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Zebrafish facial lymphatics develop through
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Abstract

Lymphatic vessels are known to be derived from veins; however,
recent lineage-tracing experiments propose that specific lymphatic
networks may originate from both venous and non-venous sources.
Despite this, direct evidence of a non-venous lymphatic progenitor
is missing. Here, we show that the zebrafish facial lymphatic
network is derived from three distinct progenitor populations that
add sequentially to the developing facial lymphatic through a
relay-like mechanism. We show that while two facial lymphatic
progenitor populations are venous in origin, the third population,
termed the ventral aorta lymphangioblast (VA-L), does not sprout
from a vessel; instead, it arises from a migratory angioblast cell
near the ventral aorta that initially lacks both venous and
lymphatic markers, and contributes to the facial lymphatics and
the hypobranchial artery. We propose that sequential addition of
venous and non-venous progenitors allows the facial lymphatics to
form in an area that is relatively devoid of veins. Overall, this study
provides conclusive, live imaging-based evidence of a non-venous
lymphatic progenitor and demonstrates that the origin and devel-
opment of lymphatic vessels is context-dependent.
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Introduction

Lymphatic vessel development begins through a step-wise process
wherein lymphatic progenitors are specified, migrate and then

coalesce to form nascent lymphatic vessels. Prospero-related home-
odomain transcription factor (PROX)1 is the master regulator of
lymphatic endothelial cell (LEC) fate and is necessary for lymphatic
progenitor specification in mammals [1,2]. Following specification,
lymphatic progenitors sprout from the veins by vascular endothelial
growth factor receptor (VEGFR)-3 signalling through its ligand,
vascular endothelial growth factor (VEGF)-C [3-5]. While various
models of venous lymphatic sprouting have been proposed, includ-
ing the “ballooning” mechanism, whereby lymphangioblasts (migra-
tory lymphatic progenitor cells) collectively sprout as several small
sacs [6], and the “budding” mechanism where lymphangioblasts
bud off as loosely interconnected cells [5,7], the exact mechanism
by which lymphangioblasts coalesce into mature lymphatic vessels
remains unclear.

Although veins are currently thought to be the predominant
source of lymphatics, historically there have been two opposing
models describing the origin of lymphatic progenitors. The first
model, proposed by Florence Sabin, suggested that lymphatics
sprout from the pre-existing venous endothelium [8], while the
model proposed by Huntington and McClure suggested that perivas-
cular lymphangioblasts in the mesenchyme fuse to form isolated
lymphatic vessels that later establish a connection to the venous
system [9,10]. Lineage-tracing experiments, particularly in mice and
zebrafish, have largely supported Sabin’s model, and until recently,
veins were considered the sole contributor of the lymphatic vascula-
ture in fish and mammals [11,12]. However, there is also evidence
for a hybrid of these two models, wherein both venous and non-
venous cells provide lymphatic progenitors. This “dual origin”
model for lymphatics was first conceived 85 years ago when the
anterior lymph sacs of the sea turtle were observed to have both a
venous and mesenchymal origin [13], and this model is now
supported by contemporary experiments in chick [14,15] and Xeno-
pus [16]. Furthermore, recent lineage-tracing studies in mice have
suggested that part of the cardiac, dermal and mesenteric lymphatic
networks are formed by independent lymphangioblast clusters that
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appear to be non-venous in origin [17-19]. However, much of the
recent evidence for non-venous lymphatic progenitors comes from
genetic lineage tracing using Cre-LoxP recombination. As such, these
results rely on complete Cre-mediated recombination and lineage-
specific Cre activity [20,21]. Limitations in this technique have
resulted in contradictory data regarding the vascular origin of non-
venous progenitors in both the mouse dermal [19,22] and cardiac
lymphatics [17,20]. Taken together, these various studies provide
sometimes contradictory evidence that differentiated veins may not
be the only progenitor source contributing to lymphatic development
and direct evidence of a non-venous lymphatic progenitor still
remains elusive.

The zebrafish has proven to be an invaluable tool for understand-
ing lymphatic development, as their transparent embryos allow for
high-resolution, in vivo live imaging of developing lymphatic vessels
[11,23]. Similar to mammals, venous-derived lymphatic progenitors
in zebrafish can be identified through Prox1 expression [24,25] and
lymphatic sprouting is dependent on Vegfr3 (known as Flt4 in zebra-
fish) signalling [26-28]. There are also some discrepancies between
the two animal models; for example, Vegfr3 signalling is required for
lymphatic specification, via Prox1 induction, in the zebrafish trunk
[25,29], despite having no effect on initial lymphatic specification in
mice [3,5,30,31]. However, there still exists a relationship between
VEGFR-3 and PROX1 in mammals, as the two interact via a positive
feedback loop in order to maintain the lymphatic identity of LECs
[31]. Interestingly, a recent study has suggested that, similar to
mammals, Vegfr3 activity may be dispensable for facial lymphatic
specification in the zebrafish [29]. Further work, however, is
required to understand why this distinction exists between trunk and
facial lymphatic specification.

The complex facial lymphatic network in zebrafish was first
described in 2012 [32], and initial characterisation of this network
showed that while the facial lymphatic sprout (FLS) arises from the
common cardinal vein (CCV), it subsequently appears to acquire
lymphatic progenitors from two other sources: firstly from another
facial vein, called the primary head sinus (PHS), and secondly from
a population of highly migratory lyvelb-positive cells termed the
ventral aorta lymphangioblast (VA-L). The VA-L was first observed
near the ventral aorta, and currently, there is no clear evidence that
it is derived from a vein [32]. The facial lymphatics are therefore an
ideal vascular network to investigate whether a complex lymphatic
network can form from distinct venous and non-venous progenitor
populations.

In this study, we identify with single-cell resolution a definitive,
non-venous lymphatic progenitor in zebrafish. We confirm that the
zebrafish facial lymphatic is formed from three distinct Prox1-posi-
tive lymphatic progenitor populations within the CCV, PHS and
VA-L. Lymphangioblast contributions from these populations are
tightly regulated at both a spatial and temporal level. The facial
lymphatic forms through a relay-like mechanism, where vessel
migration involves the sequential addition of lymphangioblasts to
the growing vascular tip; first from the CCV, then the PHS and
finally the VA-L. Finally, we also provide evidence that the VA-L
does not have a venous origin; instead, it arises as an angioblast
population that forms near the ventral aorta. This work supports
the “dual origin” theory of lymphatic vessel development by
providing evidence of a lymphatic progenitor that is not derived
from an existing vessel.
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Results

Early facial lymphatic development requires lymphangioblast
contributions from anatomically distinct sources

Previous time-lapse studies suggested that the initial CCV-derived
FLS appeared to recruit lymphangioblasts (defined here as migratory
lymphatic progenitor cells) from two other sources: the PHS,
between 42 and 48 hpf, and the VA-L, between 54 and 60 hpf [32]
(Fig 1A and B). However, the manner in which these distinct
lymphangioblast populations were coalescing to form the facial
lymphatic network remained unclear. We generated a photo-
convertible lyvelb:Kaede transgenic which recapitulated the expres-
sion of previously generated Ilyvelb:EGFP"™*'°!  transgenic
(Appendix FigS1A-C). While lyvelb:Kaede expression is initially
weak at 36 hpf, photoconversion at this time allowed us to trace
~96% of lyvelb-positive cell populations to at least 24 h beyond the
initial photoconversion of Kaede (Appendix Fig S2A-C and G). By
photoconverting either the CCV or the PHS at 36 hpf, we confirmed
that the CCV is the first to contribute lymphangioblasts to the initial
facial lymphatic sprout (FLS) at 36 hpf (Fig 1C). By 48 hpf,
lymphangioblast contributions from the CCV did not extend to the
distal tip of the FLS, comprising only the proximal portion of the
FLS, and this is still evident at 60 hpf (Fig 1D and E; Movie EV1). At
this time, the remainder of the FLS is derived from the PHS (Fig 1F
and G; Movie EV2). Photoconversion of the dorsal half of the VA-L
at 54 hpf confirmed that this cell population provides further
lymphangioblasts to the tip of the developing lateral facial lymphatic
(LFL) by 72 hpf (Fig 2A and B). However, the ventral portion of the
VA-L does not contribute to facial lymphatic development; instead,
this migrates anteromedially and fuses to its contralateral counter-
part along the ventral midline to form the anterior end and lateral
branches of the hypobranchial artery (HA; Fig 2C and D). This
suggests that despite its name, the VA-L is not entirely comprised of
lymphangioblasts as it also contributes to blood vessel development.
The HA carries blood from the first aortic arch, through the jaw and
back to the sinus venosus [33,34]. Using both venous (lyvelb:DsRed
or flt4:mCitrine) and arterial (flt1:tdTomato) enriched transgenes,
we observed that the HA displays both arterial and venous identities
(Fig EV1A-F). However, the medial portion of the HA, which joins
to the sinus venosus, displays higher levels of venous transgene
expression (Fig EV1B and D), whereas the arterial-enriched trans-
gene is more strongly expressed in the bifurcating lateral branches,
which join to the aortic arches and are contributed by the ventral
VA-L (Fig EV1E). Overall, we confirmed via lineage tracing that
three distinct sources, CCV-derived lymphangioblasts (CCV-Ls) at
36 hpf, PHS-derived lymphangioblasts (PHS-Ls) by 48 hpf and the
VA-L by 72 hpf, contribute to the developing FLS.

At 72 hpf, once the FLS has fused to the VA-L, it is termed the
lateral facial lymphatic (LFL). Subsequently, the otolithic lymphatic
vessel (OLV) sprouts dorsally from the LFL and develops posterior to
the otolith between 60 and 84 hpf, while the medial facial lymphatic
(MFL) and lymphatic branchial arches (LAAs) sprout ventromedially
from the LFL by 96 hpf (Fig 1B). To determine whether there were
any additional lymphangioblast sources contributing to the develop-
ment of the OLV and MFL, we photoconverted the LFL at either 60 or
72 hpf. This revealed that, up to 120 hpf, the OLV (Fig EV2A and B)
and the MFL (Fig EV2C and D) are solely derived from the LFL. In

© 2019 The Authors
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Figure 1. Early facial lymphatic development requires lymphangioblast contributions from anatomically distinct vessels.

A, B Schematic diagrams of the zebrafish facial lymphatic and cranial vessel anatomy at 48 hpf (A) and 120 hpf (B).

C-G” Lateral images of the cranial vessels in lyvelb:Kaede transgenic embryos with the CCV photoconverted at 36 hpf (C) and followed through to 48 hpf (D) and
60 hpf (E), while in a separate larva, the PHS has been photoconverted at 36 hpf (F) and followed to 48 hpf (G). Unconverted vessels are shown in green (C-G),
while photoconverted vessels are shown in red (C-G’). The extent of lymphangioblast contribution from each source is further clarified by false colouring the
overlap between red and green fluorescence (purple), with the FLS demarcated (dotted line) from the adjacent primary veins (C"-G”). Schematic included for
anatomical reference.

Data information: CCV, common cardinal vein; FLS, facial lymphatic sprout; hpf, hours post-fertilisation; LAA, lymphatic branchial arches; LFL, lateral facial lymphatic;

MFL, medial facial lymphatic; OLV, otolithic lymphatic vessel; PHS, primary head sinus; VA-L, ventral aorta lymphangioblast. Scale bar = 50 um.
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Figure 2. The VA-L contributes progenitors to both the facial lymphatic and the hypobranchial artery.

A-D” Ventrolateral (A C, D) and lateral (B) images of the cranial vessels in lyvelb:Kaede transgenic embryos with the dorsal (A) and ventral (C) portions of the VA-L
photoconverted at 54 hpf and followed through to 72 hpf (B) and 78 hpf (D). Unconverted vessels are shown in green (A-D), while photoconverted vessels are
shown in red (A-D’). The extent of lymphatic and arterial contribution from the VA-L to the LFL (B”) or HA (D”) is further clarified by false colouring the overlap
between red and green fluorescence (purple), with the FLS (A”, C”) and LFL (B”, D”) demarcated (dotted line) from the adjacent vessels. Schematic included for
anatomical reference. Note, for all images, the overlap of red and green fluorescence in the eye (labelled E) is due to a combination of natural pigmentation and
auto-fluorescence and is not indicative of photoconverted cells (C”, white arrowheads).

Data information: CCV, common cardinal vein; FLS, facial lymphatic sprout; HA, hypobranchial artery; hpf, hours post-fertilisation; LFL, lateral facial lymphatic; PHS,

primary head sinus; VA-L, ventral aorta lymphangioblast. Scale bar = 50 um.

addition, the LFL requires no further lymphangioblasts to complete
its extension towards the jaw (Fig EV2E and F). Taken together, late
facial lymphatic development appears to rely solely on existing
lymphangioblasts within the LFL to form the OLV and MFL, and to
complete the growth of the LFL.

Spatiotemporal distribution of facial lymphatic progenitors

Given that distinct lymphangioblast populations contribute to the
developing facial lymphatic, we next wanted to investigate how
lymphatic progenitor populations are distributed and patterned
throughout the head prior to forming the FLS. Using Proxl
immunofluorescence staining in a lyvelb:EGFP transgenic back-
ground, we were able to identify Prox1”/lyvelb™ lymphatic
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progenitors. At the onset of facial lymphatic development (36 hpf),
lymphatic progenitors are focused to a single point in the dorsolat-
eral region of the CCV (Fig 3A). These then transition into migrating
lymphangioblasts by 42 hpf, forming the initial FLS. In addition,
Prox1 expression in CCV lymphangioblasts (CCV-Ls) appears to be
polarised, with cells closer to the growing tip displaying a higher
level of Prox1 expression than those closer to the CCV (Fig 3B). By
contrast, lymphatic progenitors found in the PHS at 36 hpf are initi-
ally positioned along the entire length of the vein in an interspersed
manner (Fig 3C). Six hours later, these cells form two distinct
lymphatic progenitor domains: one at the anterior end of the PHS,
the anterior PHS-derived lymphatic progenitor domain (PHS-LP,),
and one posterior to this, the posterior PHS-derived lymphatic
progenitor domain (PHS-LPp; Fig 3D). By 48 hpf, PHS-LPp, the

© 2019 The Authors
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domain closest to the CCV, has sprouted from the PHS and become
part of the FLS (Fig 3E). Unlike the CCV-L and PHS-Ls, the VA-L is
Prox1-negative at 36 hpf (Fig 3F), not acquiring lymphangioblast
identity until 42 hpf when Proxl expression becomes evident
(Fig 3G). Later at 48 hpf, only the dorsal portion of the VA-L that
contributes to the facial lymphatics contains Proxl1-positive
lymphangioblasts, while the ventral portion that contributes to HA
formation remains Prox1-negative (Fig 3H). Altogether, the distinct
spatiotemporal pattern of lymphatic progenitors in the CCV, PHS
and VA-L confirms their roles in contributing lymphangioblasts to
the growing facial lymphatic.

Vegfr3 signalling is required for lymphatic progenitor domain
formation in the PHS but not the CCV or the VA-L

We wanted to compare the role of Vegfr3 signalling on lymphatic
specification in the CCV with that of the PHS, including its effect on
the formation of the PHS-LP, and PHS-LPp, domains. In order to
disrupt the Vegfr3 signalling axis, we analysed either ccbel
morphants or embryos injected with a dominant negative inhibitor
of Vegfr3 signalling (sFLT4 mRNA) [35], approaches previously
shown to inhibit FLS formation [28]. We confirmed the efficacy of
our knockdowns by quantitating the length of the FLS at 48 hpf and
observed robust inhibition of sprouting following injection of either
ccbel MO or sFLT4 mRNA (Appendix Fig S3A-F). We found that
while both ccbel morphants and sFLT4 mRNA-injected embryos
displayed a marked reduction in the number of PHS Prox1-positive
lymphatic progenitors at 36 hpf (Fig 4B, F, I and J) and 42 hpf
(Fig 4D, H, I and J) compared to controls (Fig 4A, C, E, G, I and J),
they nevertheless still had Prox1-positive cells present in the PHS,
indicating that some lymphatic specification had occurred. Impor-
tantly, the total numbers of PHS endothelial cells (ECs) in either
ccbel morpholino or sFLT4-injected fish were unchanged when
compared to control morpholino-injected and uninjected larvae
(Fig 4K), indicating that blood vascular development proceeded
normally. Of note, at 42 hpf, ccbel morphants and sFLT4-injected
embryos failed to form the distinctive PHS-LP domains (Fig 4D and
H). By contrast, although ccbel MO or sFLT4 injections inhibited
facial lymphatic sprouting at 36 hpf—evident by the reduced
number of cells in the dorsolateral CCV region (Fig 4Q) and inhibi-
tion of FLS development (Appendix Fig S3)—it did not reduce the
percentage of dorsolateral CCV ECs that are Prox1-positive lymphatic
progenitors compared to controls (Fig 4L-P), which is consistent
with what is seen in flt4 mutants [29]. In addition, the VA-L in ccbel
morphants and sFLT4-injected embryos also remained Prox1-posi-
tive at 54 hpf (Fig 4R-U), indicating that, like lymphatic progenitors
in the CCV, Vegfr3 signalling is not required for the initial induction
and maintenance of Prox1 expression in the VA-L. Taken together,
these results suggest that Vegfr3 signalling is required for the forma-
tion of lymphatic progenitor domains within the PHS, but not for the
initial specification of facial lymphatic progenitors.

The early facial lymphatic forms through the sequential addition
of lymphangioblasts to the growing tip

Given that lymphangioblast populations from the CCV, PHS and the

VA-L come together to form the FLS, we wished to examine the
process in real time to better understand the migratory behaviour of

© 2019 The Authors
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Figure 3. Spatiotemporal distribution of lymphatic progenitors in the

cranial vessels.

A-H Lateral images of the CCV fixed at 36 hpf (A) and 42 hpf (B), of the PHS
at 36 hpf (C), 42 hpf (D) and 48 hpf (E) and of the VA-L at 36 hpf (F),
42 hpf (G) and 48 hpf (H) in lyvelb:EGFP fish that have been
fluorescently immunostained with anti-PROX1 (green) and anti-GFP
(red). PHS Prox1 staining shown alone for all timepoints (C-E’) with the
FLS demarcated (dotted line) from the adjacent vessels, and the
positions of the PHS-LPp and PHS-LP, indicated. Note the Prox1-positive
(green), GFP-negative structure near to the VA-L is a prox1-expressing
neuromast (NM).

Data information: CCV, common cardinal vein; FLS, facial lymphatic sprout;

hpf, hours post-fertilisation; NM, neuromast; PHS, primary head sinus; PHS-

LP,, anterior primary head sinus lymphatic progenitor domain; PHS-LPp,

posterior primary head sinus lymphatic progenitor domain; VA-L, ventral aorta

lymphangioblast. Scale bar = 50 um.

specific lymphangioblast populations. Using time-lapse imaging of
lyvelb:EGFP;kdrl:nlsmCherry compound transgenics, we were able to
track the events leading to, and after, fusion of the FLS tip—initially
comprised of CCV-Ls—to the PHS-Ls sprouting out of the PHS-LPp
(Movie EV3), and from the FLS tip—now comprised of PHS-Ls—to
the VA-L (Movie EV4). We also quantitated the migratory behaviour
of the lymphangioblasts involved by tracking the leading cell of the
CCV-L-derived FLS tip, the PHS-L-derived FLS tip and the VA-L 3-4 h
before and 3-4 h following fusion to the subsequent lymphangioblast

EMBO reports  20: e47079 | 2019 50f17
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Figure 4. Vegfr3 signalling is not required for facial lymphatic progenitor formation.

A-H Lateral images of the PHS fixed at 36 hpf (A, B, E, F) and 42 hpf (C, D, G, H) in [yvelb:EGFP fish that have been fluorescently immunostained with anti-PROX1
(green) and anti-GFP (red). These show a decrease in the number of Prox1-positive PHS ECs in the ccbel morpholino-injected (B, D) and sFLT4 mRNA-injected
embryos (F, H) compared with control morpholino-injected (A, C) and uninjected embryos (E, G). At 42 hpf, cchel morpholino-injected embryos (D) and SFLT4
mRNA-injected embryos (H) lack the PHS-LP domains present in the control embryos (C, G; large arrow heads).

I,J  Quantitation of the percentage of PHS ECs that are lymphatic progenitors relative to the total number of PHS ECs in control morpholino-injected embryos at
36 hpf (n = 27) and 42 hpf (n = 17) and ccbel morpholino-injected embryos at 36 hpf (n = 36) and 42 hpf (n = 12) (I) or in uninjected embryos at 36 hpf (n = 27)
and 42 hpf (n = 21) and sFLT4 mRNA-injected embryos at 36 hpf (n = 26) and 42 hpf (n = 17) ()).

K Quantitation of the total number of PHS ECs in control morpholino-injected embryos at 36 hpf (n = 27) and 42 hpf (n = 17) and ccbel morpholino-injected
embryos at 36 hpf (n = 36) and 42 hpf (n = 12) or in uninjected embryos at 36 hpf (n = 27) and 42 hpf (n = 21) and sFLT4 mRNA-injected embryos at 36 hpf
(n = 26) and 42 hpf (n = 17).

L-O Lateral images of the FLS (L, N; dotted line) or dorsolateral CCV region from where the FLS normally sprouts (M, O; dotted line) fixed at 36 hpfin lyvelb:EGFP
embryos that have been fluorescently immunostained with anti-PROX1 (green) and anti-GFP (red). These show no change in the number of Prox1-positive
lymphatic progenitors in the cchel morpholino-injected (M) and sFLT4 mRNA-injected (O) embryos compared with control morpholino-injected (L) and uninjected
(N) embryos.

P Quantitation of the percentage of dorsolateral CCV ECs that are lymphatic progenitors relative to the total number of dorsolateral CCV ECs in control morpholino-
injected (n = 26), cchel morpholino-injected (n = 27), uninjected (n = 28) and sFLT4 mRNA-injected embryos (n = 32).

Q Quantitation of the total number of dorsolateral region CCV ECs in 36 hpf embryos that were uninjected or injected with control morpholino (n = 26), cchel
morpholino (n = 27) or sFLT4 mRNA (n = 32).

R-U Dorsolateral images of the VA-L fixed at 54 hpf in lyvelb:EGFP larva that have been fluorescently immunostained with anti-PROX1 (green) and anti-GFP (red).
These show that lymphatic progenitor formation still occurs within the VA-L in ccbeI morpholino-injected (S) and sFLT4 mRNA-injected embryos (U), with Prox1
expression resembling that of controls (R, T).

Data information: Error bars represent standard deviation; ****P < 0.0001, ***P < 0.001, ns = non-significant by one-way ANOVA. CCV, common cardinal vein; EC,
endothelial cell; FLS, facial lymphatic sprout; hpf, hours post-fertilisation; PHS, primary head sinus; PHS-LP, primary head sinus-derived lymphatic progenitor; VA-L,

ventral aorta lymphangioblast. Scale bar = 50 pum.

populations. Early in FLS development, we found that the CCV-Ls idle
for some time and only migrate rapidly towards the PHS-LPp and
PHS-LP, domains at around 42 hpf (Fig 5A; Movie EV3). As the CCV-
L-derived FLS approaches, cells within the PHS-LPp increase in
number by undergoing 1-2 rounds of cell division before sprouting to
fuse with the arriving facial lymphatic tip at 48 hpf (Fig 5B). At this
juncture, the initial CCV-Ls that were leading the FLS essentially cease
migration (Fig 5C and D), and the PHS-Ls (derived initially from the
PHS-LPp) form the distal portion of the FLS and migrate towards the
VA-L (Fig SE and F; Movie EV4). Meanwhile, a secondary sprout
from the distal end of the FLS—comprised of PHS-LPp cells—fuses to
the PHS-LP, domain by 52 hpf (Fig 5E; Movie EV4). Similar to the
initial CCV-Ls, the VA-L remains idle during the 12-h period from the
onset of facial lymphatic development to the FLS fusing to the PHS-
Ls. Subsequent to this fusion event, the VA-L begins migrating
towards the PHS-L-derived FLS tip, with the two populations fusing
together by 55 hpf (Fig SE; Movie EV4). Upon fusion, the PHS-L-
derived FLS tip and the VA-L stall migration (Fig 5C, G and H) as
several rounds of cell division occur (Fig 5F; Movie EV4), before the
now LFL resumes migration along the ventral wall of the eye and
towards the jaw. Further evidence supporting the timing of fusion
events comes from total facial lymphatic cell count over time, which
shows that although cell division plays a role in contributing to the
increase in facial LECs, the greatest increase in cell number comes
from the PHS-Ls and VA-L fusing to the FLS (Appendix Fig S4). Alto-
gether, facial lymphatic development involves the sequential addition
of lymphangioblasts, first from the CCV, then the PHS and finally the
VA-L, to the growing tip, creating a “relay-like” mechanism which
drives the formation of the facial lymphatics.

The VA-L does not arise from a vein
While the VA-L provides lymphangioblasts to the developing facial

lymphatic, the origin of this cell population remains unknown. As
the VA-L is lyvelb-positive from 36 hpf onwards [32], we initially

© 2019 The Authors

surmised that its origin could be a previously uncharacterised vein
located within the vicinity of the VA. To explore this possibility, we
developed a kdrl:nlsKaede transgenic to lineage trace any kdrl-
expressing structure near the VA that could give rise to the VA-L.
Our kdrl:nlsKaede transgenic recapitulated the expression of the
previously published kdrl:nismCherry™*° transgenic (Appendix Fig
S1D-F), and photoconversion at 24 hpf allowed us to detect at least
90% of photoconverted cells 24-48 h beyond the initial photocon-
version of Kaede (Appendix Fig S2D-G). We photoconverted vari-
ous kdrl-expressing tissues at 24 hpf and traced the photoconverted
Kaede to 54 hpf, a timepoint when the VA-L is clearly visible.
However, with this photoconversion regimen, we were unable to
trace the VA-L progenitor from either the CCV, PHS, optic veins,
endocardium, lateral dorsal aorta or pharyngeal endoderm
(Fig EV3A-F and H-M). Furthermore, even when photoconverting
the entire kdrl-expressing population within the head at 24 hpf, we
did not see any photoconverted cells within the VA-L (Fig EV3G
and N), suggesting that the VA-L acquires kdrl:nlsKaede expression
after this timepoint. However, we noted that at 34 hpf, there was a
small cluster of 4-5 kdrl-positive cells closely associated with the
ventral region of the VA, and by photoconverting these cells at
34 hpf, we were able to identify this as the earliest visible kdrl-posi-
tive form of the VA-L (Fig 6A and B). We then performed time-lapse
imaging in this area between 31 and 35.8 hpf in kdrl:EGFP;kdrl:
nlsmCherry compound transgenics and found that the VA-L begins
expressing kdrl:nlsmCherry between 32 and 33 hpf in a manner that
was independent of any neighbouring kdrl-expressing tissues
(Fig 6C; Movie EV5); despite closely associating with the VA, the
VA-L was never seen to form a connection with the VA (Fig 6D;
Movie EV6), supporting previous data that showed that the VA-L
does not express an arterially enriched transgene (flt1:YFP4624)
[23,32]. We also investigated the possibility that myeloid cells could
give rise to the VA-L, or that they may play an indirect role in medi-
ating its formation. We performed double morpholino knockdown
of pu.l and csfr3, a combination known to broadly inhibit
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Figure 5. The early facial lymphatic forms through the sequential addition of lymphangioblasts to the growing tip.

A B

E F

G H

Still images from Movie EV3 of early facial lymphatic development in a lyvelb:EGFP (A), kdrl:nlsmCherry (B) compound transgenic from 42 to 51.5 hpf, with the CCV-
L-derived leading tip cell (green asterisk), the PHS-LP domains (orange and yellow asterisk) and the distal tip of the VA-L (purple asterisk) highlighted (A). Between
42 and 46 hpf, the PHS-LP, (orange outline) cells divide (dark blue parent cells, light blue daughter cells) before sprouting as lymphangioblasts from the PHS and
fusing with the tip (pink cells) of the CCV-derived FLS (green outline) at 48 hpf (B). Cells (red) within the VA-L (purple outline) can also be seen migrating towards
the now PHS-L-derived FLS tip by 48 hpf. The PHS-LP, is also shown (yellow outline).

Quantitation of leading lymphangioblast velocity (um/min) before and after fusion with another lymphangioblast [CCV-L-derived FLS tip (pink cells) to PHS-L (B,
blue cells; n = 5/5) and PHS-L-derived FLS tip (blue cells) to VA-L (F, red cells; n = 5/5)] or by the VA-L to the PHS-L-derived FLS tip (B, n = 5/5).

Cell migration tracks where each coloured track depicts the distance (um) travelled over 3 h by the leading tip cell in a separate animal before and after fusion
with the CCV-L-derived FLS tip (pink cells) and the PHS-Ls (B, blue cells; n = 5/5).

Still images from Movie EV4 of facial lymphatic development in a lyvelb:EGFP (C), kdrl:nlsmCherry (D) compound transgenic from 48 to 62 hpf showing that after
the CCV-derived FLS fuses to the PHS-L, these take over as the leading tip cells (orange asterisks), with one PHS-L migrating anteriorly to fuse with PHS-LP, (yellow
asterisk), and others migrating ventrally to fuse with the VA-L (purple asterisk) (C). After the PHS-derived portion (orange outline) of the FLS (green outline) fuses to
the VA-L (purple outline), migration of the entire facial lymphatic pauses to allow for lymphangioblast proliferation (dark blue and red parent cells, light blue and
pink daughter cells) before resuming migration anteriorly along the ventral base of the eye (D).

Cell migration tracks where each coloured track depicts the distance (um) travelled over 3.5 h by the leading tip cell in a separate animal before and after fusion
with another lymphangioblast [PHS-L-derived FLS tip (blue cells) to VA-L (F, red cells; n = 5/5)] or by the VA-L to the PHS-L-derived FLS tip (F, n = 5/5).

Data information: Error bars represent standard deviation; ****P < 0.0001, **P < 0.01 by unpaired Student’s t-test. CCV, common cardinal vein; CCV-L, common cardinal
vein-derived lymphangioblast; FLS, facial lymphatic sprout; hpf, hours post-fertilisation; PHS, primary head sinus; PHS-L, primary head sinus-derived lymphangioblast;

PHS-LP,, anterior primary head sinus lymphatic progenitor domain; PHS-LPp, posterior primary head sinus lymphatic progenitor domain; VA-L, ventral aorta

lymphangioblast. Scale bar = 50 pm.

myelopoiesis [36], and saw that the VA-L forms normally after
myeloid cells were depleted (Appendix Fig S5A-D). Overall, our
data suggest that the VA-L does not originate from any existing kdrl-
positive vessels or myeloid cells in this region; instead, it begins to
independently express kdrl as an isolated cell population.

The VA-L originates from a single late-forming angioblast

As the VA-L appears to turn on kdrl expression later than the
established vessels in the head, we sought to use a vascular
progenitor marker that precedes the expression of kdrl, such as
etv2, to identify what, if any, angioblast population it may be affili-
ated with. Time-lapse imaging the angioblast-marking etv2:EGFP
transgenic [37] crossed with kdrl:nlsmCherry, revealed that the
VA-L begins expressing etv2:EGFP as a single isolated cell as early
as 29 hpf in the avascular perivitelline space above the anterodor-
sal yolk sac region (Fig 6E; Movie EV7). This migrates ventrally
towards the VA, and once adjacent to the VA, begins to express
kdrl:nlsmCherry at 33 hpf while undergoing rounds of cell division
(Fig 6E’; Movie EV7). To further confirm that the VA-L arises from
this etv2-expressing angioblast, we photoconverted it at 29 hpf
using an etv2:Kaede transgenic (Fig 6F) [38], which—despite
mosaic expression of this transgene (Appendix Fig S2H-J)—was
subsequently traced to the VA-L at 54 hpf (Fig 6G). We used cell
ablation to further confirm our hypothesis that the VA-L arises
from this angioblast cell and that it then fuses with the FLS to
contribute to facial lymphatic formation by 60 hpf. We used a
405 nm SIM scanning laser to ablate the angioblast cell on the left
lateral side of the embryo at 30 hpf (Fig 7A and B). We found that
the VA-L was not present at 54 hpf on the ablated side, but was
still seen on the contralateral unablated side (Fig 7C and D), which
was used as an internal control. By 78 hpf, both the LFL and the
HA were significantly affected by VA-L ablation; the LFL was not
extending towards the eye (Fig 7E and F), and the left lateral
branch of the HA, which connects to the first aortic arch, was
missing on the ablated side compared to the unablated contralat-
eral side (Fig 7G). In addition, both the length of the LFL and the
number of cells within the LFL were significantly decreased on the

© 2019 The Authors

ablated side compared to the contralateral side (Fig 7H and I).
Overall these ablation studies confirm that this isolated etv2-
expressing angioblast population gives rise to the VA-L, which
subsequently contributes to both LFL and HA formation.

To further characterise the genes involved in forming this VA-L-
contributing angioblast population, we also looked at a second
angioblast marker, flil. Via time-lapse imaging, we observed flila:
nEGFP turning on in the isolated VA-L cell population at approxi-
mately 30-31 hpf, followed shortly after by kdrl:mCherry (Movie
EV8). The VA-L angioblast population therefore displays delayed
induction of etv2, flil and kdrl, with expression of these transgenes
in this population occurring 15-20 h after they are first observed in
the developing embryo [37,39]. Given that this angioblast popula-
tion is forming well after other angioblasts involved in cranial
vasculogenesis, we wondered whether formation of the VA-L is still
regulated by clo/npas4l, the master regulator of endothelial and
haematopoietic cell fate [40,41]. We injected a combination of ATG
and splice-blocking clo/npas4l morpholinos [41] into etv2:EGFP;
kdrl:nlsmCherry embryos and found that VA-L formation was sensi-
tive to npas4l knockdown; although morphants formed some
semblance of the cranial vessels, the VA-L progenitor was not
present at 34 hpf (Fig EV4A and B), and the VA-L completely failed
to form by 54 hpf (Fig EV4C and D). Furthermore, the morphant
phenotype was found to be recapitulated in the mutant, with the
VA-L absent in clo/npas4lSS mutants at 34 (Fig EV4E and F) and
54 hpf (Fig EV4G and H). Overall, the VA-L does not sprout from an
existing vein; instead, it arises from a single isolated etv2/fli1/kdrl-
expressing angioblast that is dependent on clo/npas4l activity and
its formation occurs well after the major cranial vessels have
already been established.

Vegfr3 signalling is not necessary for VA-L formation but is
required for VA-L migration

Given that lymphatic progenitor formation in the CCV and the
PHS displayed differing sensitivity to knockdown of Vegfr3
signalling, we decided to test the role of this pathway in the
formation of the VA-L. In order to abrogate Vegfr3 signalling, we
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Figure 6. The VA-L is not derived from a vein; instead, it arises independently from a single angioblast cell.

A-B’ Lateral (A) and ventrolateral (B, B’) images of the cranial vessels in kdrl:nisKaede;kdrl:EGFP embryos, with unconverted tissue shown in green (A, B) while
photoconverted tissue is shown in red (B’). The early kdrl-positive VA-L was photoconverted in 34 hpf embryos (A) and followed through to 54 hpf (B, B)). (B)) is a
higher magnification image of the box in (B) and is accompanied by a red channel only (traced photoconverted cells) image with the VA-L (dotted line) demarcated
from the adjacent VA. The VA-L photoconverted cells are indicated by arrowheads.

C Still images from Movie EV5 of VA-L development in a kdrl:EGFP;kdrl:nlsmCherry compound transgenic from 31 to 35.5 hpf. This movie shows that the VA-L begins
expressing kdrl just after 32 hpf, in a manner that is isolated and independent of any neighbouring kdrl-positive tissue or vessel. Putative kdrl-positive primitive
myeloid cells (light blue asterisks) can also be seen migrating along the surface of the yolk in the immediate vicinity of the VA and VA-L.

D Still images from Movie EV6 depicting a 3D reconstruction of the 35.5 hpf timepoint from Movie EV5. A dorsal view that scrolls through the Y-stack of the VA-L is
shown, which illustrates that the VA-L is closely associated with, but not connected to the VA

E, B Still images from Movie EV7 of VA-L development in an etv2:EGFP (E), kdrl:nlsmCherry (E’) compound transgenic from 28 to 35.2 hpf. This movie shows that the
VA-L begins expressing etu2 (E) at 29 hpf and is independent of any neighbouring vessel. kdrl expression (red arrowheads) occurs 4 h later in the VA-L (demarcated

by the green dotted line) (E’).

F-G

Lateral images of the cranial vessels in etv2:Kaede embryos, with unconverted tissue shown in green (F, G) while photoconverted tissue is shown in red (C’). The

earliest visible form of the VA-L was photoconverted at 29 hpf (F), then followed through to 54 hpf (G). (C) is a higher magnification image of the box in (G) and is
accompanied by a red channel only (traced photoconverted cells) image with the VA-L (dotted line) demarcated from the adjacent VA, and VA-L photoconverted

cells indicated (arrowheads).

Data information: CCV, common cardinal vein; FLS, facial lymphatic sprout; hpf, hours post-fertilisation; hpc, house post-conversion; VA, ventral aorta; VA-L, ventral aorta

lymphangioblast. Scale bar = 50 pm.

separately injected either ccbel morpholino or sFLT4 mRNA into
etv2:EGFP or lyvelb:EGFP fish. We found that in ccbel morphants
and sFLT4-injected fish, the VA-L was present but significantly
shorter in length than that of controls from 48 hpf onwards
(Fig EV4I-R), indicating that the VA-L fails to migrate dorsally in
the absence of Vegfr3 signalling which is consistent with previ-
ous findings [32]. However, in both ccbel morphants and sFLT4-
injected fish, the initial formation and development of the VA-L
until 48 hpf progresses normally, with the timing of the VA-L
migration defect being concomitant with the expression of Prox1
in the dorsal region of the VA-L (Fig 3F-H). Overall, while
Vegfr3 signalling is required for dorsal migration and expansion
of the VA-L towards the developing FLS, it is not necessary for
the formation of the VA-L or the initial induction and mainte-
nance of Prox1 expression within the dorsal VA-L.

Discussion

Recent work in both mouse and zebrafish has given rise to the
hypothesis that the origin and formation of the lymphatic vascula-
ture is heterogenous between distinct vascular beds [42,43]. In this
study, we show that the zebrafish facial lymphatic network is
formed via mechanisms that are distinct from that of the zebrafish
trunk lymphatic network. Using lineage tracing and live imaging
techniques, we confirm that the initial facial lymphatic is formed by
the relay-like coalescence of separate lymphangioblast populations
arising from the CCV, PHS and VA-L (Fig 8). Finally, we demon-
strate that the VA-L originates from a unique clo/npas4l-dependant
angioblast population that arises late in development and does not
sprout from an existing blood vessel, providing the first definitive
evidence of a non-venous lymphatic progenitor in zebrafish.
Throughout this study, we have named this non-venous lymphan-
gioblast population the “ventral aorta lymphangioblast” (VA-L);
however, it does not meet the definition of a lymphangioblast until
it acquires Prox1 expression in the dorsal population at 42 hpf.
Therefore, we propose to rename the initial etv2/flil/kdrl-positive
cell(s) that arise at 29 hpf in the anterodorsal perivitelline space the
“ventral aorta angioblast” (VA-A), as this cell population is

© 2019 The Authors

migratory, Proxl-negative and is able to give rise to both blood
vascular and lymphatic progenitors. We also propose to limit the
term “VA-L” to the dorsal, Prox1-positive portion of the VA-A that
later contributes to the facial lymphatic (Fig 8).

The facial lymphatic has a non-venous progenitor

In the early 20" century, Sabin proposed the “venous” model of
lymphatic origin [8], which is supported by contemporary lineage-
tracing evidence showing that lymphatic progenitors are specified
within and sprout from the veins of mice and zebrafish [11,12].
More recently, the “dual origin” theory, wherein a combination of
venous and non-venous lymphatic progenitors form the lymphatic
vasculature [13,14,16], has been gaining popularity following a
series of Cre-LoxP lineage-tracing experiments in mice [17-19].
However, many of these studies have been contradictory
[17,19,20,22], in part due to technical limitations in the genetic
lineage-tracing techniques, and direct evidence of a non-venous
lymphatic progenitor has remained elusive.

In this study, we have used a complementary approach involving
high-resolution live cell imaging and cell ablation to show definitive
evidence of a non-venous lymphatic progenitor. We show that the
VA-L, which contributes lymphangioblasts to the facial lymphatic,
does not sprout from any blood vessels in the head. Instead, it is
derived from a unique clo/npas4l-dependant angioblast popula-
tion we called the VA-A, which arises at 29 hpf and later contri-
butes to both lymphatic and blood vascular development by
72 hpf. Previously, a specialised angioblast niche has been
described in the ventral wall of the PCV that contributes progeni-
tors to the zebrafish trunk lymphatics, subintestinal veins and
supraintestinal arteries [24]. While this study demonstrated that
lymphatic progenitors can differentiate directly from “angioblast
cells” within a vein, these lymphatic progenitors are nevertheless
still derived from PCV cells, making them by definition venous in
origin. In support of this, previous live imaging studies have con-
firmed that the trunk lymphatics are derived solely from cells
within the PCV [11,44].

The anterior lateral plate mesoderm (ALPM) gives rise to the
angioblasts that form the cranial and facial vessels, heart
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Figure 7. Ablating the etv2-expressing angioblast population on the anterodorsal yolk sac surface leads to loss of VA-L formation and defects in LFL and HA

development.

A-G Lateral (A B), ventrolateral (C-F) and ventral (G) images of the cranial vessels in an etu2:EGFP;kdrl:nlsmCherry compound transgenic embryo, which has had the
etv2-expressing angioblast population (early VA-L) on the left lateral side of the yolk sac ablated. Images were taken at 30 hpf before (A) and after (B) ablation of
the early VA-L, with the site of ablation indicated (B; blue dotted circle). Note that the LDA and VA adjacent to the VA-L become photobleached during the ablation
process (B), however, these were not ablated as they can be seen developing normally at 54 hpf (D). Follow-up images were taken of both the contralateral (C, E)
and ablated (D, F) sides of the embryo’s head at 54 hpf (C, D) and 78 hpf (E-G). Although the VA-L (light blue dotted line) is seen migrating towards the FLS (white
dotted lined) on the contralateral side at 54 hpf (C), it is missing from the ablated side (D). Subsequently, the LFL (white dotted line) of the ablated side is short (F)
compared to that of the contralateral side (E). In addition, the HA (pink dotted line) is underdeveloped on the ablated side compared to the contralateral side, as it

no longer extends towards nor connects to the left AAL (G).

H Quantitation of the length of the LFL (um) on the contralateral (control) side and on the ablated side at 78 hpf (n = 16).
| Quantitation of the total number of cells within the LFL on the contralateral (control) side and from the ablated side at 78 hpf (n = 16).

Data information: Error bars represent standard deviation; ****P < 0.0001 by unpaired Student’s t-test. FLS, facial lymphatic sprout; HA, hypobranchial artery; AA1, first
aortic arch; L, left; LDA, lateral dorsal aorta; LFL, lateral facial lymphatic; R, right; VA, ventral aorta lymphangioblast; VA-L, ventral aorta lymphangioblast. Scale

bar =50 um.

endocardial cells and the primitive myeloid progenitors [37]. During
zebrafish development, Cloche/Npas4l functions at the top of the
mesodermal-to-angioblast transcriptional cascade [41]. Cloche/
Npas4l induces etv2, one of the earliest known endothelial and
haemangioblast-specific genes, with expression beginning from the 1-
somite stage (~10.5 hpf), followed shortly after by fliI at the 3-somite
stage (~12 h) and subsequently kdrl by the 7-somite stage (13—
14 hpf) [37,41,45-47]. Similar to early ALPM angioblasts, the VA-A is
dependent on clo/npas4l activity, but by contrast, the VA-A begins
expressing the angioblast-marking transgenes etv2:EGFP, flila:nEGFP
and kdrl:mCherry approximately 20 h later than the early angioblasts
of the head. In addition, lyvelb:EGFP expression in the VA-A is
observed 10 h later than in the primary veins [32], while the dorsal
portion of the VA-A only begins expressing Proxl—indicating
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differentiation into the VA-L—at least 6 h after lymphatic progenitors
are first observed in the CCV and PHS.

Altogether we have four observations supporting the idea that
the VA-A is a distinct angioblast population: (i) it expresses angio-
blast markers (etv2/flil/kdrl), (ii) it is dependent on clo/npas4l, (iii)
it is able to directly contribute to both the blood and lymphatic
vascular networks, and (iv) it migrates as a string of cells rather
than sprouting from a lumenised vessel. We propose that by retain-
ing or developing a migratory angioblast-like phenotype, it allows
the VA-A the ability to position itself spatiotemporally to contribute
towards both facial lymphatic and HA development in an area of
the head that is relatively devoid of lymphatic-forming veins. It is
possible that other non-venous, lymphatic progenitors in mice may
serve the same role; by retaining a migratory phenotype, they

© 2019 The Authors
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Figure 8. Development of the VA-L and the facial lymphatics.

The VA-A (purple) appears as an isolated, etv2-expressing, clo/npas4l-dependent angioblast in the anterodorsal yolk sac region at 29 hpf, before migrating ventrally towards
the VA and expressing fli1 and kdrl by 34 hpf, and lyvelb at 36 hpf. Around this time, facial lymphatic development in the head begins as the FLS (green) arises from the
dorsolateral region of the CCV, while lymphatic progenitors become specified in the PHS (orange and yellow cells). At 42 hpf, the dorsal portion of the VA-A differentiates into
the VA-L (pink) as it acquires a lymphatic cell fate by turning on Prox1 expression, while the ventral portion of the VA-A remains Prox1-negative (purple). Both the VA-L and the
FLS begin migrating dorsally and anteriorly, respectively, towards the PHS, which at this time contains the PHS-LP (orange and yellow) domains. By 54 hpf, the VA-L has
reached the FLS tip, which now consists of the PHS-Ls (orange and yellow) that have sprouted from the PHS and fused to the FLS. By 72 hpf, the VA-L has fused to the FLS to
form the LFL, while the ventral Prox1-negative VA-A (purple) fuses to its contralateral counterpart and to the first aortic arch to form the HA. At 120 hpf, all components of the
facial lymphatic network are present, with the OLV, MFLand LAAs sprouting from the existing LFL. CCV, common cardinal vein; FLS, facial lymphatic sprout; HA, hypobranchial
artery; hpf, hours post-fertilisation; LAA, lymphatic branchial arches; LFL, lateral facial lymphatic; MFL, medial facial lymphatic; OLV, otolithic lymphatic vessel; PHS, primary
head sinus; VA, ventral aorta; VA-A, ventral aorta angioblast; VA-L, ventral aorta lymphangioblast.

facilitate the formation of lymphatics at sites distant from venous-
derived lymph sacs. In support of this, putative non-venous progeni-
tors in the mesentery and dermis arise in areas distal to their
respective venous-derived lymph sacs [18,19,22]. Of interest, the
zebrafish intestinal lymphatic network develops distinct from the
posterior cardinal vein [32], and therefore, it is also possible that
non-venous progenitors are also involved in the formation of this
lymphatic network.

The mechanisms of facial lymphatic formation are distinct

In this study, we used lineage tracing, cell ablation and live cell
imaging to confirm that anatomically distinct veins, the CCV and
the PHS, as well as the VA-L, individually contribute lymphan-
gioblasts to the developing facial lymphatic. The distinction
between how the zebrafish facial lymphatic develops—involving
multiple lymphangioblast sources—compared to the trunk
lymphatic network—involving a single source—may be explained
by their differing vascular environments. The PCV is a large axial
vein that spans the length of the trunk, which allows lymphatic
development to occur simultaneously in both the anterior and the
posterior of the trunk [23,44]. This is in contrast to the head,
where the CCV is found only at its posterior end, with the majority
of CCV ECs found in sheets overlaying the yolk sac, rather than
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within the cranial tissue stroma [33,48]. Thus, rather than relying
on multiple sprouts from a single vein as seen in the trunk, the
facial lymphatic network forms from the CCV in a polarised
manner, growing from the posterior to anterior head and therefore
requires additional lymphangioblast populations from both the
PHS and the VA-L. Our findings appear to be outwardly similar to
two recent descriptions of mammalian lymphatic growth: the
dorso-cervical dermal lymphatics, which initially form from
the jugular lymph sac but subsequently acquire progenitors from
the immature dermal vasculature [22] and the ventral primordial
thoracic duct, which arises from the cardinal vein and the superfi-
cial venous plexus [5]. We show that these lymphangioblast popu-
lations form the facial lymphatic network through sequential cell
fusion events in a “relay” mechanism, where the initial CCV-Ls
lead FLS migration until they fuse with the PHS-Ls, which then
drive lymphatic migration until fusion to cells from the VA-L.
Evidence for this mechanism comes from live imaging lymphan-
gioblast migration before and after fusion and is supported by the
fact we see little intermingling of cells between photoconverted
and non-photoconverted progenitor populations. We also con-
firmed through cell ablation experiments that the addition of the
VA-L is necessary for proper LFL extension under the eye. It
remains to be determined what the mechanisms are that coordi-
nate the formation and fusion of these lymphangioblast
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populations and whether this “relay” mechanism is observed in
other examples of polarised lymphatic vessel growth.

The role of Vegfr3 signalling in facial lymphatic
progenitor formation

In mice, PROX1 directly targets and binds the regulatory regions
upstream of Vegfr3 to induce its expression, while ProxI transcrip-
tion and translation are dependent on Vegfr3 levels, thus forming a
positive feedback loop to maintain lymphatic identity within mice
LECs [31]. In the zebrafish trunk, loss of vegfc and vegfr3 leads to a
pronounced reduction in Prox1 expression in the PCV, while vegfc
overexpression is sufficient for inducing ectopic expression of Prox1
in venous endothelium [25]. A recent study in zebrafish found that
although Erk signalling downstream of Vegfr3 activation is required
for trunk lymphatic differentiation and sprouting, it appears
dispensable for facial lymphatic specification [29], raising the idea
that the role of Vegfr3-signalling in lymphatic specification is
context-dependent.

To confirm the role of Vegfr3 signalling in facial lymphatic speci-
fication, we used either ccbel morpholino knockdown, which
phenocopies the ccbel mutant [28,44] or dominant negative flt4
(SFLT4) mRNA [28,35]. We chose these methods as both
approaches are known to completely block facial lymphatic sprout-
ing [28]. Similar to previous studies [29], we found that while either
approach blocked facial lymphatic sprouting, it had no effect on
lymphatic specification in the CCV. Similarly, the VA-L requires
Vegfr3 signalling for migration towards the PHS, yet it is not neces-
sary for initial Prox1l induction in the dorsal VA-L. Finally, we
demonstrate that lymphatic PHS-LP domain formation in the PHS is
dependent on Vegfr3 signalling; however, it is unclear if this pheno-
type is the result of a migration/proliferation defect in the PHS-
derived lymphatic progenitors or a true inhibition of lymphatic spec-
ification. Previous studies have shown that both vegfc knockdown
and vegfd knockdown are required to perturb facial lymphatic devel-
opment whereas in the trunk, lymphatic development only involves
vegfc [28,49]. It is possible that the differences in lymphatic specifi-
cation between the trunk and head are related to this; for example,
lymphatic specification in the head may also involve Vegfd-
mediated signalling.

In summary, this study reveals the unique mechanisms by
which the zebrafish facial lymphatic network is formed. This
involves the “relay-like” coalescence of distinct lymphangioblast
populations: starting from that of the CCV, followed by the PHS
and finally fusing to the VA-L to form the LFL. We show that the
VA-L does not sprout from a vein, or indeed any blood vessel,
instead arising from a single isolated angioblast cell on the avascu-
lar perivitelline space of the anterodorsal yolk sac. We propose
that the migratory nature of this progenitor population allows it to
contribute to lymphatic development in an area of the head that is
relatively devoid of veins, and it provides direct, live imaging-
based evidence to support the “dual origin” theory of lymphatic
vessel development. Overall, our study further supports the notion
that the origin and development of lymphatic vessels is heteroge-
nous between distinct vascular beds [42,43], which has implica-
tions for our understanding of both developmental and

pathological lymphangiogenesis in organ-specific lymphatic
vessels.
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Materials and Methods
Zebrafish lines and transgenesis

All zebrafish strains were maintained under standard husbandry
conditions and followed protocols approved by the Animal Ethics
Committee of the University of Auckland. Adult zebrafish (Danio
rerio) were maintained in a Tecniplast zebrafish housing facility,
controlled by an automated 14-h day/10-h night light cycle with
water treated with carbon filters and UV light, and water conditions
maintained between 25.5 and 29.5°C, pH 7.2-7.6 and 250-500 pS
conductivity. Juvenile and adult fish (> 30 dpf) were fed three times
daily on weekdays and once daily on weekends. Larval stage zebra-
fish (< 30 dpf) were fed on the same schedule. Health checks were
done daily to remove sick or dead fish from tanks. All zebrafish
used in this study were randomised, and the researchers were not
blinded when conducting experiments.

The lines used in this study were Tg(lyvelb:EGFP)"*'*°, Tg(-
lyvelb:DsRed2)™*'°" [32], Tg(kdrl:EGFP)** [50], Tg(kdrl:nlsmCher-
)™ [51], TgBAC(flt4:mCitrine)™”1%°  [52], Tg(—0.8flt1:
tdTomato)™333 [23], Tg(lyz:DsRed)"**° [53], TgBAC(etv2:EGFP)"!
[37], TgBAC(etv2:Kaede)®® [38], Tg(flila:nEGFP)*’ [54] and Tg
(kdrl:Hsa. HRAS-mCherry)*°1° (referred to as kdrl:mCherry) [44] and
clo/npas4l*® [40]. Lines generated in this study are Tg(lyvelb:
Kaede)™%? and Tg(kdrl:nlsKaede)"*”°. To make the lyvelb:Kaede
line, EGFP was excised from the original pt2k/lyvelb:EGFP Tol2
construct [32] using BamHI and Clal. Kaede was then PCR amplified
using cDNA from Tg(mpegl:Gal4)$**;Tg(UAS:Kaede)s'***" embryos
[55], using primers flanked by BamHI (5') and Clal (3') restriction
enzyme sites, and directionally cloned into the EGFP site of the
pT2KXIGAin vector containing the lyvelb promoter. To make the
kdrl:nlsKaede line, the approximately 6.5 kb kdrl promoter fragment
was liberated from pCRII-TOPO:kdrl (a gift from Didier Stainier)
[50], using BamHI and EcoRV, and directionally cloned into BamHI/
Sacl(blunted)-linearised pSE-MCS [56] to generate pSE:-6.5kdrl.
Using Gateway technology (Invitrogen), a two-fragment LR recombi-
nation reaction was performed using the pSE:-6.5kdrl, pME:
nilsKaede (kindly provided by P. Currie and P. Nguyen) and pTol-
DestR4-R2pA [56] fragments to make the kdri:nlsKaede Tol2
construct. Stable transgenic lines were generated as previously
described [53].

Photoconversion

lyvelb:Kaede (36-72 hpf), kdrl:nlsKaede (24-33 hpf) and etv2:
Kaede (24-33 hpf) embryos were mounted as previously described
[57] and photoconverted using an Olympus FV1000 confocal
microscope equipped with a diode-pumped 405 nm laser. Specific
Kaede-positive structures or populations were converted by high-
lighting a region of interest using FluoView 3.0 (Olympus) soft-
ware and exposing them to 405 nm laser light using a SIM
Scanner for 5-10s. Embryos were imaged immediately after
photoconversion with a Nikon D-Eclipse C1 confocal microscope,
followed by rescue from the agarose and then individual sorting
into numbered wells of tissue culture plates for later identifi-
cation. Each larva was subsequently imaged again 12-48 h post-
conversion. During post-processing, representative images were
falsely coloured in purple using Volocity 6.3 software
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(Improvision/PerkinElmer Life and Analytical Sciences) to high-
light the overlap between (Kaede) green and (photoconverted) red
pixels.

Morpholino and mRNA injections

Morpholino injections were performed on lyvelb:EGFP, etv2:EGFP or
etv2:EGFP;kdrl:nlsmCherry embryos as previously described [58].
Embryos between the 1 and 4-cell stage were injected either with
5 ng standard control morpholino (Gene Tools), 10 ng ccbel
morpholino [44], 2 ng csf3r and 5 ng pu.l morpholino [36] or
6.4 ng ATG and 1.8 ng splice-blocking clo/npas4l morpholinos [41].
The ccbel morpholino has previously been shown to phenocopy the
fof mutant [44], the combination of c¢sf3r and pu.1 morpholinos has
previously been shown to broadly inhibit myelopoiesis [36], and the
combination of two distinct clo/npas4l morpholinos, each at a
suboptimal dose, has previously been shown to phenocopy the
cloche mutant [41]. The pCS2™" /sFLT4 construct [27] and protocol
for synthesis and injection of 200 pg sFLT4 mRNA into single-cell
embryos have been previously described [28].

Ablations

Cell ablations were performed on etv2:EGFP;kdrl:nlsmCherry
embryos at 30 hpf using an Olympus FV1000 confocal microscope
equipped with a diode-pumped 405 nm laser. The etv2-expressing
VA-A on the left lateral side of the zebrafish head was highlighted
using FluoView 3.0 (Olympus) software and exposed to 405 nm
laser light at maximum intensity using a SIM Scanner and with an
open pinhole for 10-15 min. Embryos were also imaged immedi-
ately before and after ablation using the Olympus FV1000 confocal
microscope. Ablated embryos were reimaged 3 h following ablation
to ensure the cells had been fully ablated. Each larva was subse-
quently imaged again at 48 and 78 hpf using a Nikon D-Eclipse C1
confocal microscope.

Immunohistochemistry

Prox1l immunofluorescence staining was performed as described
[25], with DAPI (1:400, Invitrogen) added during the secondary
antibody incubation step for cell count quantitation. Antibodies
used in this study were chicken anti-GFP (1:400, Abcam,
#ab13970), rabbit anti-PROX1 (1:500, AngioBio Co, #11-002P) and
anti-rabbit IgG-HRP (1:1,000, Cell Signaling, #7074). Superficial,
non-specific, background staining in Prox1l immunofluorescence
images was removed during post-processing using Photoshop CC
2015 (Adobe).

Confocal imaging

Live and fixed embryos were mounted laterally or ventrolaterally
and imaged as previously described [57] with a Nikon D-Eclipse C1
confocal microscope and/or an Olympus FV1000 confocal micro-
scope for either still or time-lapse microscopy. Z-stacks of still
images were acquired at 5 pm increments with a 20x objective or
4 pm increments with a 60x objective. For time-lapse microscopy,
z-stacks were taken at 10-min intervals. Images were processed
using Fiji [59], Photoshop CC 2015 (Adobe) and Volocity 6.3 image

© 2019 The Authors

EMBO reports

analysis software (Improvision/PerkinElmer Life and Analytical
Sciences).

Image analysis and statistics

All quantitative analyses were performed using Volocity 6.3 soft-
ware. Endothelial nuclei were identified using DAPI and anti-GFP in
fixed Tg(lyvelb:EGFP) larvae. Lymphatic precursors or lymphan-
gioblasts were identified using DAPI, anti-GFP and anti-Prox1 in
fixed Tg(lyvelb:EGFP) larvae. Lymphatic precursors that co-
expressed DAPI, GFP and Prox1 within the FLS, PHS and VA-L were
manually counted through the complete confocal z-stack at 36 and
42 hpf. In morpholino and mRNA injection studies, this was
expressed as a percentage of the total number of GFP and DAPI-
positive endothelial nuclei within each vessel. Using time-lapse
confocal images, the total number of lymphangioblast nuclei
[expressing Tg(lyvelb:EGFP) and Tg(kdrl:nlsmCherry)] within the
developing FLS was also manually counted across the complete
confocal z-stack at 1.5-h intervals from 43.5 to 58.5 hpf. Lymphan-
gioblast velocity was calculated by tracking and measuring the total
distance (in um) a single tip cell travelled over 3-3.5 h (180-
210 min) prior to fusing with the next lymphangioblast population,
followed by the length travelled by the same cell 3-3.5 h post-
fusion. Statistical analyses were performed using Prism 7.0 software
(GraphPad Software). Significance was determined by unpaired
Student’s t-test or one-way ANOVA, and normality of the data sets
was confirmed using the Shapiro-Wilk normality test.

Expanded View for this article is available online.
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