-1 (green) of the ear skin of the indicated genotypes and ages. (I–K) While blood vessels stain positive
for �SMA (open arrowheads), the lymphatic capillary network (green) of wild-type and ephrinB25F/5F mice is devoid of �SMA staining
both at P5 and P21. (J) However, the hyperplastic lymphatic capillaries of ephrinB2�V/�V mice at P21 stain positive for �SMA (white
arrow pointing to reddish yellow staining). (a) Artery; (v) vein. Bars, A–F, 50 µm; G–M, 100 µm.
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vessels. In contrast, GRIP2 and PTP-BL were not ex-
pressed in lymphatic endothelium (Supplementary Fig.
S6; data not shown). We then performed immunostain-
ings to ask whether some of these candidate PDZ inter-
actors were expressed in a pattern similar to ephrinB2
and if this pattern was altered in the lymphatic endothe-
lia of ephrinB2�V/�V mutant mice.

EphrinB2 protein was expressed mostly in a diffuse
pattern in blood vessels (data not shown), whereas the
immunoreactivity was conspicuously spotty in lym-
phatic endothelia, especially near the valves (Fig. 7A–C).
This coincided with a spotty localization of candidate
PDZ effectors including PICK1, PDZ-RGS3, and Dvl2 in
the lymphatic endothelium in wild-type mice (Fig.
7D,F,H). PICK1 signal remained unaltered in the lym-
phatic vessels of the ephrinB2�V/�V mice (Fig. 7E), while
PDZ-RGS3 became associated with structures near the
cell surface instead of forming clusters (Fig. 7G), a pat-
tern that was observed in immature vessels (data not
shown). In addition, Dvl2, which formed clusters en-
riched at the valve regions, was detected in the
ephrinB2�V/�V mutants in a diffuse pattern that was
hardly above background levels (Fig. 7I). These results
suggest that the subcellular distribution of a subset of
known PDZ effectors, including RGS3 and Dvl2, de-
pends on the presence of an intact PDZ target site in
ephrinB2. RGS3 and Dvl2 are therefore candidate effec-
tors of ephrinB2 reverse signaling during luminal valve
formation and remodeling of the lymphatic vasculature.
In contrast, PICK1 retains its normal pattern of localiza-
tion in the mutant mice, perhaps through interaction
with alternative binding partners.

Discussion

EphrinB2–EphB4 signaling has been previously shown to
have a critical role in the remodeling of the early embry-
onic blood vasculature partly by defining the boundaries

between arteries and veins. The present study extends
this concept by implicating ephrinB2 in post-natal lym-
phangiogenic remodeling. Mice expressing ephrinB2
with a deficient PDZ target site survive the requirement
of ephrinB2 in embryonic blood vascular remodeling, but
exhibit chylothorax with strong defects in the morpho-
genesis and function of the lymphatic vasculature. Our
findings therefore demonstrate that members of the ephrin
family are required for the development of both blood and
lymphatic vasculatures, as has been shown for members of
the VEGF and Angiopoietin families. These functions are
likely due to the disruption of ephrinB2 interaction with
downstream PDZ effectors and suggest a requirement for
ephrinB2 reverse signaling in lymphatic endothelium. In
contrast, phosphotyrosine-mediated signaling was dispens-
able for ephrinB2 mediated functions in the development
of lymphatic, as well as blood vasculature.

Role of ephrinB2 in lymphatic remodeling
and maturation

Previous studies have implicated the homeodomain
transcription factor Prox1 in the initial specification of
lymphatic endothelial cells (Wigle and Oliver 1999;
Wigle et al. 2002). Moreover, members of the VEGF fam-
ily (VEGF-C and VEGF-D) via their cognate receptor
VEGFR-3 control the early development of lymphatic
vessels by stimulating their sprouting from embryonic
veins and by inducing proliferation and survival of lym-
phatic endothelial cells (Jeltsch et al. 1997; Mäkinen et
al. 2001; Veikkola et al. 2001; Karkkainen et al. 2004).
Subsequent remodeling of the lymphatic vasculature re-
quires signaling of Angiopoietins and activation of the
VEGF-C/VEGFR-3/Neuropilin-2 (Nrp-2) pathway. Lack
of Angiopoietin-2 leads to abnormal patterning of lym-
phatic microvessels and disorganized and hyperplastic
lymphatic channels with poor SMC coverage (Gale et al.
2002). In contrast, lack of the VEGF-C/VEGFR-3/Nrp-2

Figure 6. EphrinB2 is expressed predominantly in
the endothelial cells of collecting lymphatic vessels,
while EphB4 is in both lymphatic capillaries and col-
lecting lymphatic vessels. Triple immunofluores-
cence for LYVE-1, podoplanin, and �SMA (A–D); for
ephrinB2 (�gal), podoplanin, and �SMA (E–H); and
for EphB4, podoplanin, and LYVE-1 (I–L) of the ear
skin at P21. (A–D) High LYVE-1 expression is de-
tected in the lymphatic capillaries (arrow) but not in
the �SMA-positive collecting lymphatic vessels (ar-
rowhead). Podoplanin instead stains all lymphatic
vessels. �SMA also stains blood vessels (bv). (E–H)
EphrinB2 is expressed on the endothelium of collect-
ing lymphatic vessels (�SMA-positive, arrowhead),
but not on podoplanin-positive, �SMA-negative
lymphatic capillaries (arrow). (I–L) EphB4 is ex-
pressed both on the LYVE-1-positive lymphatic cap-
illaries (arrow) and on the LYVE-1-negative collect-
ing lymphatic vessels (arrowhead). In addition, the
veins are positive for EphB4. Bars, 100 µm.
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pathway leads to a hypoplastic lymphatic vascular bed
(Karkkainen et al. 2001, 2004; Yuan et al. 2002).

While the importance of remodeling has been well es-
tablished in the formation of a normal, functional blood
vasculature (Risau 1997; Carmeliet 2003), little is known
about the processes involved in the maturation of the
lymphatic system. Here we describe a specific require-
ment of ephrinB2 for the remodeling of the primary lym-
phatic capillary plexus and show an important role for
this process in building a functional lymphatic vascula-
ture. While the early development of the dermal lym-
phatic vessels occurred normally in the mutant mice ex-
pressing ephrinB2 with a deficient PDZ target site, the
maturation of the vasculature into a hierarchical vessel
network was disturbed. In wild-type mice, the dermal
lymphatic vasculature develops first as a primary capil-
lary plexus, which expresses both ephrinB2 and EphB4,
and the subsequent remodeling involves sprouting of
new lymphatic capillaries from the initial plexus. The
vessels remaining in the deeper dermal layers transform
into smaller caliber, valved precollecting lymphatic ves-
sels, which acquire SMC coverage and down-regulate
LYVE-1 expression, while maintaining ephrinB2 and
EphB4 expression. Instead, the newly formed LYVE-1-
positive lymphatic capillaries do not express ephrinB2,

while they stay positive for EphB4 expression, suggesting
a molecular distinction between collecting versus capil-
lary lymphatic vessels. The interaction between eph-
rinB2 and EphB4 at the interface of these two vessel
types may be required for the establishment of this dis-
tinction, similar to the role of ephrinB2–EphB4 interac-
tions at the arterial–venous interface during blood vas-
cular remodeling. In the ephrinB2�V/�V mutant mice the
specification of the collecting lymphatic vessel identity
fails, and therefore the vasculature in the mutant skin
resembles morphologically and molecularly a primitive
capillary network even in older mice.

As mentioned above, lymphatic capillaries lack peri-
cytes and SMCs, while collecting lymphatic vessels have
a sparse SMC coverage. Proper lymphatic endothelial–
SMC interaction appears to be critical for the develop-
ment of functional (collecting) lymphatic vessels and for
the formation of luminal valves. Increased SMC cover-
age in FOXC2-deficient mice leads to abnormal lym-
phatic patterning and failure in luminal valve formation
(Petrova et al. 2004), while impaired recruitment of
SMCs in Angiopoietin-2 null mice is associated with dis-
organization and hyperplasia of lymphatic channels
(Gale et al. 2002). We found that in ephrinB2�V/�V mice
the dermal lymphatic capillaries were sparsely covered
by SMCs, raising the question of whether SMCs are re-
sponsible for the abnormal lymphatic development in
the mutants. However, our data suggest a cell-autono-
mous function of ephrinB2 in the lymphatic endothe-
lium rather than in adjacent pericytes or SMCs. First, we
observed the earliest defects in the lymphatic remodel-
ing in ephrinB2�V/�V mutant ear skin at a time when
coverage with lymphatic SMCs had not yet begun and
desmin-positive pericytes were absent from the dermal
lymphatic plexus. Second, ephrinB2 was found to be ex-
pressed predominantly in the lymphatic endothelium,
not in SMCs. Therefore, the abnormal smooth muscle
coverage may result from the misbehavior of the lym-
phatic endothelium. However, whether or not ephrinB2
has a function in lymphatic SMCs or whether it has ad-
ditional non-cell-autonomous effects on lymphatic de-
velopment would have to await the conditional inacti-
vation of ephrinB2 in lymphatic endothelium.

In addition to the remodeling defects, we also found
that the development of deeper lymphatic channels was
defective in ephrinB2�V/�V mutant mice. The collecting
vessels were often hyperplastic and lacked the luminal
valves. These deficiencies are likely to cause the func-
tional failure and contribute to the development of chy-
lothorax in the homozygous mutant mice. The molecu-
lar mechanisms and cellular events required for the for-
mation of luminal valves are unclear. A recent study
showed a requirement of a transcription factor FOXC2
for the morphogenesis of lymphatic valves, possibly by
maintaining these regions free of SMCs (Petrova et al.
2004). FOXC2 appears to function in lymphatic endothe-
lia by regulating the expression of genes that are in-
volved in maintaining a proper interaction of endothelial
cells with SMCs (Petrova et al. 2004). As a transmem-
brane molecule, ephrinB2 may instead have a direct

Figure 7. Abnormal localization of ephrinB2 interactors PDZ-
RGS3 and Dvl2 in the lymphatic endothelia of ephrinB2�V/�V

mice. (A–C) Double immunofluorescence staining of the ear
skin at P21 for ephrinB2 (A; green channel in C) and for
PECAM-1 (B; red channel in C). (A,C) Note that ephrinB2 is
localized in spots in a region of a lymphatic valve (arrowheads).
(D–I) Double immunofluorescence staining of the ear skin of
wild-type (D,F,H) and ephrinB2�V/�V (E,G,I) mice at P21 for
PICK1 (green channel in D,E; left part shows PICK1 channel
only in b/w) and PDZ-RGS3 (green channel in F,G) together
with podoplanin (blue channel in D–G). (H,I) Double immuno-
fluorescence staining for Dvl2 (green) with PECAM-1 (red). (F,H)
Similar to the localization of ephrinB2, several of the interactors
form spots in the lymphatic endothelia in wild-type skin, espe-
cially at the valve regions (arrowheads). The localization of PICK1
is not disturbed in ephrinB2�V/�V mice (D,E), while PDZ-RGS3
shows a diffuse staining (arrow in G) and Dvl2 is undetectable in
the mutant lymphatic vessels, even at the sites where abnormal
valve-like structures have formed (arrow in I). Bars, 50 µm.
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function, perhaps in guiding endothelial cell migration
and elongation, during valve morphogenesis. The col-
lecting lymphatic vessels in ephrinB2�V/�V mice occa-
sionally contained valve-like structures, but in these ab-
normal structures the endothelial cells seemed to fail to
take a proper morphology.

However, not all lymphatic vessels in ephrinB2�V/�V

mutant mice were affected. For example, the central
lymphatic channels of small intestinal villi, the so-called
lacteals, and the lymphatic capillaries on the intestinal
wall, as well as the lymphatic vessels in the diaphragm,
appeared normal in the ephrinB2�V/�V mutant mice
(Supplementary Fig. S7). In agreement with this, we do
not detect accumulation of chylous ascites in the intra-
peritoneal cavity as has been described in other mouse
models in which the intestinal lymphatic vessels were
abnormal (Karkkainen et al. 2001; Gale et al. 2002).

Mechanisms of ephrinB2 functions in the development
of blood and lymphatic vasculatures

Our demonstration of lymphatic patterning defects in
ephrinB2�V/�V mutants, together with midline fusion
defects in a recently published ephrinB1 PDZ site mu-
tant (Davy et al. 2004), probably represent the best in
vivo evidence for the requirement of ephrinB reverse sig-
naling. Previous work from our laboratory (Adams et al.
2001) and others (Cowan et al. 2004; Dravis et al. 2004)
using ephrinB2 mutants lacking the entire cytoplasmic
region may have some technical limitations and cause a
complex readout. Complete C-terminal truncation not
only terminates reverse signaling, but also affects pro-
tein trafficking and trans-endocytosis of the Eph recep-
tor, thereby affecting Eph forward signaling in neighbor-
ing cells (Zimmer et al. 2003). For example, C-terminal
truncated ephrinB2 generated by loxP-mediated recom-
bination is not inserted into the plasma membrane and
effectively represents a protein null (Cowan et al. 2004;
Fig. 1; Supplementary Fig. 1; this report). In contrast,
C-terminal truncated ephrinB2 carrying an HA epitope
tag is inserted into the plasma membrane as shown by
EphB4-AP binding (Adams et al. 2001; Fig. 1; this report)
and functions sufficiently in at least some in vivo con-
text (e.g., neural crest migration), but may be acting as a
hypomorphic allele in endothelial cells. An ephrinB2–
�gal fusion protein, which lacks endogenous cytoplas-
mic ephrinB2 sequences, rescued the embryonic vascular
defects associated with the loss of ephrinB2 by inference,
suggesting that EphB forward signaling is sufficient for
this process (Cowan et al. 2004). However, the ephrinB2–
�gal fusion protein showed elevated expression and be-
haved genetically dominant with respect to cloacal sep-
tation in vivo. Because of the nature of the fusion with
tetrameric �-galactosidase, the ephrinB2–�gal fusion
protein may also be in a preclustered state that allows
more efficient activation of forward signaling. We specu-
late that elevated surface expression and preclustering of
ephrinB2–�gal protein leads to altered (enhanced) EphB
forward signaling in the endothelium. This may contrib-
ute to the rescue of vascular remodeling.

The recent work on ephrinB1 (Davy et al. 2004) and
our findings on ephrinB2 suggest that interactions with
PDZ effector proteins are critical for ephrinB reverse sig-
naling in vivo. Among the PDZ proteins that have been
described to bind ephrinB ligands, we found that PICK1,
PDZ-RGS3, and Dvl2 were expressed in lymphatic en-
dothelium in a spotty pattern resembling the localiza-
tion of ephrinB2. Moreover, PDZ-RGS3 and Dvl2 local-
ization patterns were altered in ephrinB2�V/�V mutant
endothelium, consistent with a direct interaction in
lymphatic endothelium and with a function as an eph-
rinB2 effector in this tissue. PDZ-RGS3 has previously
been shown to be essential for ephrinB-mediated neuro-
nal cell migration in vitro (Lu et al. 2001); however, its
role in lymphangiogenesis has not been explored. Xeno-
pus Dvl has been proposed to mediate ephrinB reverse
signaling related to animal cap cell repulsion (Tanaka et
al. 2003). Although all Dvl proteins contain a PDZ-bind-
ing site, the regions of Dvl and ephrinB that are required
for direct interaction have not been fully characterized.
Dvl2 knockout mice were reported to suffer from defects
in cardiac morphogenesis, somite segmentation, and
neural tube closure. However, they die before the devel-
opment of lymphatic vessels starts (Hamblet et al. 2002).
Whether or not loss of Dvl2 leads to similar lymphatic
defects as described for ephrinB2�V/�V mutants remains
to be addressed. PICK1 is mostly known for its involve-
ment in neurotransmitter receptor trafficking at neuro-
nal synapses (Terashima et al. 2004 and references
within). The fact that PICK1 immunoreactivity did not
change in ephrinB2�V/�V mutants suggests that it has
additional interaction partners in lymphatic endothelial
cells that organize its subcellular localization indepen-
dently from ephrinB2. Although our data from transient
transfection experiments suggest that syntenin-1 might
also be improperly localized in vivo in ephrinB2�V/�V

mutant animals, we did not consider this candidate ef-
fector further because of its poor affinity for ephrinB25F

(data not shown), probably reflecting sensitivity of syn-
tenin-1 to substitutions at the −2 position of substrate C
termini (Grootjans et al. 1997; Koroll et al. 2001). Further
functional work will be required to identify PDZ pro-
teins that are essential mediators of ephrinB2 signaling
in lymphatic endothelia. With >400 genes encoding PDZ
domain proteins in the mouse genome (according to
SMART database at EMBL), the identification of these
molecules may require high-throughput approaches such
as affinity purification or protein arrays (MacBeath and
Schreiber 2000; Puig et al. 2001).

The lack of a marked phenotype in ephrinB25F/5F mu-
tants (with the exception of a mild lymphatic phenotype
characterized by abnormal drainage in the skin) was sur-
prising due to the fact that regulated tyrosine phosphory-
lation of the ephrinB1 cytoplasmic tail was viewed as the
first strong evidence for ephrinB reverse signaling (Hol-
land et al. 1996; Bruckner et al. 1997). It is possible that
phosphotyrosine-dependent signaling is more important
downstream of ephrinB1 than ephrinB2, and this will
have to be addressed genetically. Alternatively, ephrinB2
reverse signaling in the embryo may be complex and
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redundant, and defects may only appear when the eph-
rinB2 cytoplasmic tail is stripped off all tyrosines and the
PDZ site is destroyed. Finally, there are additional func-
tions of ephrinB2 that remain to be investigated and may
depend on phosphotyrosine signaling, including patho-
logical vascular remodeling in the adult, and axon guid-
ance and neuronal plasticity in the nervous system.

Materials and methods

Antibodies

We used monoclonal rat anti-mouse VEGFR-3 (Kubo et al.
2000), anti-mouse PECAM-1/CD31 (Pharmingen) and hamster
anti-mouse podoplanin (RDI), Cy3-conjugated mouse anti-�-
SMC actin (Sigma), polyclonal rabbit anti-mouse LYVE-1 (Kark-
kainen et al. 2004), anti-�-galactosidase (ICN/Cappel), anti-
mouse RGS3 (Lu et al. 2001), anti-mouse Dvl2 (Chemicon),
anti-GFP (cross-reactive with YFP from RDI), goat anti-mouse
EphrinB2 (R&D Systems) and rabbit-anti mouse ephrinB2 (Ni-
kolova et al. 1998), goat anti-mouse EphB4 (R&D Systems), and
anti-mouse Pick1 (Santa Cruz) antibodies. Secondary antibodies
(conjugated to Alexa488, Cy3, or Cy5) were purchased from Di-
anova and Jackson Immunoresearch.

Surface-binding assay

Cytoplasmic mutant cDNAs (amino acid sequence illustrated
in Fig. 1A) were cloned into a YFP-HA-ephrinB2 wild-type con-
struct (Zimmer et al. 2003), which is based on pYFP-C1 (Strata-
gene), via the internal BbsI site at nucleotide 894 of mouse eph-
rinB2 and HindIII. Constructs were transiently transfected into
Hela Cells using the calcium phosphate method. EphB4-AP
(Brambilla et al. 1996) was prepared separately. Twenty-four
hours following transfection, cells were assayed for surface-
bindable ephrinB2 following standard protocols (Flanagan and
Cheng 2000), except that endogenous phosphatase activity was
inactivated for 20 min at 65°C. Raw binding data were normal-
ized to protein levels in total lysates, using anti-YFP Western
blot and digitizing software (Fuji LAS 1000 digital camera for
ECL and Aida 2.0 densitometry package). Comparison of surface
binding of cytoplasmic mutant cDNAs to wild-type ephrinB2
cDNA was performed in triplicate in four independent transfec-
tions with similar results.

Vanadate stimulation

Pervanadate was generated by adding 1.1 µL hydrogen peroxide
to 1 mL of 100 mM vanadate stocks and added to cells at a final
concentration of 0.1 mM for 10 min. Cells were lysed in Triton
lysis buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 0.5% Triton
X-100) supplemented with 10 mM NaF, 200 mM sodium pyro-
phosphate, 1 mM vanadate, and Complete Protease Iinhibitors
(Roche). YFP-ephrinB2 variants were immune precipitated us-
ing anti-GFP antibody, which also recognizes YFP. Precipitates
were subjected to Western blot analysis for anti-phosphotyro-
sine (clone 4G10; Roche).

Pull-down assay

Hela cells were transiently transfected by the CaPO4 method.
Cells were lysed in Triton lysis buffer supplemented with Com-
plete Protease Inhibitors (Roche). Clarified lysates were clustered
in solution using preclustered recombinant EphB4-Fc protein
(R&D Systems, 2 µg/mL). Recombinant pull-down constructs (ei-
ther maltose-binding protein–syntenin-1 or maltose-binding pro-

tein alone) were preloaded onto amylose beads (NEB) and then
clustered lysates subjected to pull-down overnight at 4°C.

Colocalization studies

Surface clustering of transiently transfected ephrinB2 variants
in Hela cells was induced by stimulation with preclustered
EphB4-Fc (R&D Systems; 2 µg/mL) for 30 min at 37°C. Control
transfected cells stimulated with preclustered Fc did not show
clustering. Subcellular localization of syntenin-1 was assayed
by anti-tag immunofluorescence. To prevent confounding colo-
calization of syntenin with ephrin via its affinity for the raft
lipid PIP(2), we used a GFP-syntenin mutant (Zimmermann et
al. 2002), which is deficient in these interactions.

Generation of ephrinB2 cDNA knock-in mutant mice

Mouse cDNAs encoding ephrinB2 C-terminal mutant forms
ephrinB25F and ephrinB2�V (amino acid alterations shown in
Fig. 1A) were generated by PCR, inserted into pBK-CMV (Strata-
gene) via ClaI (5�) and SmaI (3�), and sequenced. The cDNAs
were isolated together with the SV40 polyadenylation signal
from pBK-CMV using MluI (blunted) and ClaI, subcloned into
pBK-CMV in reverse orientation (ClaI/ScaI), and then trans-
ferred into pFlox3 containing mouse ephrinB2 genomic DNA
and a neomycin resistance cassette flanked by lox sites by use of
the ClaI site located in the first exon of ephrinB2 (at position 85
of GenBank MMU30244) and SalI (see also Adams et al. 1999).
The linearized targeting construct was electroporated into em-
bryonic stem (ES) cell clones using standard methods and
neomycin resistant clones were initially screened using PCR
primers spanning the crossover. Potential homologous recom-
bination was detected in 1.2% of neomycin resistant clones.
PCR-positive clones were confirmed using Southern blotting on
HindIII-digested genomic DNA probed with a fragment 3� to the
recombined region (indicated in Fig. 1F) as well as a neo probe.
The neo cassette was subsequently excised from the genomic
locus by crossing to a mouse line ubiquitously expressing Cre
(PGK-Cre). The presence of neomycin cassette and the genetic
background strongly affected the phenotype of the ephrinB2�V/�V

mice, while homogyzous ephrinB25F/5F and ephrinB2WT/WT

mice appeared normal in different genetic backgrounds with or
without the neo cassette. In C57B1/6 background in the pres-
ence of neo cassette the ephrinB2�V/�V mice died by P6 and
developed a massive chylothorax with milky effusion (Fig. 2A),
while with the neo cassette removed the mice often survived
2–3 wk before developing chylothorax with clear effusion. In
CD1 background the ephrinB2�V/�V mice survived several
months and showed only minor defects in the lymphatic vas-
culature (data not shown), but eventually several of them also
developed chylothorax.

Biochemistry

Embryos or adult brains (from CD1 outcross) were homogenized
in a dounce homogenizer using Triton lysis buffer supplemented
with Complete Protease Inhibitors (Roche), 1 mM sodium vana-
date, 10 mM sodium fluoride, and 50 mM sodium pyrophos-
phate. Lysates were clarified in a microcentrifuge and subjected
to ephrinB2 immune precipitation using standard protocols.

Immunohistochemistry

Tissues were fixed with 4% paraformaldehyde (PFA), dehy-
drated, and embedded in paraffin. Sections (7 µm) were stained
after heat-induced epitope retrieval using a Tyramide Signal
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Amplification kit (TSA, NEN Life Sciences) and 3-amino-9-eth-
ylcarbazole or diaminobenzidine as a substrate. For whole-
mount immunofluorescence stainings, the tissues were fixed
with 4% PFA overnight at 4°C, blocked with 3% milk in phos-
phate buffered saline (PBS) containing 0.3% Triton X-100 and
stained overnight at 4°C with the primary antibodies in the
blocking solution. After washes, the tissues were incubated
with the secondary antibodies for 2 h at room temperature,
followed by washing and mounting. The samples were then
analyzed by confocal microscopy.

Visualization of blood and lymphatic vessels

The tissues from VEGFR3LZ/+ (Dumont et al. 1998),
ephrinB2LZ/+ (Shin et al. 2001), EphB4LZ/+ (Gerety et al. 1999),
and tie2-lacZ (Schlaeger et al. 1997) reporter mice were fixed
with 2% paraformaldehyde or 0.2% glutaraldehyde and stained
by the �-galactosidase substrate X-gal (Sigma). After post-fixa-
tion in 4% PFA, the tissues were photographed or further pro-
cessed for sectioning and immunostaining. For the visualization
of functional lymphatic vessels, FITC-dextran (Sigma, 8 mg/mL
in PBS) was injected subcutaneously into an anesthetized
mouse and the lymphatic vessels were analyzed by fluorescence
microscopy.

In situ hybridization

Probes were obtained as follows: ephrinB2 (Adams et al. 1999);
GRIP1 and GRIP2 (Bruckner et al. 1999); syntenin (clone no.
H3030C02) and Par3 (clone no. H3054A01 from the NIA 15K
Clone Set, http://lgsun.grc.nia.nih.gov/cDNA/15k.html); PDZ-
RGS3, a fragment corresponding to nucleotides 49–619 of
NM_134257 (PDZ domain only) obtained by RT–PCR on
mouse embryonic brain RNA; Dvl2, a fragment corresponding
to nucleotides 876–1352 of NM_007888, obtained by RT–PCR
on mouse embryonic brain RNA; and rat PICK1 (rzpd clone
IRAKp961P19175Q2 http://www.rzpd.de). Oligonucleotide se-
quences used to obtain probes are available on request. Seg-
ments of intestine containing mesentery and major artery, vein,
and valved lymphatic vessel were subjected to whole-mount in
situ hybridization using standard methods.
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