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There were errors published in Development 138, 3847-3857.

Three morpholinos were incorrectly described in the materials and methods section Morpholino (MO) oligonucleotide injections. For the
olig2 and robo4 MOs, the incorrect sequence was shown; in addition, the o/ig2 MO was described as splice blocking instead of translation
blocking. The m#p MO was incorrectly described as unpublished. Corrected information for these three MOs appears below.

The authors apologise to readers for these mistakes.

olig?2 translation-blocking MO: 5-CGTTCAGTGCGCTCTCAGCTTCTCG-3"

robo4 MO: 5-TTTTTTAGCGTACCTATGAGCAGTT-3’

mitp MO: 5-CGGCAACCGGCATCATGTTTGGG-3’ (Schlegel and Stainier, 2006)
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SUMMARY

The neural and vascular systems share common guidance cues that have direct and independent signaling effects on nerves and
endothelial cells. Here, we show that zebrafish Netrin 1a directs Dcc-mediated axon guidance of motoneurons and that this
neural guidance function is essential for lymphangiogenesis. Specifically, Netrin 1a secreted by the muscle pioneers at the
horizontal myoseptum (HMS) is required for the sprouting of dcc-expressing rostral primary motoneuron (RoP) axons and
neighboring axons along the HMS, adjacent to the future trajectory of the parachordal chain (PAC). These axons are required for
the formation of the PAC and, subsequently, the thoracic duct. The failure to form the PAC in netrin 1a or dcc morphants is
phenocopied by laser ablation of motoneurons and is rescued both by cellular transplants and overexpression of dcc mRNA. These
results provide a definitive example of the requirement of axons in endothelial guidance leading to the parallel patterning of

nerves and vessels in vivo.
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INTRODUCTION

There is a striking congruence among the anatomies of nerves,
blood vessels and lymphatics. Not surprisingly, the prototypic
guidance cues, initially discovered for their roles in axon
pathfinding (Dickson, 2002), also guide blood vessels and
lymphatics (Adams and Eichmann, 2010; Carmeliet and Tessier-
Lavigne, 2005; Larrivee et al., 2009; Melani and Weinstein,
2009; Suchting et al., 2006; Weinstein, 2005). One such family,
the Netrins, directly guide both axon outgrowth and vascular
sprouting through various receptors. Depending on the receptors
expressed, Netrins may be repulsive or attractive (Bouvree et al.,
2008; Cirulli and Yebra, 2007; Hong et al., 1999; Larrivee et al.,
2007; Lejmi et al., 2008; Lu et al., 2004; Navankasattusas et al.,
2008; Park et al., 2004; Rajasekharan and Kennedy, 2009;
Wilson et al., 2006). Netrins also act as a survival cue for
dependence receptors in shaping the neural and vascular systems
during development (Castets et al., 2009; Furne et al., 2008;
Tang et al., 2008).

The close alignment of nerves and vessels throughout the body
plan could be achieved in one of two ways: either by shared
patterning mechanisms or by axons acting to guide vessels (or vice
versa). For example, in the developing quail forelimb, nerves and
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vessels both respond with repulsion to Sema3A/Nrpl signaling
(Bates et al., 2003). By contrast, a subset of axonal projections
from the superior cervical ganglion specifically follows Endothelin
3 secreted by the external carotid artery (Makita et al., 2008).
Conversely, motoneurons, sensory neurons and/or Schwann cells
secrete Vegf that is required for arterial differentiation in the skin
(Mukouyama et al., 2005). Therefore, when investigating the
effects of axon guidance cues on blood vessels or lymphatic
endothelium, it is essential to distinguish a direct effect on
endothelial cells from the potential influence on axonal projections,
which may subsequently affect the endothelial cells.

The parachordal chain (PAC), a string of endothelial cells
located at the horizontal myoseptum (HMS), forms at 2 days post-
fertilization (dpf) in zebrafish. Since the PAC bears no evidence of
a lumen (Hogan et al., 2009a), we prefer this nomenclature to the
previous term ‘parachordal vessel’. The PAC cells eventually
migrate ventrally along the trunk vasculature to the space between
the dorsal aorta (DA) and the posterior cardinal vein (PCV) to form
the main vessel of the lymphatic system: the thoracic duct (TD)
(Bussmann et al., 2010; Yaniv et al., 2006). Prior to the formation
of the PAC along the HMS, however, motoneurons extend axons
along a path parallel to its future trajectory (Beattie, 2000; Eisen et
al., 1986; Pike and Eisen, 1990), offering an opportunity to dissect
the contribution of neurons and endothelial cells to zebrafish
lymphatic patterning and development.

We previously showed that knockdown of netrin la, a
zebrafish ortholog of mammalian netrin 1, disrupts PAC
development (Wilson et al., 2006). In the current study, we
definitively identify the muscle pioneers (MPs) as the critical
source of Netrin la for PAC formation. We show that netrin la
and dcc are required for three precise events: axonal extension
of RoP and secondary motoneurons (SMNs) along the HMS; the
turn made by secondary vascular sprouts to follow the HMS; and
the formation of the PAC. Furthermore, genetic removal or laser
ablation of the motoneurons also prevents secondary sprout
turning and PAC formation. These results show that
lymphangiogenesis is dependent on choreographed interactions
between MPs, axons and endothelial cells. In particular, growth
of the RoP axon and associated axons determines the guidance
of the PAC lymphendothelial cells.



3848 RESEARCH ARTICLE

Development 138 (17)

MATERIALS AND METHODS

Fish stocks and embryo raising

Zebrafish adults were maintained and bred according to standard
procedures. Tg(flila:egfp)’!’" fish were a gift from Joe Yost (University of
Utah). plegI’1%*; Te(flila:egfp)’””* and Tg(flila-ep:DsRedEx)*"" fish
were a gift from Nathan Lawson (University of Massachusettes).
isl 19092 . Tg(flila:egfp)’!"* were from the Sanger Institute Zebrafish
Mutation Resource. Tg(hb9:GFP) fish (official name mnx/:gfp™?) and
Tg(hb9:KikGRY'!; flilal:egfp fish were gifts from Michael Granato
(Flanagan-Steet et al., 2005). All experiments were carried out subject to
NIH guidelines and approved by the University of Utah Institutional
Animal Care and Use Committee.

Morpholino oligonucleotide (MO) injections

We injected the following MOs from Gene Tools (Philomath, OR, USA):
standard control MO (Control), 5'-CCTCTTACCTCAGTTACAATT-
TATA-3"; 6-10 ng netrin Ila splice-blocking MO (netrinlaSBMO), 5'-
ATGATGGACTTACCGACACATTCGT-3" (Wilson et al., 2006); 8.6 ng
dcc  translation-blocking MO  (deccTBMO), 5'-GAATATCTC-
CAGTGACGCAGCCCAT-3" (Suli et al., 2006) (+1 to +25 bp, reverse
strand start codon underlined); 10.2 ng olig2 splice-blocking MO
(olig2SBMO), 5'-CGTTCAGTGCGCTCTCAGCTTG-3" (Park et al.,
2002); 15.3 ng plegl MO (plcgISBMO), 5'-ATTAGCATAGGGAAC-
TTACTTTCG-3" (Lawson et al., 2003); 6.0 ng is//E2 splice-blocking MO,
5'-TTAATCTGCGTTACCTGATGTAGTC-3" and 6.0 ng is//E3 MO, 5'-
GAATGCAATGCCTACCTGCCATTTG-3" were injected sequentially
(Hutchinson and Eisen, 2006). It should be noted that MOs targeted against
non-Netrin-related transcripts were injected in other experiments and a
PAC and/or axon phenotype at the HMS was not observed: roundabout 4
(robo4), 5'-TTTTTAGCGTACCTATGAGCAGTT-3’ (Bedell et al., 2005);
cardiac troponin T2 (tnnt2), 5'-CATGTTTGCTCTGATCTGACACGCA-
3" (Sehnert et al, 2002); hadpl, 5-GATCAACTCTTACC-
TGCTTGTAAAG-3" (Wythe et al., 2011); and microsomal triglyceride
transfer protein (mtp) (unpublished).

dcc mRNA injection

Full-length Dce coding sequence with seven of the first 27 bp mutated (5'-
ATGGGaTGtGTaACaGGcGAcATcCGC-3") was cloned into a Gateway
middle clone (Invitrogen) and combined with pSE-CMV-SP6 and p3E-pA
(Kwan et al., 2007) in pDestTol2pA2 and used to synthesize RNA. One-
cell stage embryos were first injected with 225 pg dec mRNA, using 0.5%
Phenol Red as a marker dye. A subset was then re-injected with 8.6 ng
dccTBMO.

In situ hybridization (ISH) and immunostaining

ISH for netrin 1a and dcc was performed as described (Suli et al., 2006).
For immunostaining, the following antibodies were used: rabbit anti-GFP
primary (1:400; Molecular Probes, Carlsbad, CA, USA) with Alexa 488
anti-rabbit secondary (1:100; Molecular Probes); mouse 4D9 anti-engrailed
primary (1:4; Developmental Studies Hybridoma Bank, University of
Iowa) with HRP anti-mouse secondary (1:100; Molecular Probes) followed
by Alexa 568 tyramide reaction (Molecular Probes); mouse znp-1 (anti-
synaptotagmin 2) (1:200; Developmental Studies Hybridoma Bank,
University of lowa).

Sectioning

Following ISH, embryos were dehydrated in methanol, treated with 1:1
Immuno-Bed:methanol for 30 minutes at 4°C and incubated with undiluted
infiltrate overnight at 4°C. The embryos were then embedded with a 20:1
mixture of Immuno-Bed:Immuno-Bed Solution B (Electron Microscopy
Sciences) and sectioned at 12 wm in a transverse plane for netrin la or a
longitudinal plane for dcc.

Cyclopamine treatment

Thirty embryos per well in a 24-well dish were incubated with 1 ml/well
50 uM cyclopamine in 1% DMSO, or 1% DMSO only as a control, from
50% epiboly to 16 hpfat 23°C, then washed several times with E3 embryo
medium (5 mM NacCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO,).

Cell transplants

One-cell stage flila:egfp*’ embryos were injected with either Rhodamine
Dextran (RhDx, 0.5% in water) or 6 ng netrinlaSBMO. To target MPs, 5-
10 cells were transplanted from 4 hpf RhDx-injected donors into the
margin of 3 hpf netrin 1a morphant hosts (Halpern et al., 1995). The region
between somites 5-15 was scored for PAC defects. The percentage of
hemisegments with complete, partial or absent PACs was calculated
separately for hemisegments receiving transplanted MPs and those without
transplanted MPs, and treated as a paired dataset.

Imaging

z-stack images were acquired (Olympus FV1000 or FV300 confocal
microscope) and Image] software (Wayne Rasband, NIH) was used to
create maximum intensity z-projections; these span only one side of the
embryo unless otherwise stated. FluoRender (Wan et al., 2009) was used
for volume rendering. For PAC analysis in all experiments except cell
transplants and motoneuron ablation, 3-5 hemisegments from somites 7-11
were scored.

Time-lapse imaging

z-stack images (2.5 wm step, ~80 slices) were acquired (Olympus FV1000
confocal microscope). Embryos were imaged every 12-15 minutes for
16.5-19 hours, starting at 29-33 hpf. Room temperature was 27+2°C. Time-
lapse movies were generated using maximum intensity projections in
Image].

Laser ablation

Using hb9:KikGR labeling of motoneuron cell bodies and their
stereotypical location relative to the somitic boundary to target the laser,
motoneuron cell bodies of 1b9:KikGR; flila:egfp”’ embryos at 18-24 hpf
were ablated. A 405 nm laser (Olympus FV1000 or FV300 confocal
microscope) was used at 100% intensity at 40 useconds/pixel for 3000
pulses. The embryos were exposed to UV light from a stereomicroscope
for ~5-10 seconds to convert the KikGR protein from green to red at 55
hpf and then imaged.

RESULTS

netrin 1a is required for thoracic duct formation
We previously showed that netrin Ia is essential for PAC formation
(e.g. Wilson et al., 2006). As the PAC has been shown to be the
source of lymphatic endothelial cells (LECs) that populate the TD
(Geudens et al., 2010; Yaniv et al., 2006), we next investigated
whether netrin 1a depletion would affect TD development.
Embryos injected with netrin la splice-blocking MO
(netrinlaSBMO) were assayed for presence of the TD. Whereas
embryos injected with a control MO had a complete or partial TD
in 77% of their hemisegments (n=200 hemisegments, 16 larvae),
netrin la morphants had a complete or partial TD in only 25% of
their hemisegments (#=292 hemisegments, 24 larvae) (see Fig.
S1A-C in the supplementary material). Thus, netrin la depletion
indeed leads to defects in lymphatic development.

netrin 1a is required for attraction of secondary
sprouts at the HMS

The absence of the PAC in netrin 1a-depleted embryos could result
from impaired angiogenesis from the PCV, from defects in the
dorsal extension of secondary intersegmental vessel (ISV) sprouts
as they grow from the PCV to the HMS, or from defects in turning
upon reaching the HMS (Fig. 1A-C"). To determine which of these
three steps is affected in the absence of netrin Ia we used pleg”!’
mutant embryos because in wild-type (WT) embryos the secondary
sprouts track very closely with the ventral portion of the primary
ISVs and are difficult to distinguish. plcg/*'? mutants lack primary
ISVs but have a normal PCV, secondary sprouts and PAC (Lawson
et al., 2003). We injected plcgl”'’; flila:egfp”’ mutants with
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Fig. 1. netrin 1a is required for turning of

1
A. 32 hpf A secondary sprouts at the horizontal
7 myoseptum. (A-C’) Lateral (A-C) and
NT corresponding transverse views (A’-C’) of
O\ HMS parachordal chain (PAC) formation, showing
- ﬁc/‘ — dorsal aorta (DA, red), posterior cardinal vein
(PCV, blue), horizontal myoseptum (HMS,
DPCV dashed line), primary intersomitic vessels (1°,
red) and secondary sprouts (2°, blue). DA and
L primary sprouts omitted for clarity.
L (A,A) Secondary sprouts emerge from the PCV
B’ at ~32 hpf and grow dorsally to the HMS. (B,B’)
Dorsal growth stops at the HMS and sprouts
A turn and grow laterally. (C’) Lateral growth stops
NT at the lateral-most aspect of the muscle, and
- ;-irc\‘ HMs the sprout then turns anteriorly and posteriorly
o/ to form the PAC. (D-E’) Removing netrin 1a
function in 48 hpf plcg1¥'%; flia:egfp”!
PCV zebrafish embryos. (D,E) Lateral views, reversed
contrast. (D’,E’) Transverse view volume
renderings of single hemisegments from D,E.
c’ (D,D’) In uninjected controls, secondary sprouts
grow from the PCV and turn at the HMS (star,
_ D’) to form the PAC (arrowhead, D). The
NT flila:egfp’’ transgene also labels some dimly
/NCSI HMS fluorescent non-endothelial cells near the HMS
\/ (small arrows, D,E). (E,E) In netrin 1a
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netrinlaSBMO and examined secondary sprout formation (Fig.
1D-F). Secondary sprout formation did not differ from that of
uninjected controls (75% of hemisegments with secondary sprout;
n=88 hemisegments, 18 embryos) and netrin 1a morphants (61%
of hemisegments with secondary sprout; n=95 hemisegments, 19
embryos). In uninjected controls, secondary sprouts extended
dorsally to the HMS (Fig. 1D), turned laterally (Fig. 1D") and then
extended anteroposteriorly to form the PAC (Fig. 1D). In
morphants, secondary sprouts extended normally to the HMS (Fig.
1E) but then failed to turn laterally or anteroposteriorly (Fig. 1E").
Whereas in controls 95% of secondary sprouts turned at the HMS
to form a PAC, in morphants sprouts only turned at 9% of the
somitic boundaries (Fig. ID-E’,G).

We also carried out live imaging in plcg/”’’ mutants, either
uninjected or injected with netrinlaSBMO (see Fig. S2 and Movies
1 and 2 in the supplementary material), for a period of 16.5-19 hours
starting at 29-33 hpf. In control embryos (n=4), secondary sprouts
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morphants, secondary sprouts usually fail to
turn laterally (star, E’) and form the PAC
(arrowheads, E). (F,G) Secondary sprouts were
quantified in five hemisegments per embryo in
uninjected controls and netrin 7a morphants.
(F) The fraction of intersomitic boundaries
bearing secondary sprouts is not significantly
changed in morphants. Uninjected controls,
75+5%; netrin Ta morphants, 61+8%.

(G) Fewer secondary sprouts turn to form the
PAC in morphants. Uninjected controls, 95+3%;
netrin 1a morphants, 9+5%. All values are
meanzs.e.m.; error bars show s.e.m.; P-value
determined by Mann-Whitney U test; n.s., not
significant; n, number of hemisegments
(number of embryos). A, anterior; D, dorsal; L,
lateral; DLAV, dorsal longitudinal anastomotic
vessel; NT, neural tube; NC, notochord; 1°,
primary sprouts; 2°, secondary sprouts. Scale
bars: 50 um.
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grew dorsally, then turned anteroposteriorly upon reaching the HMS.
In netrin 1a morphants (n=3), initial dorsal growth appeared normal.
However, upon reaching the HMS, the secondary sprouts usually
stalled, ceasing elongation but maintaining active filopodia and
failing to turn. These time-lapse data confirmed the conclusion
drawn from fixed samples that netrin 1a morphants show specific
defects in anteroposterior turning by secondary sprouts. Thus, netrin
1a is required specifically for secondary sprouts to turn along the
HMS, but neither for their initial growth nor their dorsal elongation
towards the HMS.

Netrin 1a from the MPs is responsible for PAC
formation

To determine when and where Netrin 1a might act to mediate PAC
formation, we examined its expression by mRNA in situ
hybridization (ISH) at 22 and 32 hpf (Fig. 2A.,B). Sectioning
revealed netrin Ia labeling in the region corresponding to the MPs
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Fig. 2. Muscle pioneers express netrin 1a along the HMS prior to and during PAC formation and are required for PAC formation.

(A-B’) mRNA in situ hybridization (ISH) shows netrin 1a expression in MPs and neural tube (NT) at 22 and 32 hpf. (B) Transverse section of zebrafish
embryo in B at the level indicated. (C-H) The muscle pioneers (MPs) are the critical source of Netrin 1a for PAC formation. Treatment with 50 uM
cyclopamine prevents nearly all MP formation and leads to failure of PAC formation. 48 hpf flila:egfp”’ embryos antibody stained for vessels (GFP,
green) and MPs (4D9 anti-engrailed, magenta). Confocal projections. (C-E) In DMSO-treated control embryos, MPs are present at the HMS (D) and
the PAC forms normally (C, arrowheads). (F-H) In cyclopamine-treated embryos, very few MPs form (G) and the PAC is missing (F, arrowheads).

(I) PAC formation was assessed in hemisegments 7-11 in DMSO-treated (97+2% complete; 3+2% partial; 0£0% absent) and cyclopamine-treated
(21£6% complete; 15+4% partial; 64+7% absent) embryos. All values are mean+s.e.m.; P-value determined by Mann-Whitney U test comparing
absent PACs. n, number of hemisegments (number of embryos). A, anterior; D, dorsal; NT, neural tube. Scale bars: 200 um in A-B’; 50 um in C-H.

at the HMS in addition to the neural tube (Fig. 2B"). Owing to their
proximity, we hypothesized that the MPs are the source of the
Netrin la that guides the PAC, and that Netrin 1a from the neural
tube is irrelevant.

To test this hypothesis, we prevented MP formation by treating
embryos with the Sonic hedgehog (Shh) inhibitor cyclopamine and
examined PAC formation (Fig. 2C-H) (Wolff et al., 2003). We
incubated flila:egfp”! embryos with cyclopamine and examined the
presence of MPs at 36 hpf by immunolabeling with the anti-
engrailed 4D9 antibody (Wolff et al., 2003). Whereas 4D9 staining
was observed at the HMS in DMSO-treated embryos, far less
staining was visible in cyclopamine-treated embryos, indicating
that the treatment efficiently prevented almost all MP formation.
Additionally, netrin 1a mRNA could no longer be detected by ISH
at the HMS of cyclopamine-treated embryos, whereas its
expression in the neural tube was unaffected (see Fig. S3 in the
supplementary material). DMSO-treated control embryos had no
hemisegments missing the PAC and only 3% with a partial PAC
(n=76 hemisegments, 15 embryos) (Fig. 2C-E,I). By contrast, in
cyclopamine-treated embryos the PAC was absent in 64% of
hemisegments and partially formed in 15% (n=85 hemisegments,
17 embryos) (Fig. 2F-I). Although cyclopamine can also affect the
formation of muscles and vessels, MPs are the most sensitive cells
(Wolff et al., 2003). At the carefully titrated cyclopamine dose used
here the majority of the MPs are removed, but there is no visible
effect on other muscles or other trunk vasculature. Since
cyclopamine inhibits the formation of the source of Netrin 1a at the

HMS but does not alter netrin 1a expression in the spinal cord, we
infer that netrin 1a expressed by the MPs at the HMS is the critical
source of guidance information for the PAC.

To test the sufficiency of MPs for PAC formation we performed
heterochronic blastula transplants (Halpern et al., 1995; Suli et al.,
2006). We transplanted cells from sphere stage embryos (4 hpf)
into blastula embryos (3 hpf), which allows for better targeting of
the MPs. Cells from flila:egfp*’ donors injected with Rhodamine
Dextran (RhDx) were transplanted into fli/a:egfp”’ hosts injected
with netrinlaSBMO (Fig. 3A). RhDx-positive transplanted donor
cells contributed to MPs, which were distinguished by their
morphology and position at the HMS. Donor cells also contributed
to the spinal cord, hypochord, fast and slow muscle cells and
endothelial cells. As the donor embryos expressed flila:egfp”’,
endothelial cells derived from the transplanted cells were identified
by RhDx and EGFP co-staining (see Fig. S4 in the supplementary
material); these embryos were omitted from our analysis. Among
netrin 1a morphant hemisegments without transplanted WT MPs,
only 42% developed a complete or partial PAC (Fig. 3B-H) (n=59
hemisegments, 17 embryos). By contrast, 78% of hemisegments
that received transplanted WT MPs developed a full or partial PAC
(n=32 hemisegments, 17 embryos) (Fig. 3B-H). Thus,
reintroducing MPs at the HMS, which presumably present the only
source of Netrin 1a, is sufficient to restore PAC formation in netrin
1a morphants. Together with the cyclopamine experiments, this
shows that MPs are the source of Netrin 1a that is responsible for
secondary sprout turning at the HMS.
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Fig. 3. Transplanting wild-type MPs at the HMS
rescues PAC formation in netrin 1a morphants.

(A) Scheme for heterochronic transplants. Rhodamine
Dextran (RhDx) is injected into one-cell stage fliTa:egfp’’
zebrafish embryos (donor). netrin7aSBMO is injected into
one-cell stage flila:egfp’’ embryos (host). Cells are
transferred from the RhDx embryo at 4 hpf to the netrin
7a morphant host at 3 hpf at a location fated to include
MPs. (B-G) Lateral views showing fliTa:egfp’’ and the
lineage marker (RhDx) in two transplanted embryos. The

A H Cell transplant rescue
RhDx netrin1aSBMO transplant p<.001
3 (5:) 100 i
=\ ab& 80
€2
g & 60
grow D 4
—> % g 0
¢ ® 20
5 0
flita:egfp’’ donor flia:egfp’’ host 4 hpfdonor 3 hpf host Skl H%ﬂl;ﬂp +D§gor
n=59(17) n=32(17)
| fﬁ‘.’a:egfp” host || RhDx (donor cells) ” Merge

PAC (arrows, B,E) forms in the same hemisegments that
I receive transplanted wild-type MPs (arrowheads, C,F).

transplant #1 |

| transplant #2 ||

dcc is expressed in motoneurons and is required
for attraction of secondary sprouts at the HMS
and for TD formation

There are several known Netrin 1 receptors: Deleted in
colorectal cancer (Dcc), Neogenin, Unc5, Down syndrome cell
adhesion molecule (Dscam) and integrin a6f4/03B1 (Andrews
et al., 2008; Cirulli and Yebra, 2007; Liu et al., 2009; Ly et al.,
2008; Yebra et al., 2003). Of these, Dcc is the best studied,
mediating many Netrin-dependent guidance decisions at the
midline and elsewhere.

To test whether dcc is necessary for PAC formation, we
examined PAC formation under two conditions: single morphants
injected only with plcg/SBMO, or double morphants injected with
plegISBMO and decTBMO (Suli et al., 2006). Loss of Dcc gave
defects very similar to loss of Netrin la: secondary sprouts formed
and grew dorsally as normal, but failed to turn laterally and then
anteroposteriorly to form the PAC (Fig. 4A-B’). Similar to netrin
la morphants, secondary sprouts formed at 90% of the intersomitic
boundaries in the plcgl dcc double morphants (n=123
hemisegments, 28 embryos). This is not significantly different from
control plcgl morphants, where secondary sprouts formed at 97%
of boundaries (n=96 hemisegments, 22 embryos) (Fig. 4C).
However, whereas in plcgl single morphants only 17% of the
sprouts failed to turn at the HMS, 82% of plcg! dcc double-
morphant sprouts failed to turn at the HMS to form a PAC (Fig.
4D). To rule out possible off-target effects of the decTBMO, we
co-injected dcc mRNA with its first few codons mutated to prevent
it from being targeted by the deccTBMO. This mRNA rescued the
PAC phenotype significantly and almost completely (Fig. 4E-G),
demonstrating the specificity of the requirement for dcc. netrin la
expression and MP formation were not impaired in dcc morphants
(see Fig. S5 in the supplementary material). Altogether, these
results designate Dcc as a receptor required for mediating Netrin
la signaling in regulating the turning of the secondary sprouts at
the HMS to form the PAC.

Confocal projections. (H) Quantitation of rescue in netrin
7a morphants showing presence of the PAC (partial or
complete) in hemisegments that either received wild-type
transplanted MPs or were populated only by morphant
host MPs. Host MPs only, 42+9%; transplanted donor
MPs, 78+10%. All values are meanzs.e.m.; P-value
determined by Wilcoxon signed rank test. n, number of
hemisegments (number of embryos). A, anterior; D,
dorsal; MP, muscle pioneer. Scale bar: 50 um.

We next determined whether depletion of dcc phenocopies the
defects in TD formation. As predicted, dcc morphants had impaired
TD formation: uninjected controls formed a partial or complete TD
in 95% of the hemisegments (n=63 hemisegments, 21 embryos),
whereas in dcc morphants only 45% of hemisegments had a partial
or complete TD (n=40 hemisegments, 11 embryos) (see Fig. S1D-
F in the supplementary material). Thus, dcc depletion indeed leads
to defects in lymphatic development.

dcc is expressed in the central nervous system but
not in endothelial cells

To further understand how Netrin la-Dcc signaling mediates
PAC formation, we examined dcc expression by mRNA ISH. If
Netrin la-Dcc signaling acts in endothelial cells to guide them
to the HMS, we would expect dcc expression in the secondary
sprouts; however, we were unable to detect dcc mRNA in any
endothelial cells. Instead, dcc is expressed in the brain and
ventral spinal cord at 22 and 32 hpf (Fig. 5A,B). These results
suggest that Netrin 1a-Dcc-mediated guidance of these sprouts
is not endothelial cell autonomous but instead might be acting
through neurons. Since Netrin-Dce signaling is known to
mediate axon guidance in many contexts, we hypothesized that
in the zebrafish trunk it guides axons that in turn are necessary
for PAC formation. If so, we would expect neurons with axons
close to the HMS to express dcc prior to PAC formation. Single-
cell dye labeling has shown that rostral primary motoneuron
(RoP) axons extend ventrally along the center of the
hemisegment, then turn along the HMS as early as 24 hpf (Eisen
et al., 1986), with SMN axons following shortly thereafter. Other
primary motoneurons include the caudal primary motoneurons
(CaPs) and middle primary motoneurons (MiPs), named for their
relative cell body positions in the spinal cord (Fig. SC,D; Fig.
6A). At 55 hpf, we confirmed that the HMS is contacted by
motoneuron axons (Fig. 5D). To determine if these motoneurons
express dcc, we double labeled #b9: GFP embryos with anti-GFP
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Fig. 4. dcc is required for turning of secondary sprouts at the HMS and injection of dcc mRNA rescues PAC formation in dcc
morphants. (A-B’) 48 hpf flila:egfp’’ zebrafish embryos injected with (A,A") plcg 1 splice-blocking MO (plcg7SBMO) only (control) or (B,B’)
plcg1SBMO plus dcc translation-blocking MO (dccTBMO). (A) Lateral view. In plcgT morphants, secondary sprouts grow from the PCV and turn at
the HMS to form the PAC (arrowhead). (A’) Transverse volume rendering of A showing mediolateral turn of secondary sprout. (star). (B) Lateral view.
In embryos co-injected with plcg7SBMO and dccTBMO, secondary sprouts form but fail to turn and form the PAC (arrowheads). (B’) Transverse
volume rendering of B showing failure of secondary sprout to turn laterally (star). (C) Secondary sprouts formed from the PCV were counted in 4-5
intersomitic boundaries per embryo between segments 7-11 in plcg7 single morphants (control, 97+3%) and in plcg7SBMO/dccTBMO double
morphants (dccTBMO, 90+5%), and showed no significant difference (n.s.). (D) Secondary sprouts that turned to form the PAC were counted in
plcg1 single morphants (87+5%) and plcg1/dcc double morphants (18+5%), which showed greatly reduced turning in the absence of Dcc.

(E,F) Lateral views of 48 hpf flila:egfp’’ embryos injected with (E) dccTBMO or (F) dccTBMO and dcc mRNA. The PAC is absent in dcc morphants (E,
arrowheads) and restored when dcc morphants are co-injected with dcc mRNA (F, arrow and arrowheads indicate complete and partial rescue,
respectively). (G) Quantification of complete, partial or absent PAC. Uninjected: complete, 99+1%; partial, 1£1%; absent, 0+0%. dcc morphant:
complete, 31+7%; partial, 25+6%; absent, 44+7%. dcc morphant + RNA: complete, 86+5%; partial, 9+4%; absent, 5+3%. All values are
meanzs.e.m.; error bars show s.e.m.; P-value determined by Mann-Whitney U test (comparing absent PACs in G). n, number of hemisegments
(number of embryos). A, anterior; D, dorsal; L, lateral; PAC, parachordal chain. Scale bars: 50 um.

and performed ISH for the dcc transcript. Longitudinal sections
of these embryos reveal clear localization of dcc mRNA in the
cell bodies of primary motoneurons, and of RoP in particular
(Fig. 5C).

netrin 1a and dcc morphants do not form axons at
the HMS

Our hypothesis that Netrin la-Dcc signaling controls PAC
formation indirectly through motoneuron axon guidance predicts
these axons to be absent in netrin la and dcc morphants. We
injected netrin la or dcc MOs into hb9:GFP transgenic embryos.
Embryos were imaged at 55 hpf, when the axon fascicle at the
HMS, which consists of RoP and secondary motor axons, is
reliably visible in this transgenic line. Motoneuron axons were
present at the HMS in 98% of uninjected control hemisegments
(n=97 hemisegments, 32 embryos), but far less often in morphants:
27% of hemisegments in netrin la morphants (n=80
hemisegments, 20 embryos) and 51% of hemisegments in dcc
morphants (n=63 hemisegments, 22 embryos) (Fig. 6B-D). Thus,
netrin la and dcc are necessary for primary and secondary motor
axon formation at the HMS.

Genetic disruption or laser ablation of
motoneurons causes loss of the PAC

To directly test whether motoneuron axons at the HMS are crucial
for PAC formation, we inhibited motoneuron formation by knocking
down olig2, a basic helix-loop-helix (b HLH) transcription factor that
is necessary for the development of motoneurons and
oligodendrocytes (Lu et al., 2002; Park et al., 2002; Zhou and
Anderson, 2002). We confirmed the published observation that o/ig2
morphants do not form motor axons (Park et al., 2002) and then
scored embryos for the PAC. The PAC was absent in only 6% of
uninjected control hemisegments (#=71 hemisegments, 23 embryos),
whereas in the o/ig2 morphants the PAC was absent in 40% of
hemisegments (#=166 hemisegments, 48 embryos) (Fig. 7A-FJ). We
also found that injection of MOs targeting islet! (isll), a gene
necessary for motoneuron differentiation (Hutchinson and Eisen,
2006), also results in an absence of motoneurons and in a PAC
defect, a phenotype also seen in is// mutants (see Fig. S6 in the
supplementary material). is// morphants formed MPs normally and
expressed netrin 1a at the HMS (see Fig. S5 in the supplementary
material). Taken together these data provide strong evidence that
motor axons are crucial for PAC formation.



Motoneurons in angiogenesis

RESEARCH ARTICLE 3853

dce K dec
s -,'—'“'m.\

22hpf

32hpf

hb9:GFP

deccmRNA || | [ dec mRNA/KL9:GEP]

Whole Mount

Section

Fig. 5. dcc is not detected in endothelial secondary sprouts but is
expressed in motoneurons with axons present at the HMS prior
to PAC formation. (A,B) dcc mRNA is expressed in the ventral spinal
cord at 22 and 32 hpf and is not detectable in the secondary sprouts or
other trunk vasculature. (C) Whole-mount and longitudinal section of
hb9:GFP transgenic zebrafish embryo showing dcc mRNA ISH (purple),
where hb9:GFP labels only motoneurons at early stages (green).

(D) Lateral volume rendering of fli1a:dsRedEx; hb9:GFP embryo at 55
hpf. Double transgenic labels endothelial cells (green) and motoneuron
axons (white) in the trunk. Rostral primary motoneuron (RoP, yellow)
axons are present at the HMS adjacent to the PAC. (D') Outline of
motoneurons alone. CaP, caudal primary motoneuron (red); MiP, middle
primary motoneuron (orange; axon omitted for clarity). SC, spinal cord;
A, anterior; D, dorsal. Scale bars: 100 um.

Finally, we used laser ablation to specifically prevent
motoneuron axon formation. We targeted motoneuron cell bodies
in a single somite of #b9:KikGR; flila:egfp”’ zebrafish embryos
(Fig. 7G-I). Since the fine motor axon fascicle at the HMS is not
always visible in the 7b9:KikGR line, we used the CaP axon
fascicle projection as a measure of successful motoneuron ablation.
Whereas SMNs can pathfind normally (albeit with a delay) after
ablation of primary motoneurons (Pike et al., 1992), in successfully
ablated segments we saw no secondary motor axons. We analyzed
29 laser-ablated embryos (81 hemisegments) in which the primary
and secondary motoneuron axons were completely absent,
discarding hemisegments in which the ablation was unsuccessful
or partial. Among the 65 hemisegments in which the motoneurons
were untreated and formed normally, only 5% had an absent PAC.
By contrast, of the 16 hemisegments in which the CaP motoneuron
was successfully ablated, 50% had an absent PAC (Fig. 7K). These
results provide direct evidence that motoneurons are essential for
PAC formation. Additionally, the less penetrant phenotype
observed in o/ig2 morphants and laser-ablated embryos compared

with the netrin 1a and dcc morphants suggests that netrin 1a might
act through both motoneuron-dependent and -independent
pathways in PAC formation.

DISCUSSION

Our study demonstrates that netrin la expressed by MPs guides
dcc-expressing RoP motoneuron axons and associated secondary
motor axons to extend along the HMS. These axons at the HMS
are required for secondary sprouts to turn, form the PAC, and
ultimately develop into the zebrafish lymphatic system. In contrast
to previous reports, including our own (Wilson et al., 2006), that
focus on Netrin signaling directly to the endothelium to promote or
inhibit angiogenesis (Bouvree et al., 2008; Epting et al., 2010;
Larrivee et al., 2007; Lu et al., 2004; Park et al., 2004; Wilson et
al., 2006), our data support an alternative model whereby netrin la
guides endothelial cells indirectly, via motor axons. This report
defines a novel in vivo role for Netrin, which was one of the first
neural guidance cues identified, as essential to lymphatic vascular
pathfinding and development through its function as an axonal
pathfinding cue. We provide in vivo evidence that motor axons are
required for endothelial cell guidance. Although it has been shown
that motor axons are required for the expression of arterial and
smooth muscle markers (Mukouyama et al., 2005), to the best of
our knowledge this is the first demonstration of a direct
requirement for axons in  vascular guidance and
lymphangiogenesis.

netrin la mRNA is expressed by the MPs from ~15 hpf through
32 hpf at the HMS (Fig. 2A-B’) (Lauderdale et al., 1997). Our
cyclopamine and transplantation experiments underscore the
necessary and sufficient role of MPs and their expression of netrin
Ia at the HMS in the ultimate formation of the zebrafish lymphatic
system (Figs 2, 3 and see Fig. S1 in the supplementary material).
The spatiotemporal expression pattern of netrin la is coincident
with two important events at the HMS: first, motoneuron axon
clongation at the HMS at 24 hpf; second, the turning of the
secondary sprouts at the HMS to form the PAC, which occurs at
~36 hpf.

We knocked down the Netrin receptor Dcc and showed that the
resulting vascular defect phenocopied the netrin 1a morphant (Fig.
4). This shared phenotype is characterized by secondary sprouts
that fail to turn at the HMS, form a PAC and develop a lymphatic
system. However, we were unable to detect dcc expression in
secondary sprouts by mRNA ISH (Fig. 5). This lack of dcc
expression in endothelial cells is consistent with previous findings
that dcc is mostly expressed in the central nervous system (Fricke
and Chien, 2005; Gad et al., 1997). The absence of vascular dcc
expression challenged our initial model in which Dcc mediates a
direct pro-angiogenic effect of Netrin 1a, and led us to consider an
alternative model. dcc is prominently expressed in RoP
motoneurons, which project axons laterally and then along the
HMS prior to PAC formation (Fig. 5). We therefore hypothesized
that dcc-expressing RoP motoneuron axons course along the HMS,
guided by their attraction to Netrin 1a produced by MPs, and that
they, together with the SMNs that follow them, are crucial for
directing the endothelial tips of the secondary sprouts to turn and
form the PAC. We also recognize that Dcc is one of several Netrin
receptors, and do not exclude the possibility that Netrin has a direct
effect on the endothelial cells through an as yet undetermined
receptor.

Consistent with this alternative model, motoneurons fail to
elongate axons along the HMS in both netrin 1a and dcc morphants
(Fig. 6). To demonstrate that motoneurons are crucial for PAC
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Fig. 6. RoP axons and associated secondary axons at the HMS do not form in netrin 1a and dcc morphants. (A) Diagram of RoP, middle
primary (MiP) and caudal primary (CaP) axons at 36 hpf. (B-D) Lateral view of 55 hpf hb9:GFP zebrafish embryos injected with (B) no MO, (C) netrin
Ta splice-blocking MO (netrin1aSBMO) or (D) dcc translation-blocking MO (dccTBMO). Confocal projections. (B) Uninjected controls show axons at
the HMS in almost every somite (arrowheads). In embryos injected with (C) netrin1aSBMO or (D) dccTBMO, axons fail to form at the HMS
(arrowheads). (E) Axons at the HMS were counted in 3-4 somites per embryo in segments 7-11 in control, netrin7aSBMO- and dccTBMO-injected
embryos. Uninjected, 97+3%; netrin Ta morphant, 27+7%. Uninjected, 98+2%; dcc morphant, 49+7%. All values are meanzs.e.m.; P-value
determined by Mann-Whitney U test. n, number of hemisegments (number of embryos). A, anterior; D, dorsal; L, lateral; RoP, rostral primary
motoneuron; MiP, middle primary motoneuron; CaP, caudal primary motoneuron. Scale bars: 50 um.

formation, we disrupted motoneurons in a netrin la- and dcc-
independent fashion. After disrupting motoneurons by olig2 or isl/
knockdown or laser ablation, secondary sprouts failed to make the
turn along the HMS and form the PAC. Note that SMNSs project out
of the spinal cord a few hours after RoP and other primary
motoneurons, with some of their axons fasciculating with the RoP

axon, likely innervating the HMS. Since we are unable to
distinguish the behavior of the SMN axons from that of RoP, it is
possible that other axons in the RoP fascicle contribute to PAC
formation. Thus, MPs and motor axons act in concert to alter the
mediolateral and anteroposterior trajectory of secondary sprouts
and guide them along the HMS.

Fig. 7. Preventing differentiation or laser ablation of
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(B,C) The PAC forms normally in controls (arrowheads).
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morphants. (E,F) PAC does not form in olig2 morphants
(arrowheads). (G-l) Lateral view of 55 hpf flila:egfp’’;
hb9:KikGR after photoconversion, with vessels in green
and motoneurons in white. Confocal projections.
Motoneuron cell bodies were targeted by laser in one
somite per embryo (red rectangle), resulting in ablation of
motoneurons, (G) missing caudal primary motoneuron
(CaP) axon (arrow), and (H,1) missing PAC (arrowhead) in
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Fig. 8. Model of motoneuron axons and PAC formation.

(A-C') Oblique lateral view [A-C, for clarity only the rostral primary
motoneuron (RoP) is shown] and transverse view [A’-C’, dorsal aorta
(DA) and primary sprouts omitted for clarity] of zebrafish trunk.

(A,A") RoP motoneuron axons (green) expressing dcc (yellow) exit the
spinal cord and extend ventrally towards the HMS at 24 hpf. netrin 1a
(pink) is expressed by the MPs before and during motoneuron axon
pathfinding. (B,B") netrin 1a expressed by MPs and dcc expressed by
motoneuron axons are necessary for axon extension along the
horizontal myoseptum (HMS). Secondary sprouts (blue) grow dorsally to
the HMS. (C,C’) The axons at the HMS are required for secondary
sprouts to grow laterally at the HMS and then turn anteriorly and
posteriorly along the HMS to form the PAC. A, anterior; D, dorsal; L,
lateral; MPs, muscle pioneers; DLAV, dorsal longitudinal anastomotic
vessel; PCV, posterior cardinal vein; PAC, parachordal chain; NT, neural
tube; NC, notochord; 1°, primary sprouts; 2°, secondary sprouts.

We are not aware of any other instance in which a prototypic
guidance cue, such as Netrin, is crucial for guiding axons, the
subsequent trajectory of which plays an essential function in
vascular pathfinding or lymphangiogenesis in vivo. We note that
our group and others have proposed direct effects of Netrins on
the vascular and lymphatic endothelium in cell culture
experiments and in mouse and zebrafish studies (Bouvree et al.,
2008; Larrivee et al., 2007; Lauderdale et al., 1997; Park et al.,
2004; Wilson et al., 2006). One report suggests an endothelial
cell-autonomous role for Netrin la-Unc5b signaling in
promoting PAC formation (Epting et al., 2010). Since the PAC
fails to form in 50% of hemisegments where the motoneuron
axon has been ablated, but forms even less often in netrin 1a and
dcc morphants, we do not exclude the possibility that Netrin 1a
might have an additional direct effect on the endothelium of
secondary sprouts via a non-Dcc receptor.

We have considered the molecular basis by which axons might
provide crucial instructions for PAC formation and
lymphangiogenesis (Fig. 8). Multiple permutations of potential
interactions between the MPs, the RoP motoneuron axons and the
endothelium of secondary sprouts are possible. For example, axons
may provide either paracrine or juxtacrine cues that have direct
effects on the endothelium, or induce MPs to express such
endothelial factors. Without knowing whether the requirement for
the axonal contribution at the HMS is a direct interaction with the
endothelium or an indirect interaction with MPs, it is challenging to
devise a rational cellular or biochemical strategy to systematically
identify the crucial cell-cell interactions and the molecules that
mediate these interactions. Given the essential role of PAC formation
in lymphangiogenesis, as emphasized in this study (see Fig. S1 in the
supplementary material), and the ease of scoring a loss-of-function
phenotype, ongoing mutagenesis screens and future identification of
the genes involved might provide valuable insight.

Reports from others have begun to identify the genetic basis for
zebrafish with defective lymphangiogenesis (Geudens et al., 2010;
Hermans et al., 2010; Hogan et al., 2009a; Hogan et al., 2009b;
Kuchler et al., 2006). Most describe zebrafish mutants or
morphants that have defects in the earliest step of
lymphangiogenesis: secondary sprout formation. This process
remains conspicuously intact in the absence of netrin la, dcc or
RoP motoneurons. One report implicates Notch signaling as
necessary for venous-to-lymphatic differentiation; when Notch
signaling is reduced, PAC formation appears to be specifically
inhibited (Geudens et al., 2010). This phenotype is strikingly
similar to that we observe in the absence of motoneuron axons, in
which secondary sprouts form from the PCV but do not turn at the
HMS. These investigators suggested that Notch signaling disrupts
venous-lymphatic specification, causing flow reversal in the
primary sprouts. We found no evidence of flow reversal in the
primary sprouts in our case, indicating that the failure of turning is
not due to an absence of venous-lymphatic specification.

Our original interest in Netrin signaling and zebrafish
lymphangiogenesis was stimulated by the desire to examine
whether Netrins were a direct attractive lymphangiogenic cue. Our
group has previously shown that Netrin 4 induces
lymphangiogenesis in mammalian systems and potentially
mediates this effect by directly activating 06p1 integrin receptor
expressed by endothelial cells (Larrieu-Lahargue et al., 2010;
Larrieu-Lahargue et al., 2011). Although we find that Netrins are
required as a positive stimulator of PAC formation and
lymphangiogenesis, this study led us to recognize that the
requirement for Netrin la-Dcc signaling in lymphangiogenesis is
through its originally described role as a mediator of axon
pathfinding. Furthermore, we implicate Netrin 1a-Dcc signaling in
a novel guidance mechanism wherein axons mediate vascular
growth.
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