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Abnormal lymphatic vessel development in neuropilin 2 mutant mice
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SUMMARY

Neuropilin 2 is a receptor for class Ill semaphorins and for  synthesis in the lymphatic endothelial cells of the mutants.
certain members of the vascular endothelial growth factor Arteries, veins and larger, collecting lymphatic vessels
family. Targeted inactivation of the neuropilin 2 gene developed normally, suggesting that neuropilin 2 is
(Nrp2) has previously shown its role in neural development. selectively required for the formation of small lymphatic
We report that neuropilin 2 expression in the vascular vessels and capillaries.

system is restricted to veins and lymphatic vessels.

Homozygous Nrp2 mutants show absence or severe

reduction of small lymphatic vessels and capillaries during Key words: Endothelial cell, Growth factor receptor,
development. This correlated with a reduction of DNA  Lymphangiogenesis, Mouse

INTRODUCTION vessels (Detmar et al., 1998; Wilting et al., 1996). Conversely,
overexpression of VEGFC in the same mouse or chick models
The vertebrate vascular system is composed of arteries, veistimulates lymphangiogenesis with only a weak effect on
and capillaries, and develops early in embryonic developmeiblood-vascular EC (Jeltsch et al., 1997; Oh et al., 1997).
in order to accommodate the output of the first heart beat. Thggmphangiogenesis could be selectively inhibited by
lymphatic vascular system serves to transport tissue fluidyverexpression of a soluble VEGFR3 (Makinen et al., 2001).
extravasated plasma proteins and cells back to the circulatit’@dEGFC and VEGFD have also been shown to stimulate
(for a review, see Karkkainen et al., 2002). Lymphaticmetastasis via the lymphatic vessels (Karpanen et al., 2001;
endothelial cells (EC) are thought to develop by sprouting/landriota et al., 2001; Skobe et al., 2001; Stacker et al., 2001).
from veins in a process referred to as lymphangiogenesis role for VEGFR3 as the signaling receptor mediating
(Sabin, 1909). Mesoderm-derived lymphangioblasts may alsSéEGFC or VEGFD actions was suggested by overexpression
contribute to lymphangiogenesis (Wilting et al., 2000). Recentf a VEGFC form that does not bind VEGFR2 (VEGF-C156S)
reports have focused on the role of members of the vasculiar the skin of mice, which also stimulates lymphangiogenesis
endothelial growth factor (VEGF) family in the development(Veikkola et al., 2001). Moreover, mutations in the tyrosine
of arteries, veins and lymphatic vessels. VEGF is a kelinase domain of VEGFR3 have been linked to human
regulator of EC functions and is required for the formation ohereditary primary lymphoedema, and mice harboring an
the primitive vascular plexus (Carmeliet et al., 1996; Ferrara é&NU-induced mutation in the kinase domain of VEGFRS3 also
al., 1996). The VEGF family also comprises placenta growtldevelop lymphoedema (Karkkainen et al., 2000; Karkkainen et
factor (PIGF), VEGFB, VEGFC and VEGFD. The biological al., 2001).
effects of these growth factors are mediated by binding to three Several members of the VEGF family have been recently
EC tyrosine kinase receptors, VEGFR1-VEGFR3 (for reviewsshown to bind to the non-kinase neuropilin (NRP) receptors.
see Neufeld et al., 1999; Veikkola et al., 2000). VEGF bind3his small family of type | transmembrane proteins includes
to VEGFRL1 and VEGFR2, while VEGFC and VEGFD bind toNRP1 (NRP — Mouse Genome Informatics) and NRP2.
VEGFR2 and are the only known ligands for VEGFR3. TheNeuropilins were initially discovered in the nervous system,
expression of VEGFR3 becomes restricted to lymphatic E@/here they function as receptors for the class Il family of
from mid-gestation stages onward both in murine and in aviasemaphorins (Sema) to mediate chemorepulsive guidance of
embryos (Kaipainen et al., 1995; Wilting et al., 1997). developing axons (Chen et al., 1997; He and Tessier-Lavigne,
Several studies have shown that VEGF signals angiogenesi®97; Kolodkin et al., 1997). NRP1 and NRP2 show
while  VEGFC and VEGFD induce lymphangiogenesis.overlapping sema binding specificities in vitro: NRP1 binds
Overexpression of VEGF in the skin of transgenic mice owith high affinity to Sema3a, Sema3c and Sema3f, while NRP2
on the chick chorioallantoic membrane stimulates growth ofs a high affinity receptor for Sema3c and Sema3f (Chen et al.,
blood-vascular capillaries without affecting the lymphatic1997; Feiner et al., 1997). However, NRP1 function appears
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only necessary for Sema3a-mediated repulsive guidance everitssitu hybridization

both in vitro and in vivo, and genetic ablation Nfpl In situ hybridization has been described previously (Moyon et al.,
phenocopies the neuronal defects observesleima3amutant  2001,) except that Ag/ml proteinaseK was used. Probes were a 1.2
mice (Kitsukawa et al., 1997). Gene inactivatiolNgb2results kb mouseNrp2 fragment (Chen et al., 1997), a 2.2 kb kipl

in a distinct neuronal phenotype compared with gl fragment (position 104-2388)_ _(kindly provided by A. Chédotal) and
mutation (Chen et al., 2000; Giger et al., 2000). Homozygoud Mmousevegfr3fragment (position 2411-4154).

Nrp2 mutants specifically lose their response to repUISiV‘?mmunohistochemistry

gu!dance evefnt.s mediated by S?ma3f- Fasciculation anItljssue biopsies were fixed in 4% paraformaldehyde, dehydrated and
guidance of distinct subsets 9f cranial Nerves are PeTthbed dhbedded in paraffin. Immunohistochemistry was performed using
Nrpl and Nrp2 mutants:Nrp1™= showed deficiencies in the o Tyramide Signal Amplification system (T84 NENT™ Life
cranial nerves VII, IX and X, which were not affectetNip2’~  science Products, Boston, MA). Peroxidase activity was developed
mice. Conversely, cranial nerves Ill and IV, which were normalith 3-amino-9-ethyl carbazole (Sigma). Antibodies were a
in Nrpl mutants, showed abnormal projections Nmp2/~  monoclonal anti-VEGFR3 (Kubo et al., 2000), biotinylated polyclonal
animals (Chen et al., 2000; Giger et al., 2000; Kitsukawa et alpti-mouse VEGFR3, anti-NRP2 and anti-VEGFC (R&D Systems,
1997). Altogether, these results suggested specific, nofxon, UK), PECAM (Pharmingen, San Diego, CA) and FITC-
redundant functions for NRP1 and NRP2 in the nervous systeré@njugated anti-smooth muscle actin (Sigma). X-gal staining was
Nrpl mutant mice also showed severe defects irfaied outas described (Purietal., 1995).
cardiovascular development, resulting in death of homozygoysg/mphatic vessel counts

embryos by embryonic day (E) 14 (Kawasaki et al., 1999, nrepared serial 745m transverse sections between the neck and

_Defects in vessel formation included failure_ of capillar_ythe tail of E17 embryosn€S for Nrp2--, n=4 for Nrp2*-, n=2 for
ingrowth into the brain and abnormal formation of aorticNyp2++), which were ordered such that each slide contained sections
arches and yolk-sac vasculature. These defects may be duértfn embryos of each genotype at the same anteroposterior level.
a requirement of NRP1 as a receptor for several membeThese slides were stained with anti-VEGFR3 antibody (see Fig.
of the VEGF family, including the heparin-binding VEGF 5C,E,G) and examined under the microscope5 (objective, final
isoforms VEGF165 and VEGF145 as well as VEGFB, VEGFENagnificationx110). For body skin, the area counted spanned the
and PIGF (for a review, see Neufeld et al., 2002). NRp#lermis of the dorsal half of the embryo. In initial counts, different
enhanced VEGF165 binding to VEGFR2 and VEGFRZ_anteropostﬁrlc;r Iel\_/els of the bgd% axis were (;:ok;mted sepharaltely, ie.
; : ; . tween the forelimbs, around the waist and between the legs; no
mediated chemotaxis response of E.C (Miao et al., 1999; SOkglz:)nificant differences in these regions were observed and the data
etal, 1998)'. !n the dev_eloplng avian vascular systérpl were pooled. For counts of hindlimb skin, the area considered was the
showed specific expression in arterial EC (Moyon et al., 200%jermis covering the entire hindlimb. We counted manually on every
Herzog et al., 2001). fourth section the number of VEGFR3-positive lymphatic profiles, a
NRP2 has also been shown to bind several VEGF familgrofile was counted as one regardless of its size (i.e. FifrpZ/—;
members, including VEGF165, VEGF145, PIGF and VEGF-1 profiles counted). The length of the dermis was measured, its
C (Karkkainen et al., 2001) (reviewed by Neufeld et al., 2002)hickness was similar in all embryos analyzed (see Fig. 5C-H) and
A specific role for NRP2 in the vascular system has not bee#as therefore not taken into account. No significant differences in
described previously. Indeed, maNyp2 mutants are viable embryos of the same genotype were observed, and data for embryos
unil aduithood and show a grossly normal cardiovasculaf 1" Same genonye wee pooka. The coun thus represents te
system. We _rep(_)rt that the formation of small Iymp_hatlc VESSERe dermis. For counts of subserosal VEFGFR3-positive lymphatic
and caplllarle_s is at_)norm_al Nrp2 homozygous mice. In all profiles, we proceeded in the same way.
tissues examined, including the heart, lung, diaphragm, gut
and skin, these vessels are absent or severely reduced uBtiliU incorporation
postnatal stages. These observations show a selectiPegnant females were injected intraperitoneally with 2 ml/100 g
requirement of NRP2 in lymphatic vessel development. BrdU (Roche Diagnostics). After 6 hours, mice were sacrificed and
embryos recovered for immunohistochemistry as described above. We
used a hiotinylated mouse anti-BrdU antibody (Pharmingen, San
Diego, CA) and diaminobenzidine (Sigma). Slides were then
MATERIALS AND METHODS incubated with biotinylated anti-VEGFR3 and developed after
. tyramide amplification with CY3.
Mice
Nrp2 mutant mice in CD1 and C57B6 background were kindlyStudies on lymphatic transport
provided by M. Tessier-Lavigne and maintained in a conventionat|TC-dextran (2000 kDa, 8 mg/ml, Sigma) was injected intradermally

animal facility. As previously described\rp2”~ mice appear into the ear and staining of the lymphatic network was followed by
unaffected by the mutation, WthrpZ‘/‘mlce show deficiencies in fluorescence stereomicroscopy.

the guidance and fasciculation of cranial nerves IIl and IV, defective
development of the dorsal funiculus, absence or severe reduction of

the anterior commissure and the habenular tract, and hippocamRESULTS
mossy fiber projection defects (Chen et al., 2000). Ay~ mice

of each genetic background were intercrossed to maintain the colo PR

and to obtaiNrp2-~animals. For RT-PCR, the procedure describe NRP2 expr_essmn in the vascular. system_ .

by Chen et al. (Chen et al., 2000) was modified as follows: 2 bp wele examined NRP2 expression during embryonic and
added on the'3nd of primer Rc, specific primers (Rc and Rv) werePostnatal stages (E10-P30) by in situ hybridization using a
used for the RT reaction and PCR was performed using ready-to-gburine Nrp2 antisense riboprobe (Chen et al., 1997). In
PCR beads (Amersham Pharmacia Biotech). addition, we performed immunostaining with an anti-NRP2
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antibody and X-gal staining of heterozyg®lp2 mutant mice  observed essentially the saiMgp2 mMRNA expression pattern
(Chen et al., 2000). These mice carry a gene trap inserti@s previously described (Chen et al., 1997), including
of a B-galactosidase reporter cassette fused to the CDexpression at E10 in the floor plate and neurons of the ventral
transmembrane domain into an intron of tNep2 locus, region of the spinal cord, dorsal root and sympathetic ganglia,
producing a non-functional fusion protein retained in thesomitic tissue, and dorsal aspect of the forelimb (Fig. 1A). In
endoplasmic reticulum. During embryonic development, weaddition, we observed expression Mfp2 in the vascular
system. E10 mouse embryos
s _NRP-1 C .« ="%¢ yeGFR-3= Showed a signal in EC of the
= e Ea cardinal vein, but not the dorsal
Tt g -'"W:o a0 aorta (Fig. 1A,D). TheNrpl
RO — * " WM- ﬂ/.- - s receptor mMRNA shqwed a
- - ~ complementary expression pattern
NT < BN in the 'dorsal aorta EC and in
e oRG .. m - underlying mesenchymal cells, but
oy L o L by was absent from the cardinal vein
T - (Fig. 1B,E). Comparison with
v & VRS Vegfr3 expression (Kaipainen et
L e SRR S al., 1995) showed that mRNA for
e ';‘ar!cu this receptor had already become
s 2 downregulated in arterial and
M“é* & . Ao D Ao venous EC at E10, but remained
ﬂ‘t“# o " g high in small vessels that appeared
e . o to branch from the cardinal vein
(Fig. 1C,F).
Fig. 1.NRP2 expression in the vascular system of E10 mouse embryos is restricted to veins. In SitLDuring subsequent develop-
hybridization with the indicated antisense riboprobes to sections of E10 mouse embrjop2(i&)  nantal stagesNrp2 mRNA and
expressed in the floor plate (asterisk), neurons of the ventral spinal cord (arrowhead), dorsal roo[.r)rotein expression in the cardinal
ganglion (DRG, arrow), sympathetic ganglion (sg), somitic tissue (S) and dorsal aspect of the .
forelimb (FI). (B) Overlapping, but distinct expressiorNwp1, which is expressed in neurons of the vein decreased to very low levels
ventral spinal cord (arrowhead) and DRG (arrow). Asterisk indicates floor platéedf} (Fig. 2A,D). From E13 onwards,
expression is restricted to the vascular system. (D-F) Higher magnification of the sections in A-dhe  only  vessels  strongly
Nrp2is expressed in the cardinal vein (cv, D), wiNig1 shows complementary expression in the €xpressing NRP2 appeared to be
aorta (Ao, E) and surrounding mesenchymal cellsVégfr3expression is low in EC of the aorta andlymphatics, as judged initially by
cardinal vein, but high in small vessels that appear to branch from the cardinal vein (arrows in Ftheir anatomical position: in the
NT, neural tube. Scale bars: in A, 20@ for A-C; in D, 95um for D-F. neck region, the major lymphatic

e\ -
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Fig. 2. Nrp2 expression becomes restricted

to embryonic lymphatic vessels and, at low
levels, veins. Transverse adjacent sections
through the neck of an E13 embryo stained

B cv

cv

with antibodies against the indicated
proteins. (A) NRP2 is expressed in the
ventral part of the neural tube (NT) and
sympathetic ganglia (SG), as well as in
mesenchyme surrounding the developing
vertebrae (V) and trachea (T). In the vascular
system, arteries (A) are negative, the cardinal
veins (cv) are weakly positive and jugular
lymphatic vessels (asterisks) are strongly
positive. (B) VEGFR3 is expressed in the
jugular lymphatic vessels (asterisks).

(C) PECAM staining reveals abundant
blood-vascular capillaries, arteries (A) and
the cardinal veins (cv). Note expression on
lymphatics at this developmental stage
(asterisks). (D,E) High-power magnification
of the cardinal vein (cv) and the adjacent
lymphatic vessel (asterisk). Note weak NRP2
expression in the cv (arrows). DRG, dorsal
root ganglion; oe, oesophagus. Scale bars: in
A, 175um for A-C; in D, 35um for D,E.
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vessels are formed in close proximity to the cardinal vein (Figprobably due to the death of some animals between PO and P1:
2). These vessels and their branches strongly expressed NRPIZ29 homozygous mice tested at PO and P1 were dying.
(Fig. 2A,D). To precisely determine if the NRP2-positive Death of these animals appeared unrelated to their vascular
vessels were lymphatics, we performed staining for VEGFR$henotype, which was similar in the dying and surviving
which is largely restricted to lymphatic EC (Kaipainen et al. mutants (see below). Additional causes for lethality may
1995) and PECAM, which labels all EC but shows lowertherefore exist, perhaps related to the neuronal phenotype of
expression levels on mature lymphatic EC (Erhard et althese mice (Chen et al., 2000; Giger et al., 2000). The surviving
1996). VEGFR3 and NRP2 both strongly labeled the jugulahomozygous mutants could live until at least P30; however,
lymphatic vessels (Fig. 2A,B). Arteries did not expresshey were smaller than their littermates (about 60% of body
VEGFR3 or NRP2, but were strongly PECAM positive (Fig.weight compared withNrp2~ or Nrp2t/* littermates). A
2A-C). Veins were PECAM positive, VEGFR3 negative anddifference in size was apparent from about P8 onwards. This
weakly labeled with NRP2 (Fig. 2C-E). This expression ofphenotype had not been reported previously.

NRP2 was maintained throughout development and persistedDifferent tissues orp2 mutants were examined on sections

in the adult. Lymphatic EC of all tissues and organs examinegind by whole-mount X-gal staining. Serial transverse sections
(gut, mesenteries, skin, heart, lung, diaphragm) co-expressetiE13 and E15 embryos#5 for Nrp2-/-, n=10 for Nrp2+-,
NRP2 and the lymphatic EC markers VEGFR3 and podoplanin=3 for Nrp2*/*) were stained with PECAM antibodies, which
(Karkkainen and Alitalo, 2002) (Fig. 3). However, in all tissuesrevealed no differences in blood vessels and capillaries
and organs examined, NRP2 remained expressed at low levelstweenNrp2-/— and Nrp2*~or Nrp2*/* animals (Fig. 4A-C).

in veins (Fig. 3A,D), which were not labeled with VEGFR3 Staining with NRP2 and VEGFR-3 antibodies showed that
or podoplanin antibodies (Fig. 3B,C,E-G). The expressiofugular lymphatic vessels (Fig. 4D-1) as well as lymphatics of
of NRP2 therefore suggested possible functions in théhe thoracic duct were present and appeared normal. However,

development of veins and lymphatic vessels. striking differences in the formation of lymphatic capillaries
. _ were noted betweeNrp2-—and Nrp2*-or Nrp2** embryos

Af:la'ySlS of vascular development in NRP2 mutant from E13 until P3. In Ela\jrpz*‘/"' and Nrp2+/— embryos,

mice numerous VEGFR3- and NRP2-positive capillaries were

To study the function of NRP2 in vascular development, w@resent in the dermis (Fig. 4D,E,G,H). These capillaries were
used Nrp2 mutant mice previously described (Chen et al.absent or strongly reduced in number inkiip2-/-littermates
2000) (see Materials and Methods). T2 mutation was  (Fig. 4F,I). NRP2 staining of sections dfrp2/- embryos
bred into two genetic backgrounds, C57B6 and CD1, both weienfirmed their genotype: intracellular punctuate staining was
analyzed in this study and results were indistinguishablebserved instead of membrane staining, reflecting the retention
Genotyping was performed using RT-PCR essentially asef mutant protein in the endoplasmic reticulum (Fig. 41).
described (Chen et al., 2000). HomozyghNus2 mutants were To determine if the NRP2 mutation affected lymphatic
found to be viable, but were obtained at a reduced mendeliaapillary formation in the skin, we performed whole-mount X-
frequency. Of 328 mice analyzed between E13 and P30, tlyal staining of the skin of E15 embryos=g for Nrp2-/-, n=13
expected ratio of homozygous mutants was observed until Ror Nrp2*-). An almost complete absence of X-gal-positive
(175 animalsn=44 for Nrp2--, n=86 for Nrp2*-, n=45 for  vessels was observed in the dorsal skin overlying the neural
Nrp2t/*). Mice older than P1 were obtained at a reduced ratitube in Nrp2-~ animals, while the corresponding skin of
(153 animalsnp=29 for Nrp2--, n=77 for Nrp2*-, n=47 for ~ Nrp2*-mice showed a readily visible capillary plexus (Fig.
Nrp2t*). The reduced ratio of homozygotes was mosBA,B). We next prepared serial transverse sections between the

neck and the tail of E17 embryos=8 for Nrp2--,

n=8 for Nrp2*-, n=5 for Nrp2*/*), which were ordered

A NRP-2 B Podoplanin C VEGFR-3  such that each slide contained sections fimp2*/+,
| i : h* ] g L
xS e ' Ty *
LV 4 f { X Fig. 3.Nrp2 expression in adult vessels. (A-C) Transverse
AT sy k- vV ok AT IR - sections of P30 gut fromMrp2+~mouse stained with

antibodies directed against the indicated proteins. Note co-
expression of NRP2 (A) with the lymphatic markers
podoplanin (B) and VEGFR3 (C) in subserosal lymphatic
vessels (asterisks). Weak NRP2 expression is observed in a
subserosal vein (v, arrow). NRP2 is also expressed in the
smooth-muscle layer surrounding the gut (Chen et al.,
1997), punctuate staining reflects loss of one wild-type
allele. (D,E) Staining oRrp2** PO mesentery sections with

¥y “‘ ' the indicated antibodies. Note co-expression of NRP2 and
L ; VEGFRS in lymphatics (asterisks), weaker expression of
-ﬁﬁ* NRP2 in veins (V, arrows), and absence of expression in

b i arteries (A). (F,G) PO skin section fronNgp2~mouse

} ; double-stained with X-gal (blue staining) and VEGFR3 (F)

or podoplanin (G) antibodies (brown staining). Note
double-stained lymphatics (asterisks). NRP2 also labels
hair-follicles (arrowheads). Scale bars: in A, 140 for A-
C; in D, 35um for D,E; in F, 4Qum for F,G.
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Fig. 4. Lymphatic vessel defects in E13
Nrp2 mutant embryasTransverse sections
of E13Nrp2** (A,D,G), Nrp2*~(B,E,H)
andNrp2-~(C,F,l) embryos stained with
antibodies recognizing the indicated
proteins. Note very similar PECAM
staining in the three genotypes (A-C).
(D-F) VEGFR3 labels jugular lymphatic
vessels (asterisks) present in all three
genotypes, as well as lymphatic capillaries
in the skin (arrows). Note absence of these
capillaries in theNrp2--embryo (F).

(G-I) Higher magnification of adjacent
sections corresponding to the boxed area in
D-F stained with NRP2 antibodies. The
jugular lymphatic vessel (asterisk) is present
in all three genotypes. Skin capillaries are
NRP2 positive in th&rp2++ (G) and the
Nrp2=(H) embryo. In theNrp2--embryo
(), only punctuate staining is observed,
reflecting the retention of mutant protein in
the endoplasmic reticulum. Ao, aorta; Fl,
forelimb; H, heart; NT, neural tube. Scale
bars: in A, 575um for A-F; in G, 23Qum

for G-I.

'\ ?gq.
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Nrp2*—andNrp2--embryos. Sections of the skin of newbornthe lymphatic vessel number was reduced three times in the
mice were also prepared<{12 for Nrp2--, n=16 for Nrp2, body skin (vessel number per cm=6.1+1.7) and 1.8 times in the
n=7 for Nrp2*). These slides were stained with antibodiesskin of the limb (18.0+2.3). To monitor the proliferation of
recognizing VEGFR3, PECAM and smooth-muscle actinymphatic EC, we measured BrdU incorporation into the
(SMA). In all cases except one (P0), a reduction of the numbéymphatic vessels of the body skin of E17 embryws5(for
of VEGFR3-positive vessels was observedNmp2-/—mutants  Nrp27-, n=3 for Nrp2*~, n=1 for Nrp2**). In the Nrp2+
as compared tdNrp2*~ or Nrp2t/* skins (Fig. 5C,E,G). By andNrp2*-mice, 23.9+3.7% of VEGFR3-positive cells had
contrast, PECAM staining did not reveal a reduction in théncorporated BrdU (Fig. 6A,C), while only 13.6+3.4% of
number of dermal blood-vascular capillaries, arteries or veing EGFR3-positive cells were also BrdU positive in Nig2-/-
(Fig. 5D,F,H). In all mice analyzed, PECAM staining of themutants (Fig. 6B,D). Thus, a reduction of about 1.8-fold was
VEGFR3-positive lymphatic vessels in the skin was les®bserved in the proliferation of skin lymphatic vessels in E17
intense than staining of arteries or veins (Fig. 5E,F). In contrasdtrp2 mutants. By contrast, no obvious decrease in the number
to arteries and veins, VEGFR3-positive lymphatic vessels weref BrdU-positive cells in the epidermis (Fig. 6A,B) or other
not surrounded by SMA-positive cells (Fig. 51,J). Thetissues was detected in tiNrp2-/— animals compared with
VEGFR3-positive lymphatic vessels that formed inNne27~  Nrp2*~or Nrp2*/+.
mice sometimes appeared enlarged and were present at th&Vhole-mount X-gal staining also revealed the absence or
border of the dermis and the subcutaneous tissue, wheatrong reduction of the number of lymphatic capillaries at the
compared witiNrp2** andNrp2*-littermates, where most of surface of the heart in thRrp2-— compared withNrp2*~
them were present roughly in the middle layer of the dermilitermates (Fig. 7A,B). Staining of sections prepared from
(Fig. 5C,E,G). hearts with VEGFR3 antibody confirmed that the X-gal stained
The number of VEGFR3-positive lymphatic vessels presentessels were lymphatics (Fig. 7C). The onset of the phenotype
in the skin was counted on transverse serial sections of EXorrelated with the onset of the development of these vessels:
embryos (=5 for Nrp2--, n=4 for Nrp2*-, n=2 for Nrp2+/+) X-gal-positive lymphatic capillaries progressively covered the
(see Materials and Methods). No significant difference irheart surface from E15 onwardsNimp2t~ mutants, while in
lymphatic vessel number was observed\ip2** compared  Nrp2-~embryos, only collecting lymphatic trunks surrounding
with Nrp2*/=skins (vessel number per cm sectioned body skithe great vessels were present at all developmental stages
20.6+1.1 in Nrp2t*, 19.4+1.1 inNrp2*~ hindlimb skin  examined (Fig. 7A,B).
31.7+5.3 inNrp2t/*, 32.4+2.0 irNrp2+-). In Nrp27/-embryos, In the periphery of the diaphragm, a striking reduction of the
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E VEGFR-3
it A . “ T"&‘\"_T\ b -
el =l e P SR Fig. 6.BrdU incorporation in lymphatic vessels is decreased in mutant
e " VEGFR3 ~~Re PECAM skins. (A,B) Bright-field images showing BrdU-positive (arrows) and
-fi AV e n, . -negative (asterisks) nuclei in lymphatic EC from sectioned E17
embryos. (C,D) Lymphatic EC were identified by double-staining with
O VEGFR3 antibody. Note the decreased number of BrdU-positive
e nuclei in theNrp2--(arrows in B,D) Scale bar: 3m.
I
*
between E15 and P3, 32 hearts showed an absence of
lymphatic capillaries, the remaining four resembhgh2~
N mice. All diaphragms showed absence of lymphatic vessels; so
¥ all the 36Nrp2-~ mice could be clearly distinguished from
e their Nrp2*/~littermates by X-gal staining of these two tissues.

Hearts and diaphragms dfirp2~ mice (=106) always

Fig. 5.Lymphatic vessel defects in the skin of developifig2 showed a similar staining pattern (Fig. 7A,F). Staining with an
mutant mice. (A,B) Whole-mount X-gal staining of E15 dorsal skin. gntipody recognizing VEGF-C revealed labeling of the
Note the absence of X-gal-positive vessels i\t~ (B). (C-H) uperficial epicardium in botNrp2--andNrp2+- mice (Fig.
Transverse sections through the dorsal skin of E17 embryos stained?D,E), suggesting that the observed decrease in lymphatic

with anti-VEGFRS3 (C,E,G) and PECAM (D,F,H). Note the absence . g
of lymphatic vessels in tHerp2-~dermis (C, bottom) compared vessel density was not due to decreased levels of this growth

with Nrp2*+ andNrp2+-dermis (C, top; G). PECAM staining shows factor. ) i
no difference between the three genotypes (D,H). (E,F) Comparison 10 analyze a possible phenotype in the lung, we performed
of VEGFR3 and PECAM staining ofNrp2-—dermis at higher X-gal staining, VEGFR3 whole-mount immunohistochemistry
magpnification. Note weaker PECAM staining of VEGFR3-positive  Of lung slices (not shown) and staining of transverse lung
vessels (asterisks) as compared with arteries (A) and veins (V). Notgections 1=3 for Nrp2--, n=3 for Nrp2*/~ sectioned at E15;
also that the lymphatic vessels that form are located in a slightly  n=1 for Nrp2‘/‘, n=1 for Nrp2+/‘, n=1 for Nrp2*’+ at E17:n=4
deeper position at the border of the dermis and the connective tissugyr Nrp2--, n=4 for Nrp2*-, n=2 for Nrp2"* at P0) with
(compare E with C, G). (I,J) The comparison of VEGFR3@nd antibodies directed against NRP2, VEGFR-3 and PECAM.
i (LY mPalcs of he horacic duct were present inftp2”
V, arrows). Scale bars: in A, 230n fo’r A,B; in C, 180um for m"’? at_ all stages examllned (F,'_g' 8A,B). I—/|+owever, lymphatic
C.D,G,H; in E, 7Qum for E,F; in I, 20um for 1,J. capillaries, numerous ilNrp2*= or l\_lrp2+ lungs, were
strongly reduced inNrp2-/- lungs (Fig. 8A,B,E-G). This
phenotype was observed from E15 onwards and correlated
number of X-gal-positive capillaries was observed from El%vith the appearance of VEFGR3-positive capillaries in the
onwards (Fig. 7F,G). Sectioning of X-gal-stained diaphragméings at E15. PECAM staining did not reveal any differences
and labeling with VEGFR3 antibodies confirmed that thesén the blood-vascular EC of the different animals (Fig. 8C,D).
capillaries were lymphatics (Fig. 7H,l). The onset of thisAt birth, lymphatic vessels surrounding the main bronchi had
phenotype coincided with the onset of the development of thesermed in theNrp2--lungs and were stained with anti-NRP2
capillaries between E15 and E17. Larger collecting lymphaticand VEGFR3 antibodies (Fig. 8E-G). However, VEGFR3-
in the central portion of the diaphragm were present in thpositive capillaries were still absent in thep2/— mutants
Nrp2-~ animals and appeared normal (Fig. 7F,G). SoméFig. 8E-G). In the subserosal plexus of the gut, a reduction in
weaker X-gal-stained vessels, which may correspond to veirise number of lymphatic vessels was observed in E15 and E17
or to larger collecting lymphatic vessels, were present in akmbryos (Fig. 8H,l). Counting of the number of VEGFR3-
Nrp2--mutants (Fig. 7G). positive vessels in the subserosal plexus confirmed this
Altogether, of 36Nrp2-~ hearts and diaphragms examinedreduction: 5.2+0.4 VEGFR3-positive vessels per cm sectioned
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Fig. 7.Lymphatic vessel defects in the heart and diaphragnrit e T e ik a2
mutants. (A,B) Whole-mount X-gal staining of PO hearts showing h
the reduction of capillaries in tirp2-/~heart (B). (C) Double- Fig. 8.Lymphatic vessel defects in the lung and the giXrpP
stalnlng/of the X-gal-positive vessgls present at the epicardial surfa¢, jiants. (A-G) Transverse sections of the lung of E17 (A-D) and PO
of Nrp2*™=embryos (arrowhead) with anti-VEGFRS (brown (E-G) mice stained with antibodies directed against the indicated

staining). (D'.E) Transverse sec_tions of E15 hea_rt_s stai_ned V.Vith ‘?‘nti'proteins. (A,B) Note presence of lymphatics of the thoracic duct in
VEGF-C antibodies. Note staining of the superficial epicardiumin )+ Nrp2++ andNrp2-- embryos (asterisks), while VEGFR3-

- - ,
bothNrp2"™ andNrp2™ (D,E, arrows). (F,G) Whole-mount X-gal - itive capillaries in théirp2--Iung are almost completely absent
staining of PO diaphragms (thoracic view). Note the reduction of (5 oyheads, A,B). (C,D) PECAM staining of the alveolar blood-
pe”pf)er?" X-gal-positive lymphatic capillaries (arrowheads) inthe  \a5cyjar capillaries is uniform in both genotypes, arteries (A) and
Nrp2-~diaphragm. Brackets outline the central portion of the \aing (v are also present in both genotypes. (E,F) Co-expression of
diaphragm, which is unaffected. Weaker NRP2 expression in veins ige GER3 and NRP2 in larger lymphatics (asterisks), as well as in
also indicated (arrows). H. Double-staining of the X-gal-positive  ,;merous capillaries (E,F, arrowheads). (G) Lymphatic capillaries

vessels present in the diaphragnNop2*~ embryos with anti- are absent ilNro2-- ; : ; ;
g 4 X p2~~lung, while lymphatics surrounding the bronchi
VEG.FES (brownf_stal_nlng)f cr(])nflrms that they are Iymplhatlcs.. _ are present (asterisks). (H,l) Transverse sections through the gut of
(1) Hig ?r magnification of the boxed reglfon in H. Scale bars: in A, £17 empryos. Note numerous subserosal VEGFR3-positive vessels
580pm for A,B; in C, 50um; in D, 360um for D,E; in F, 140um in theNrp2* gut, which are reduced in tiNep2--gut (H, I,
for F.G;in H, 27Qum; in I, 40um. arrowheads). Scale bars: in A, 4T for A-D,H,|; in E, 325um for
E-G. Ao, aorta.

guts were observed iNrp2~ and Nrp2** animals (=4
sectioned at E17), while 2.3£0.7 vessels were counted per cout a functional test based on the uptake of high molecular

sectioned guts iNrp2-/~littermates §=5). weight FITC-dextran into the lymphatics after intradermal
] ] ) injection into the ear or the tail of P@=(L for Nrp2--, n=1 for
Lymphatic vessels can form in mutant animals Nrp2+*) and 4-week-old micent5 for Nrp2-/-, n=4 for

Lack of lymphatic skin vessels is associated with hereditary ddrp2+/-, n=3 for Nrp2+/+). No difference in dye uptake between
acquired lymphoedema (Karkkainen et al., 2000; Karkkainedifferent animals could be observed (Fig. 9A,B). Sectioning of
et al., 2001). No signs of dermal thickening or oedema in thears showed the presence of VEGFR3 and NRP2 stained
extremities of newborn, juvenile or adMirp2 mutant mice lymphatic vessels (not shown). Thus, growth of lymphatic
were, however, apparent. To determine the evolution of theessels and capillaries occurred during postnatal life in the
lymphatic vessels in the skin of oldérp2 mutants, we carried mutant mice.
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X-gal or VEGFR-3 staining of other organs isolated fromDISCUSSION
juvenile or adult animals confirmed this observation. We
analyzed hearts and diaphragms from seMgp2”-, three  The data presented show a selective requirement for NRP2 in
Nrp2t/- and fourNrp2** animals sacrificed between P7 andthe formation of lymphatic vessels. Loss of NRP2 function
P12, as well as siNrp27-, five Nrp2t~ and fourNrp2t*  resulted in the absence or severe reduction of the number of
animals sacrificed between P20 and P35. In the heart, four osrnall lymphatic vessels and capillaries in all tissues examined,
of sevenNrp2/-mice between P7 and P12 showed very fewincluding the skin, gut, heart, diaphragm and lung. Lymphatic
lymphatic vessels, the remaining three resemiNep2”-.  vessel number in all of these tissues was decreased as soon as
Older Nrp27- mutants always showed lymphatic vesselsthese vessels developed in the embryo, and remained reduced
although mostly with an abnormal pattern (Fig. 9C,D). In theor absent until after birth. BrdU incorporation studies revealed
diaphragm, all juvenile and adullrp2’- mice showed a reduction in the number of proliferating lymphatic EC in the
lymphatic vessel growth (not shown). In the gut, the subserosskin, suggesting a requirement of NRP2 in the proliferation
lymphatic plexus had formed in thérp2-—mice at PO, as of these vessels. The lymphatic vessels present in the skin
judged by whole-mount immunohistochemistry with VEGFR3of mutant animals were also positioned abnormally and
antibody (not shown). Transport of lipids into the mesenteriesometimes enlarged, suggesting that guidance defects may also
occurred normally in th&lrp27/—mutants from birth onwards, occur in the absence of NRP2 function. Veins, which express
as judged by visual inspection of milk uptake into thelower levels of NRP2, developed normally in thep2-/-
mesenteries after feeding (Fig. 9E,F). However, subserosahimals and PECAM staining revealed no difference in
lymphatic vessels of adult mice were often enlarged (Figcapillary formation between homo- and heterozygous mice,
9G,H). Lymph nodes were present in all mutant animals (nauggesting that the NRP2 mutation selectively affected the
shown). lymphatic compartment.

The mechanisms responsible for the development of
lymphatic vessels are currently not well understood. The first
detectable lymphatic vessels in the embryo are the thoracic
duct and jugular lymph sacs, which are thought to develop by
sprouting from veins (Sabin et al., 1909). Indeed, labeling with
lymphatic-specific markers such as Prox1 (Wigle and Oliver,
1999) or VEGFR3 (Kaipainen et al., 1995) are suggestive of
a sprouting process. NRP2 is likely to be downstream of these
initial events in the formation of lymphatic EC, as its
expression becomes downregulated in veins after that of
VEGFR3. Wigle et al. (Wigle et al., 2002) have recently
shown that in Prox1 mutant mice, the initial sprout formation
from veins is not affected, but that sprout progression is
impaired and that the lymphatic EC instead adopt a blood-
vascular phenotype. How the remaining lymphatic vessels in
the body develop is currently unknown. Quail-chick chimera
experiments have suggested the participation of mesoderm-
derived lymphangioblasts (Wilting et al., 2000), but the extent
of their contribution to the developing lymphatic vasculature
is currently unknown. Our observations of NRP2 staining
suggest that there is a phase of lymphatic EC development
from pre-existing lymphatic EC, analogous to the classically
defined angiogenesis process. NRP2 staining carried out at
different stages of development showed a progressive
coverage of, for example, the heart and the diaphragm with
lymphatic EC. These vessels did not appear to develop by
sprouting from veins; they may be formed by mesoderm-
derived lymphangioblasts, but the most likely explanation is
that they are formed by sprouting from pre-existing lymphatic
vessels. In homozygous NRP2 mutants, this sprouting process
appears affected, while the formation of the lymphatic
thoracic duct and other collecting lymphatic vessels occurs
_ i } normally. It may therefore be speculated that NRP2 function
Fig. 9.Lymphatic vessels of adultrp2 mutant mice. (A,B) FITC- is not required for sprouting of lymphatic vessels from veins,

dextran injection into ears of P30 mice. (C,D) Whole-mount X-gal but for the s ; ; ot
o . . prouting of lymphatic EC from pre-existing

staining of P30 hearts. Note the abnormal lymphatic vessels in the .

Nrp2-—heart. (E,F) Milk-uptake after feeding in the mesenteries of lymphatic EC. TheNrp2 mutants analyzed here were

Nrp2+*+ andNrp2-~ mice. (G,H) Whole-mount VEGFR3 previously reported to maintain very low levels of wild-type
immunostaining of P30 guts. Note enlarged lymphatic vessels in thefanscripts (Chen et al., 2000). Their neural phenotype was
Nrp2--gut. Scale bars: in A, 43@m for A,B; in C, 101Qum for indistinguishable from a complete loss-of-function mutant

C,D; in E, 39Qum for E,F; in G, 57%um for G,H. generated by Giger et al. (Giger et al., 2000). The vascular
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phenotype of this secordrp2 mutant has not been reported REFERENCES
yet.
In the developing avian vascular system, expression d¢farmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L.,

; ; Gertsenstein, M., Fahrig, M., Vandenhoeck, A., Harpal, K., Eberhardt,
Nrp1andNrpZhas recently been shown 10 localize to arteries C. et al. (1996). Abnormal blood vessel development and lethality in

and veins, respectively (Moyon et al., 2001; Herzog et al., cmpryos lacking a single VEGF allelature 380, 435-439.

2001). Preferential expression of NRP1 in developing retinathen, H., Chedotal, A., He, Z., Goodman, C. S. and Tessier-Lavigne, M.

arteries has also been recently reported in mice (Stalmans e€1997). Neuropilin-2, a novel member of the neuropilin family, is a high

al., 2002). The observations reported here confirm and extencﬁfﬁnity ffgcegjgfégghe semaphorins Sema E and Sema IV but not Sema lll.
. H . euronly, - .
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arterial and venous branching (Takashima et al., 2002). Takenbetween blood vessels and lymphatitsinvest. Dermatol106, 135-140.
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respectively arterial and venous EC, these results suggest hick semaphorins bind recombinant neuropilin with similar affinities but

. . ind different subsets of neurons in sideuron19, 539-545.
requirement of both NRP genes for correct arterial an(falerrara N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’'Shea, K.
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