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The zebrafish has emerged as an excellent vertebrate model system for studying blood and
lymphatic vascular development. The small size, external and rapid development, and
optical transparency of zebrafish embryos are some of the advantages the zebrafish model
system offers. Multiple well-established techniques have been developed for imaging and
functionally manipulating vascular tissues in zebrafish embryos, expanding on and amplify-
ing these basic advantages and accelerating use of this model system for studying vascular
development. In the past decade, studies performed using zebrafish as a model system
have provided many novel insights into vascular development. In this article we discuss
the amenability of this model system for studying blood vessel development and review con-
tributions made by this system to our understanding of vascular development.

In recent years the zebrafish has emerged as an
important vertebrate model system for study-

ing vascular development. Zebrafish have a
closed circulatory system, and the anatomical
form of the developing vasculature, the proc-
esses used to assemble vessels, and the molecu-
lar mechanisms underlying vessel formation are
highly similar to those in humans and other
higher vertebrates (Isogai et al. 2001). Recent
studies have also shown that the zebrafish pos-
sesses a bona fide lymphatic vascular system,
making it useful for studying the formation of
this distinct and separate vascular network as
well. As a model system, the zebrafish offers
unique advantages for studying vascular devel-
opment in vivo (McKinney and Weinstein 2008;
Isogai et al. 2009). Zebrafish are amenable to
large-scale forward-genetic analysis, making
them very useful for genetic screens for

identifying vascular-specific mutations in novel
genes regulating vascular development. Zebra-
fish embryos develop externally following fer-
tilization, making them easily accessible to
embryonic manipulation and imaging. The
optical transparency of zebrafish embryos and
larvae allows high-resolution optical imaging
of blood vessels anywhere in the developing
animal using transmitted light or fluorescent
imaging techniques. The imaging advantages
of the developing zebrafish have been further
enhanced by the development of new techni-
ques and tools for vascular imaging. These
include a confocal microangiography technique
for visualizing patent blood vessels, a complete
anatomical description of the early vasculature
of the zebrafish, generation of transgenic fish
with fluorescently “tagged” vessels, and for-
mulation of methods for long-term time-lapse
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imaging of vascular development (Weinstein
et al. 1995; Isogai et al. 2001; Lawson and Wein-
stein 2002b; Kamei et al. 2004). The small size of
zebrafish embryos also allows them to receive
sufficient oxygen for the first few days of devel-
opment by passive diffusion alone, allowing
other organs and tissue to continue to develop
normally for several days in the absence of a
functional cardiovascular system and greatly
facilitating analysis of the specificity of vascular
phenotypes caused by mutations or experimen-
tal manipulation.

Together, all of these features make the
zebrafish an ideal system to study the develop-
ment of the blood and lymphatic vascular sys-
tems. In this article, we briefly review what is
known about how blood and lymphatic vessels
are formed, patterned and remodeled during
zebrafish development

ORIGIN AND SPECIFICATION
OF ENDOTHELIAL PRECURSORS

As in other vertebrates, endothelial and hema-
topoietic cells in zebrafish embryos arise in close
association with one another, and are thought
to be derived from a common precursor. In
zebrafish embryos, the two cell lineages develop
in a spatially distinct manner from other verte-
brates but are thought to rely on common
genetic programs (Detrich et al. 1995). In avian
and mammalian embryos, endothelial and
hematopoietic cells develop in extraembryonic
yolk sac blood islands, whereas in zebrafish
embryos they develop in the intermediate cell
mass derived from the ventral mesoderm
(Fig. 1) (Moore and Owen 1965; Haar and
Ackerman 1971; Detrich et al. 1995). However,
early hematopoietic and endothelial cells in
zebrafish and mammals express a common set
of genes. Early expression of stem cell leukemia
(scl) and fetal liver kinase-1/vascular endothelial
growth factor receptor 2 ( flk1/vegfr2) is required
for endothelial and hematopoietic lineage for-
mation in both mouse and zebrafish (Kabrun
et al. 1997). Zebrafish carrying the cloche
mutant also have defects in both hematopoiesis
and endothelial cell development (Stainier et al.
1995). Mutations in genes required for proper

ventral mesoderm formation, such as spadetail
(spt) affect the formation of endothelial and
hematopoietic cells, demonstrating the impor-
tance of the ventral mesoderm for this process
(Thompson et al. 1998). However, it is not clear
whether the defects observed in endothelial cell
fate specification in these mesoderm mutants
are caused by improper mesoderm formation
or defects in the migration of the mesodermal
layer. Together, the existence of genes required
for both lineages, the fact that they develop in
close association from primitive lateral meso-
derm, and other data has led to the idea that
there is a common precursor for both lineages.
Although a bipotential precursor cell, referred
to as the hemangioblast, has long been sus-
pected to exist (Sabin 1920; Murray 1932), stud-
ies in mouse and zebrafish have only recently
begun to provide some in vivo evidence for
the existence of such a cell (Huber et al. 2004;
Vogeli et al. 2006). Single-cell resolution fate
mapping in zebrafish embryos through gastru-
lation showed that a minor proportion of endo-
thelial and hematopoietic cells share a common
bipotential precursor (Vogeli et al. 2006), al-
though it is unclear to what extent this finding
reflects a common early mesodermal heman-
gioblast precursor to both lineages or so-called
“hemangiogenic endothelium” in the trunk
capable of giving rise to definitive hemato-
poietic precursors. A great deal is known about
the molecules and pathways controlling hema-
topoiesis, but this has been reviewed extensively
elsewhere (see Paik and Zon 2010) and in this
article we focus on the specification of endothe-
lial cells.

Although at least some endothelial pre-
cursor cells (angioblasts) appear to become
lineage-restricted during mid-gastrula stages,
they begin to express endothelial-specific genes
only during early somitogenesis (Kimmel et al.
1990; Fouquet et al. 1997). The early vascular
expression of members of the ETS family of
transcriptional regulators suggested they might
be important for endothelial specification
(Lelievre et al. 2001). ETS factors can induce
expression of endothelial specific genes such
as flk1/vegfr2 and vascular endothelial cadherin
(vecdn), and loss of function for these factors
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causes defects in endothelial cell behavior
(Wakiya et al. 1996; Chen et al. 1997; Lelievre
et al. 2000; Nakano et al. 2000). Loss of function
of the ETS factor Etv2 (Etsrp71) in the mouse or
frog and its ortholog, estrp, in zebrafish results
in defects in vascular formation and hemato-
poietic differentiation (Sumanas and Lin 2006;
Pham et al. 2007; Sumanas et al. 2008; Salanga
et al. 2010). Although in vivo loss of function
of the ETS factors ets1 or friend leukemia inte-
gration 1 ( fli1) does not cause significant defects
in vascular development in mouse or zebrafish
embryos, combinatorial knockdown of four

vascular ETS factors, fli1a, fli1b, ets1, and ets1-
related protein (etsrp) in zebrafish leads to
defects in endothelial cell specification and dif-
ferentiation (Pham et al. 2007). It has also been
reported that ETS factors function synergisti-
cally with other factors to specify endothelial
cell fate, including members of the Forkhead
(FOX) family of transcription factors (De Val
et al. 2008) and KLF genes (Meadows et al.
2009). These observations suggest that the
ETS factors play an important role in the initial
specification of the endothelium through a
combinatorial interaction with each other as

Specification of 
endothelial and 
hematopoietic cells 

Ventral Dorsal 

A 

B C 

D E 

Figure 1. Endothelial cells are specified during early embryogenesis. (A) Schematic diagram of an early stage
zebrafish embryo, with green boxed area indicating the region of ventral mesoderm in which endothelial pre-
cursors are specified. (B,C) Schematic diagrams of 14 somite (B) and 16 somite (C) stage embryos shown in
lateral view, with migrating angioblasts shown in green. (D,E) Fluorescence micrographs of live embryos of com-
parable ages to B and C, with green fluorescent protein expressed under the control of an endothelial-specific
promoter. Arrows in B–E show migrating caudal angioblasts in the posterior lateral plate mesoderm. Arrow-
heads in C and E show the position of rostral angioblasts in the anterior lateral mesoderm.
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well as interactions with other transcriptional
regulatory pathways, although it is unclear pre-
cisely how this regulation is coordinated. These
observations suggest that the ETS factors play
an important and cooperative role in the initial
specification of the endothelium.

FORMATION OF AXIAL VESSELS AND
INITIAL SPECIFICATION OF
ARTERIAL-VENOUS IDENTITY

Midline Migration of Angioblasts

Once angioblasts have been specified from
ventral-lateral mesoderm, they migrate to the
embryonic midline directly above the underly-
ing endoderm to form the primordia for the
axial vessels, the dorsal aorta (DA) and poste-
rior cardinal vein (PCV) (Fig. 1) (Lawson and
Weinstein 2002b; Jin et al. 2005). These cells
are positioned dorsal to the endodermal layer
and ventral to the hypochord at the midline
(Fouquet et al. 1997; Sumoy et al. 1997). The
formation of the two major trunk axial vessels
occurs by vasculogenesis, or the assembly of
vessels de novo by coalescence of free angio-
blast progenitors. Vasculogenesis in zebrafish
strongly resembles trunk axial vessel formation
in other developing vertebrates, although in
Xenopus the posterior cardinal vein initially
forms as a bilateral pair of vessels whereas in avi-
ans and mammals the dorsal aorta and poste-
rior cardinal vein both form initially as paired
vessels (Drake and Fleming 2000; Vokes et al.
2004). In all vertebrates, paired axial vessels or
their primordia eventually “zipper together”
to form single tubes, although the timing of
this varies in different species. Zebrafish repre-
sent one end of the spectrum, with single DA
and PCV tubes present from the time that circu-
lation initiates in the trunk (Fig. 2A,B) (Isogai
et al. 2003). In Xenopus, persistent expression
of BMP inhibitors from the midline notochord
is required for the initial separation of the bilat-
eral dorsal aortae (Bressan et al. 2009). It is
unclear whether earlier extinguishing of the
expression of these inhibitors permits forma-
tion of a single tube at an earlier stage in
the zebrafish, although this seems a likely

possibility. Studies in avians and mice also indi-
cate that hedgehog signaling from endoderm
may also play an important role during early
vasculogenesis (Cleaver et al. 2000; Vokes and
Krieg 2002). In zebrafish, the ventral endoder-
mal layer is required for proper migration of
the angioblasts to the midline, although this
does not appear to be BMP-dependent (Jin
et al. 2005). In both Xenopus and zebrafish a
transient embryonic structure called the hypo-
chord that is found just ventral to the midline
notochord and just above the assembling dorsal
aorta expresses vascular endothelial growth
factor (vegf ). Studies in Xenopus suggest that
hypochord-derived soluble VEGF acts as a
guidance molecule to direct the migration of
angioblasts toward midline, although direct evi-
dence establishing such a functional role is
still lacking (Cleaver and Krieg 1998). A similar
mechanism has been proposed for zebrafish
embryos as well (Lawson and Weinstein 2002a).

Specification of Arteries and Veins

As noted above, the first embryonic vessels form
by vasculogenesis, in which early mesoderm-
derived precursor endothelial cells or angio-
blasts coalesce to form the primary vasculature
including the dorsal aorta, cardinal vein, and
primitive cranial vasculature (Roman et al.
2002). As these first vessels assemble, they con-
comitantly acquire arterial and venous identity
(Fig. 2). The vasculature is fundamentally di-
vided into two types of blood vessels, arteries
and veins, and the acquisition of arterial-venous
identity and the assembly of distinct networks
of arterial and venous vessels are critical for
the proper functioning of the circulatory
system.

Classically, acquisition of arterial-venous
(A-V) identity was thought to be directed by
physiological parameters such as differences in
blood flow and pressure that emerge in other-
wise naı̈ve vascular plexuses as blood circulation
begins. However, studies over the last fifteen
years have shown that the endothelial cells lin-
ing arteries and veins are both functionally
and molecularly distinct, and that genetic pro-
grams regulate the initial specification of these
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two cell types in the developing embryo (Swift
and Weinstein 2009). Probably the first conclu-
sive evidence for a functionally important
molecular distinction between arterial and
venous endothelial cells came from work with
ephrin and Eph genes in mice (Wang et al.
1998). Ephrin B2, a member of the ephrin fam-
ily of membrane ligands, is expressed in arterial
endothelial cells and is absent in venous
endothelial cells, whereas the ephrinB2 receptor
EphB4 is preferentially expressed in veins. The
arterial- and venous-restricted expression of
these genes is apparent very early in vascular
development, before onset of circulation or
even formation of lumenized vascular tubes,
showing clearly that these initial expression pat-
terns do not depend on flow. Targeted gene
deletion of each member of this ligand-receptor
pair resulted in similar cardiovascular abnor-
malities, showing that they are necessary for

normal vascular development and likely directly
interact with one another (Wang et al. 1998;
Gerety and Anderson 2002). Interestingly,
ephrin B2 mutant mice generated with LacZ
“knocked in” to the ephrin B2 locus continue
to express LacZ appropriately in the arterial
compartment, indicating that initial specifica-
tion of arterial or venous fate must involve addi-
tional factors upstream of ephrin B2 (Wang et al.
1998).

Studies performed on the zebrafish helped
to uncover and dissect the functional roles of
these upstream factors, resulting in the identifi-
cation of a signaling cascade for arterial fate
determination consisting of sequential hedge-
hog, vascular endothelial growth factor (vegf ),
and notch signaling. Notch signaling genes
(Notch, Delta, Jagged, etc.) are expressed in
arterial but not in venous endothelial cells and
murine knockout studies showed that these

A 

Notochord 

DA

CV

B 

* * 
* * * 

C 

DA
CV

* * * * * 

D E 

Figure 2. Formation of artery and vein fates. (A) Schematic diagram of a zebrafish embryo with dorsal aorta in
red and cardinal vein in blue. The green boxed area shows the approximate region in the micrographs in (B–E).
(B) bright-field DIC image showing position of dorsal aorta (DA) and cardinal vein (CV). Molecular markers
distinguish arterial and venous endothelium even before the onset of circulation. (C) vecdn expression marks
DA, CV, and intersegmental vessel (ISV) sprouts (asterisks) in 24 hpf animals. (D) dll4 is expressed in the DA
(arrows) and ISV sprouts emanating from it (asterisks) but not in the CV at 24 hpf. (E) dab2 is expressed in
the CV (arrowheads) but not in the DA or ISV sprouts at 24 hpf. Lateral views, anterior to the left.
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molecules play an important functional role in
the vasculature (reviewed in Swift and Wein-
stein 2009). The nature of this functional role
was not determined in the murine studies, but
the arterial-specific expression of these genes
suggested that they might be playing a role in
artery formation. Functional studies in the
zebrafish showed that Notch signaling acts to
promote arterial differentiation at the expense
of venous differentiation during vascular devel-
opment (Lawson et al. 2001; Lawson et al. 2002;
Lawson et al. 2003). Repression of notch sig-
naling in zebrafish embryos resulted in loss of
ephrinB2 expression from arteries and ectopic
expansion of normally venous-restricted markers
such as ephb4 and flt-4 into the arterial domain.
Conversely, activation of Notch signaling sup-
pressed expression of vein-restricted markers
and promoted ectopic expression of ephrinB2
and other arterial markers in venous vessels.

Additional zebrafish studies showed that
sonic hedgehog (shh) and vegf act upstream of
Notch during arterial differentiation (Lawson
et al. 2002; Lawson and Weinstein 2002a).
Embryos lacking shh or vegf fail to express
ephrin-B2 within their blood vessels, like
embryos deficient in Notch signaling. Overex-
pression of shh promotes ectopic arterial vessel
formation in the trunk, whereas overexpression
of vegf suppresses expression of vein-restricted
markers and results in expression of ephrinB2
and other arterial markers in venous vessels.
By combining different methods for activating
or repressing each of these signaling pathways
in “molecular epistasis” experiments, a molecu-
lar pathway for arterial differentiation was
deduced in which Shh activity induces expres-
sion of vegf in the somites, and that Vegf then
activates Notch signaling in the endothelial cells
of the developing dorsal aorta, promoting arte-
rial differentiation. The importance of this
pathway for A-V fate determination was sup-
ported by work in other models. In mice, Shh
induces expression of Vegf in ischemic limbs
and induces new blood vessel growth in mice
(Pola et al. 2001), whereas Vegf secreted by
nerves promotes differentiation of adjacent
arteries in embryonic skin (Mukouyama et al.
2002). Vegf also plays a role in postnatal arterial

differentiation. Transgenic mice expressing
VEGF-A in the heart show an increased per-
centage of arterial (ephrin B2þ) vessels in adult
cardiac tissue compared to wild type mice (Vis-
conti et al. 2002), and expression of VEGF-A
in adult skeletal muscle causes an increase in
arterial vessel density. Subsequent work in
zebrafish and other model organisms has con-
firmed many of the features of this pathway
and identified additional genes involved in
arterial-venous fate determination including
the downstream VEGF signaling effector phos-
pholipase C g-1 (plcg1) (Lawson et al. 2003),
COUP-TFII, required for venous differentiation
(You et al. 2005), as well as other genes includ-
ing PI3 kinase, Erk, and receptor protein tyro-
sine phosphatase, Dep1 (Hong et al. 2006;
Rodriguez et al. 2008).

Recent studies have identified other genes
and pathways involved in morphogenesis of
the dorsal aorta and cardinal vein in addition
to the well-characterized HH-Notch-Vegf path-
way. Three groups independently showed that
the SRY-box containing Sox7 and Sox18 tran-
scription factors play an important role during
A-V morphogenesis. These Sox genes are
expressed by developing dorsal aorta and vein,
and loss of function studies showed that
embryos depleted of Sox7/18 function develop
A-V morphogenesis defects, including frequent
shunts connecting the dorsal aorta and cardinal
vein (Cermenati et al. 2008; Herpers et al. 2008;
Pendeville et al. 2008). One of these studies
also reported that Shh and Vegf signaling act
upstream of and control Sox7 (Pendeville et al.
2008). Interestingly, another recent study has
also suggested that there may be selective cell
segregation required for proper A-V formation,
with distinct steps of cell segregation into
arterial and venous fates are controlled by differ-
ent signaling pathways including VegfA, VegfC,
Notch, and Ephrin B2 (Herbert et al. 2009).

Although the role for a genetically pro-
grammed molecular pathway regulating the
early establishment of arterial-venous identity
is well-established, other studies have shown
that this identity is plastic and can be altered
by vascular flow and other factors. Several stud-
ies using quail-chick grafting experiments to
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examine the plasticity of arterial-venous endo-
thelial cell fate have shown that maintenance
of differentiated A-V identity requires compo-
nents of the vascular wall (Moyon et al. 2001;
Othman-Hassan et al. 2001; le Noble et al.
2008). Portions of embryonic arteries or veins
were grafted from quail donors at various stages
of development into chick hosts, and the A-V
identity of donor cells contributing to differ-
ent host vessels was assessed using artery- or
vein-specific molecular markers. Up until
approximately E7 donor cells populate both
types of vessels and assume the appropriate
molecular identity, but after E7 this plasticity
is progressively lost. However, isolated endothe-
lial cells or isolated dissected endothelia were
still plastic even in older vessels, suggesting
that components of the vascular wall are neces-
sary to maintain, or are sufficient to redirect,
the arterial-venous identity of adjacent endo-
thelial cells.

FORMATION OF INTERSEGMENTALVESSELS
AND LUMENOGENESIS

ISV Formation and Role of Vegf/Vegfr
Signaling

Following initial formation of the primitive
vasculature by vasculogenesis, most subsequent
vessel formation during development takes
place via angiogenesis—the formation of new
vessels by budding growth from, or remodeling
of, preexisting vessels. The intersegmental ves-
sels (ISVs) of the trunk are among the first
angiogenic vessels to form in all vertebrates. A
two-step process for intersegmental vessel for-
mation has been documented by time-lapse
imaging of vessel development in transgenic
zebrafish (Isogai et al. 2001). Following forma-
tion of the DA and PCV, a set of new sprouts
emerges from the dorsal side of the DA and
grows dorsally along vertical somite bounda-
ries. The migration of these sprouts is very rapid
and dynamic, with numerous filopodia-like cel-
lular processes extending from the tips of the
growing sprouts in all directions (Fig. 3A). As
they reach the dorsal-lateral surface of the neu-
ral tube, the growing vascular segments branch

rostrally and caudally, and then interconnect
to form the dorsal longitudinal anastomotic
vessel (DLAV). At the early stages the identity
of all of these vessels is not defined, but as
the vessels become interconnected and flow
begins arterial-venous fate becomes established,
likely in response to this flow (Isogai et al. 2003).

Zebrafish studies have shown that VEGF
and Notch signaling is also important for
the formation of the intersegmental vessels.
VEGF-A is produced and secreted by the
somites between which the ISV sprouts migrate,
and loss of VEGFR-2 function inhibits ISV for-
mation (Habeck et al. 2002). Reduction of
downstream VEGF signaling via mutation of
plcg1 (Lawson et al. 2003) or reduced vascular
ETS transcription factor function in etsrp1
mutants (Sumanas and Lin 2006; Pham et al.
2007) also causes defects in ISV formation.
The VEGFR-1 receptor also plays an important
role during angiogenesis. Although VEGFR-2
signaling promotes growth of ISVs, studies
from cultured endothelial cells indicate that
the VEGFR-1 receptor, which has a high affinity
for VEGF but a poor capacity for signaling,
helps guide sprouting by dampening local
VEGF levels and sharpening VEGF gradients
for vessels to migrate along (Chappell et al.
2009). There is at present no direct evidence
for such a role for VEGFR-1 during zebrafish
intersegmental vessel development.

During ISV migration, the leading cell
forms filopodial structures and guides the prox-
imal cells to form a single intersegmental vessel.
Typically three to five endothelial cells populate
each ISV during early stages of its growth
(Childs et al. 2002; Siekmann and Lawson
2007). Architecturally, how these cells are con-
nected to one another and how they form single
a seamless tube is still not fully understood
(Blum et al. 2008).

Specification of Tip and Stalk Cells
and Keeping Them in Line

Endothelial cells located at the most distal end
of sprouts, termed “tip cells,” have distinct
gene expression profiles and behaviors and are
critical for initiating and guiding sprouting
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and vessel growth in the developing vascular
system (Gerhardt et al. 2003; Siekmann and
Lawson 2007). These terminal motile endothe-
lial cells extend long dynamic filopodial exten-
sions that sense attractive and repulsive growth
cues, and help direct the growth of vascular
sprouts. The endothelial cells located behind
the tip cells are denoted “stalk cells,” and they
make up the base of the sprout and serve to
maintain the structure of the forming vessel.
Regulation of the number of tip cells is essential
for the proper patterning of the vasculature and
is dictated by VEGF and Notch signaling
through lateral inhibition of an angiogenic
state in stalk cells. VEGFR-2 activation in
the tip cells leads to an up-regulation of the
Notch receptor Delta-like-4 (DLL4) and a

subsequent up-regulation of Notch activity
(internalization of Notch) in the neighboring
stalk cells. Increased Notch activity promotes
stalk cell behavior at the expense of tip cell
behavior. Studies using a variety of different
model systems showed the role of DLL4 in
specifying tip cell is highly conserved from
lower vertebrates like zebrafish to mammals
(Fig. 3B) (Hellstrom et al. 2007; Siekmann
and Lawson 2007; Suchting et al. 2007). Notch
activation in the stalk cells suppresses
VEGFR-3/FLT4 signaling and a proangiogenic
fate (Siekmann and Lawson 2007; Tammela
et al. 2008). In the developing mouse retina
and zebrafish intersegmental vessels, loss of
Notch signaling activity by either genetic
loss of function or pharmacological inhibition

Tip cell

DII4
Intracellular

vesicle
fusion

Intercellular
vesicle
fusion

Lumen
formation

Notch

BA

0:00 0:25 0:35 0:40 0:50 1:00 1:05 1:10 1:25 1:45 2:00 

D
* 

C

Stalk cell

Figure 3. Development of intersegmental vessels. (A) Newly formed and growing intersegmental vessel sprout
with multiple cellular processes (arrowheads). (B) Schematic diagram of tip and stalk cells; Dll4 expressed in
tip cells activates Notch in adjacent endothelial cells to promote stalk cell identity. (C) A model for intracellular
and intercellular vesicle fusion during vascular lumenogenesis. (D) Two-photon time-lapse imaging of a lume-
nizing trunk intersegmental vessel in a living Tg( fli1:EGFP-cdc42wt)y48 transgenic animal injected intravascu-
larly with 605 nm quantum dots. Quantum dots are transferred from the dorsal aorta to vacuolar compartments
in proximal (arrows) and then more distal (arrowheads) intersegmental endothelial cells. In frame 1:05
the vacuole in the distal endothelial cell was captured in the process of filling with quantum dots from the
proximal cell below (asterisk). For each time-lapse sequence the time from the first frame of each successive
image is noted in hours:minutes. Scale bar ¼ 20 mm. (D, From Kamei et al. 2006; reprinted, with permission,
from the author.)
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of Notch signaling results in an increase in cells
showing proangiogenic tip cell behavior,
including migration, branching/filopodial ex-
tension, and tip cell specific gene expression
(Hellstrom et al. 2007; Leslie et al. 2007; Siek-
mann and Lawson 2007).

During embryonic development major vas-
cular highways form in defined patterns with
anatomically reproducible and evolutionarily
conserved positions. This highlights the fact
that in addition to the proper specification of
the number and position of tip cells, it is impor-
tant that the migratory route of these leading
cells be properly guided to achieve the stereo-
typic patterning of the vascular system. In the
nervous system, migrating neuronal axons are
guided by specific attractive or repulsive molec-
ular cues received by “growth cones” at the distal
end of the growing axon, and recent studies have
shown that the same or similar cues are playing
an analogous role in guiding growing vessels
(Melani and Weinstein 2010). Tip cells of both
growing blood vessels and axons express recep-
tors for guidance molecules such as Semaphor-
ins, Netrins, and Ephrins. The Semaphorin
family of ligands and their Plexin receptors are
key players in both neuronal pathfinding and
intersegmental vessel patterning. In zebrafish
and mice, type 3 Semaphorins are expressed in
the central portion of the developing somites
(but not along their boundaries) whereas the
type 3 Semaphorin receptor PlexinD1 is ex-
pressed specifically in endothelial cells. In zebra-
fish, loss of PlexinD1 in out of bounds (obd)
mutants, or PlexinD1 or Semaphorin 3a2 func-
tion via morpholino injection, causes dramatic
mispatterning of these vessels, which are no lon-
ger restricted to growing along intersomitic
boundaries (Childs et al. 2002; Torres-Vazquez
et al. 2004). Targeted disruption of plexinD1 in
mice causes similar defects in intersegmental ves-
sel patterning (Gitler et al. 2004; Gu et al. 2005),
showing that the role of Semaphorin signaling in
intersegmental vessel patterning is conserved
across vertebrate species. A recent report has
also suggested that zebrafish Semaphorin 3E
functions with the PlexinB2 receptor expressed
on endothelial cells to promote sprouting of
intersegmental vessels (Lamont et al. 2009).

Other neuronal guidance factors also ap-
pear to play important roles in the vasculature.
Netrin1 and its receptor, UNC5B, are required
for the proper vessel formation, although con-
flicting data exist as to whether netrin signaling
plays a repulsive role (Lu et al. 2004; Larrivee
et al. 2007; Bouvree et al. 2008), an attractive
role (Navankasattusas et al. 2008), or, poten-
tially, both (Yang et al. 2007) in the developing
vasculature. In addition to their role in arterial-
venous specification (Herbert et al. 2009), eph-
rins are also implicated in vascular sprouting in
zebrafish. Morpholino knockdown of ephrinB2
causes tip cells to decrease filopodial activity
in intersegmental vessels consistent with the
observation that ephrin signaling promotes
angiogenic activity (Wang et al. 1998).

Forming a Vascular Tube

To form a functional circulatory system, the
endothelial cells lining blood vessels must
develop a continuous luminal space. There are
many possible ways to form tubes, including
wrapping up of or budding from an epithelial
sheet, cavitation (elimination of the central cells
in a cellular cylinder), and cord or cell hollow-
ing, in which lumens form by creation of fluid-
filled spaces between cells or within single cells,
respectively (see Lubarsky and Krasnow 2003
for comprehensive review of biological tube for-
mation). Cord or cell hollowing are now gener-
ally thought to be the primary mechanisms
used to form vascular lumens. Early observa-
tions hinted at a role for intracellular vacuoles
during vascular lumen formation. Similar
observations were later made in vitro during
some of the first endothelial cell culture experi-
ments. Folkman and Haudenschild (Folkman
and Haudenschild 1980) reported “longitudi-
nal vacuoles” within endothelial cells cultured
in three-dimensional collagen or fibrin matri-
ces. They also noted that these vacuoles ap-
peared to traverse cell boundaries and make
connections with neighboring cells (Fig. 3C).
Since these initial observations, a number of
later studies have verified and extended these
findings and led to a proposed model for lumen
formation via intracellular vacuolation and
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intercellular fusion of endothelial vacuoles
(Bayless et al. 2000; Bayless and Davis 2002;
Kamei et al. 2006). These in vitro studies have
shown that lumen formation depends on the
activity of signaling pathways controlled by
integrins, Cdc42, and Rac, as well as various
polarity complexes containing Pak2, Pak4, and
Par3/Par6/PKCz (Davis and Camarillo 1996;
Bayless and Davis 2002; Koh et al. 2008, 2009).
Although vascular lumen formation has been
primarily studied in vitro using human umbili-
cal vein endothelial cells (HUVEC) to form
vessels in three-dimensional collagen gel cul-
tures (Davis and Camarillo 1996; Bayless and
Davis 2002; Koh et al. 2008, 2009), these studies
have recently begun to be validated by studies
using in vivo model systems, in particular the
zebrafish.

Kamei et al. took advantage of the optical
clarity of the developing zebrafish and recently
developed methods for long-term time-lapse
imaging (Kamei et al. 2004) to examine endo-
thelial tube assembly in vivo (Kamei et al.
2006). They used two-photon time-lapse
imaging of Tg(fli1:EGFP-cdc42wt)y48 trans-
genic embryos to look at the dynamics of endo-
thelial lumen formation in vivo. In these
embryos, the cdc42wt-EGFP fusion protein
preferentially localizes to pinocytic vacuolar
structures as shown previously in cultured
endothelial cells (Bayless and Davis 2002),
whereas use of the fli1 promoter allows specific
expression of the fusion protein within zebra-
fish endothelial cells (Lawson and Weinstein
2002a). Time-lapse imaging of intersegmental
vessel lumen formation reveals that in vivo
vacuolar dynamics in these developing vessels
are very similar to what has been described in
cultured ECs (Kamei et al. 2006). Vacuoles
emerge, disappear, and coalesce to form larger
vacuoles on a timescale of minutes and eventu-
ally, the merging vacuoles enlarge to create a
luminal space that occupies most of the cell.
To examine how vacuolar compartments within
different ECs become linked to create a com-
mon endothelial tube, they injected nanometer-
size fluorescent beads (quantum dots or Qdots)
into the dorsal aorta and examined the transfer
of Qdots to adjacent developing intersegmental

vessels. They observed serial transfer of the
quantum dots from the dorsal aorta into the
vacuolar lumens of first the proximal ISV EC
and next into the more distal ECs. These results
indicated that a continuous luminal space in
intersegmental vessels emerges from the fusion
of preformed intracellular vacuolar compart-
ments in neighboring endothelial cells. These
data support the previously proposed model
for vascular lumen formation by intracellular
and intercellular fusion of endothelial vacuoles
(Fig. 3D).

Whether or not this mechanism is general-
izable to other vessel types like larger caliber
vessels that form from larger aggregates of endo-
thelial cells remains to be determined. Analysis
of transverse sections of Tg(flk1:EGFP)s843

embryos suggests that these vessels may form
through cord hollowing (Jin et al. 2005). Angio-
blasts initially aggregate at the midline to form a
cord-like structure without any detectable cell–
cell junctions. Within hours, cell–cell junctions
become apparent and the cells begin to elongate
and subsequently a lumen appears with four
to six angioblasts around its circumference.
Parker et al. make similar observations but
also note that, prior to morphological changes,
substantial refinement of the tight junctions
between angioblasts occurs. They further show
that morpholino-mediated knockdown of
EGF-like domain 7 (Egfl7), a putative secreted
factor that is endothelial-specific, results in
maintenance of tight junctions and failure of
angioblasts to separate (Parker et al. 2004).
Although these results do not provide definitive
evidence that these vessels form tubes through a
cord hollowing, this seems the most probable
mechanism. A cord hollowing mechanism has
also been proposed based on studies of the
lumenization of the mouse aorta (Strilic et al.
2009). In addition, recent examination of cell
junctions in zebrafish intersegmental vessels
during lumen formation suggests that the endo-
thelial cells of these vessels overlap extensively,
as shown by localization of the tight junction
marker ZO-1 and that some of the nascent
luminal spaces form extracellularly from their
earliest stages (Blum et al. 2008). VE-cad-
herin-containing adherens junctions at the
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overlapping regions also appear to provide for
the proper polarization of cells within the inter-
segmental vessels, and this polarization is
dependent on Moesin1 function and is essential
for stabilization of vessel lumens (Wang et al.
2010). It is worth noting that cord hollow-
ing and cell hollowing models are likely to
be mechanistically very similar processes. Pino-
cytosis-derived vesicular compartments give
rise to nascent fluid-filled lumenal spaces
that—whether initially localized to extracellu-
lar spaces between endothelial cells or vacuolar
compartments within endothelial cells—must
ultimately be directed to the external spaces
between endothelial cells and merge together
to become the continuous vascular lumen.

FORMATION OF CRANIAL AND RETINAL
VASCULATURE

Much of the discussion in this review so far has
focused on the formation of the trunk vascula-
ture, but the zebrafish has also begun to make
contributions to our understanding of brain
vessel development and disease. A thorough
knowledge of the developmental biology of cra-
nial vessel formation is important both for
understanding development of the central nerv-
ous system and for understanding cerebrovas-
cular pathologies such as stroke and cerebral
hemorrhage.

Lateral Dorsal Aortae and Cranial Vasculature

Like the axial vessels in the trunk, the primary
cranial vasculature, including the extracerebral
vascular system, is established by vasculogene-
sis, or the assembly of new vessels from migra-
tion and coalescence of mesoderm-derived
angioblasts (Lee et al. 2009). Following the
establishment of the primary cranial vessels, a
much more complex cranial vascular network
develops via angiogenesis, or sprouting and
growth of new vessels from preexisting vessels
stabilized by the recruitment of mural cells.
Examination of the cranial vascular anatomy
of the developing zebrafish embryo reveals
that zebrafish have an initial vascular plan that
is well conserved in comparison to other

developing vertebrates, including humans
(Isogai et al. 2001).

The paired lateral dorsal aortae (LDA) are
amongst the first vessels to assemble in the
developing zebrafish, and are essential for pro-
viding the arterial supply for the entire head
(Fig. 4) (Isogai et al. 2001). To form the LDA
angioblasts from the anterior lateral plate mes-
oderm migrate medially as two anterior and
posterior populations, coalescing into two sets
of LDA primordia (Fig. 1C,E). Around 20 hpf
they join to form a single vessel on either side
of the midline. The LDA then undergo angio-
genesis in a caudal direction to fuse with the
single posterior dorsal aorta, which as noted
above also forms by vasculogenesis, assembling
a Y-shaped junction between all of these large
caliber arterial vessels (Isogai et al. 2001; Siek-
mann et al. 2009). At around the same time,
the first bilateral primitive veins of the head,
the primordial hindbrain channels (PHBC),
are also assembling by vasculogenesis. The
PHBC, emptying into the anterior carotid veins,
initially provide the sole venous drainage for the
head. The basilar artery (BA) is the first and
most important artery to form in the hindbrain.
It assembles along the ventral keel of the hind-
brain, directly between two primitive bilateral
veins, the primordial hindbrain channels
(PHBCs). The BA is one of the most fundamen-
tal arteries in the vertebrate head, with many
branches irrigating the cerebellum and brain-
stem. Irrigation of the neural tissues of the
hindbrain is accomplished with the help of the
slightly later-forming central arteries (CtAs),
vessels that penetrate the hindbrain and inter-
connect the BA and PHBC. The first circulatory
loop in the head is comprised of the heart,
ventral aorta, LDA, primitive internal carotid
artery, BA, PHBC, and PCV (Fig. 4). As devel-
opment proceeds many additional angiogenic
vessels come on line and the cranial vasculature
becomes much more complex (Isogai et al.
2001).

Like the trunk vasculature, the formation of
the cranial vasculature also depends on VEGF
signaling. Inhibiting VEGF signaling leads to
defects in formation of both the middle cerebral
vessel, which runs along the mid-hindbrain
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boundary, and the PHBC (Covassin et al. 2006).
Proper cranial vessel formation also depends on
additional, novel cues. Chemokine signaling
involving the receptor cxcr4a and its ligand
Sdf1/Cxcl12b has recently been shown to be
important for LDA formation in the zebrafish
(Siekmann et al. 2009). Chemokine signaling
regulates diverse developmental processes,
such as primordial germ cell migration, endo-
derm development, lateral line formation, and
axon growth (Raz and Mahabaleshwar, 2009).
Time-lapse video microscopy on cxcr4a mutant
embryos shows that anterior endothelial cells
fail to migrate and connect to form a complete
LDA. Loss of CXCR4A function leads to incom-
plete LDA formation, but does not affect forma-
tion of the trunk vasculature. Even more recent
studies have now shown that chemokine signal-
ing is also required for the formation of the basi-
lar artery, with cxcr4a-expressing BA progenitor
cells aligned along the cxcl12b-expressing ven-
tral neural keel (M Fujita and B Weinstein,

unpubl.). These observations indicate an essen-
tial role for chemokine signaling in cranial ves-
sel development but a dispensable role in the
developing trunk blood vessels.

Role of Endothelial Junctions in Vascular
Permeability

Endothelial cell–cell junctions play crucial roles
in regulating vascular stability, structural integ-
rity, and homeostasis. As in other vertebrates,
vessels in the zebrafish show three different
types of endothelial junctions; tight junctions,
adherens junctions, and gap junctions. Tight
and adherens junctions provide structural
integrity to the developing trunk vasculature
(Blum et al. 2008; Montero-Balaguer et al.
2009), whereas gap junctions are primarily
used for endothelial cell–cell communication.
At present, only a handful of markers are avail-
able to visualize endothelial cell–cell junctions
and/or their components in zebrafish embryos.

A B

C D

*

* *

* *

Figure 4. Early embryonic cranial and eye vasculature. (A) Schematic diagram of the head of a zebrafish embryo
with the green and red boxed areas showing the approximate areas in the images in B, C, and D, respectively. (B)
Dorsal view of the cranial vasculature showing the primordial hindbrain channels (yellow arrows), basilar artery
(dashed line), and central artery sprouts (asterisks). (C) Lateral view of the cranial vasculature showing the lat-
eral dorsal aorta (red arrow), primordial hindbrain channel (yellow arrow), and mid cerebral vessel (white
arrow). (D) Dorsal view of the optic vasculature of the right eye, showing the blood vessel network surrounding
the lens (white arrows). Anterior is to the left in B and C and on top in D.
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These include ZO-1, which localizes to tight
junctions, VE-cadherin, which localizes to
adherens junctions (Blum et al. 2008), and
Connexin 43, which labels gap junctions (Des-
plantez et al. 2003; Dejana 2004). Very few stud-
ies have been performed to understand the
molecular mechanisms regulating junction
assembly in the zebrafish endothelium. Abnor-
mal endothelial junctions are known to affect
vascular integrity and can cause intracranial
hemorrhages, making understanding mecha-
nisms regulating junctional function of great
clinical interest. Depletion of a small Ras related
GTPase called rap1b in the zebrafish leads to
both abnormal endothelial cell junctions and
cranial hemorrhage (Gore et al. 2008). Muta-
tion or depletion of rap1b interacting partners
b-pix and pak2a also leads to cranial hemor-
rhage (Buchner et al. 2007; Liu et al. 2007).
Combinations of small, functionally silent
reductions in rap1b and its interacting partners
b-pix, pak2a, and krit1 together lead to cranial
hemorrhage, demonstrating that these genes
function together in regulating vascular integ-
rity (Gore et al. 2008). A number of other stud-
ies have also identified additional signaling
pathways contributing to the maintenance of
vascular integrity. For example, in zebrafish
analysis of Birc2 mutants, which have cranial
hemorrhages, has shown that suppression of
endothelial cell death pathways is important
for endothelial integrity (Santoro et al. 2007).

Formation of the Vasculature of the
Zebrafish Eye

The retinal vasculature is a capillary network of
blood vessels that nourishes the inner retina. In
humans, either excessive or deficient angiogen-
esis of these vessels frequently leads to loss of
vision. The structure and function of the verte-
brate eye is highly conserved. The zebrafish is an
attractive model to study eye development, dis-
ease and regeneration because of its tractability
as a genetic model system and usefulness for
many advanced optical imaging techniques
(Fadool and Dowling 2008). Recent studies
have described the vascular anatomy of the
zebrafish hyaloid-retinal vessels (Isogai et al.

2001; Alvarez et al. 2007). The optic artery
(OA) branches from the primitive internal car-
otid artery (PICA) at 24–29 dpf, after initial
vasculogenesis, and enters the eye ventrally
through the optic fissure forming the hyaloid
artery. Hyaloid artery then forms a single loop
and exits the optic fissure as the hyaloid vein,
continuing to the PHBC as the optic vein
by 31 hpf. The portions of the optic vessels
internal to the eye are called the hyaloid vessels,
whereas the external portions are called the
optic vessels (Isogai et al. 2001). The few endo-
thelial cells between lens and retina give rise
to the first hyaloid vessel, distinguishable by
60 hpf as a rudimentary vasculature tightly
attached to the lens. The vessels progressively
branch, start to lose contact with the lens, and
adhere to the inner limiting membrane of the
juvenile retina by 30 days post fertilization. In
mammals hyaloid vessel remodeling is governed
by regression and neoangiogenesis, but this
has not been observed in zebrafish (Alvarez
et al. 2007).

As for the cranial vessels, the mechanism of
hyaloid retinal vessel patterning has distinct
and similar features compared to the trunk ves-
sels. Mutations in the plexinD1 receptor gene
out of bounds (obd) result in both patterning
defects in trunk intersegmental vessels, and ex-
cessive primary branching of hyaloid vessels
(Alvarez et al. 2007, 2009). However, other
factors regulate vascular development in an eye-
specific fashion. However, in zebrafish that lack
lens development, the hyaloid retinal vascula-
ture is disrupted, but vessel formation in the
trunk in normal. These observations suggest
that lens-derived signals are important for the
development of the retinal but not the trunk
vasculature (Alvarez et al. 2007). In mice, mac-
rophages expressing Wnt7b promote regression
of hyaloid vessels via programmed cell death
in an eye-specific manner (Lobov et al. 2005).
Small molecule screening in the zebrafish
has also identified compounds with specific
effects on the hyaloid and retinal vasculature
(Alvarez et al. 2009; Kitambi et al. 2009).
Additional studies should help to elucidate
eye-specific molecular regulation of vascular
development.
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LYMPHATIC DEVELOPMENT

Origin of Lymphatic Endothelial Cells

In addition to their blood vascular system, most
vertebrates possess a second, equally complex
but separate vascular system, the lymphatic
vascular system. The lymphatic system is essen-
tial for maintenance of interstitial fluid balance
and immune responses. Recent work has also
shown that lymphatics are the major pathway
for tumor metastasis, making them critically
important as potential targets for cancer
therapies (reviewed in Tammela and Alitalo
2010). Despite its importance, lymphangiogen-
esis has been less explored compared to angio-
genesis because of difficulties in identifying
these vessels in vivo, limited lymphatic-specific
markers, and a lack of effective model organ-
isms in which lymphatic cells can be easily
monitored and lymphatics genetically and/or
experimentally manipulated. Over the past few
years, molecular mechanisms controlling lym-
phangiogenesis have been begun to be revealed
by identification of regulatory molecules and
markers specific to the lymphatic endothelium.
These molecular tools have, for example, per-
mitted reexamination of the question of the
embryonic origins of the first lymphatic endo-
thelial cells (LECs), in particular whether they
are derived from primitive venous endothelium
or arise de novo from mesenchyme. Grafting
studies in avian embryos (Wilting et al. 2000;
Wilting et al. 2006) and analysis of a lymphatic
marker, Prox1 (Wigle and Oliver 1999), in Xen-
opus tadpoles (Ny et al. 2005) suggest that lym-
phatics arise from both embryonic veins and
mesenchyme. Genetic studies in mice, however,
indicate a venous origin for the first LECs,
showing the expression of Prox1 in a subset of
venous endothelial cells and migration of
Prox1 positive cells from veins to form lymph
sacs (Karkkainen et al. 2004). Tissue specific lin-
eage labeling experiments further support the
idea that venous endothelial cells are predomi-
nant source of LECs during murine develop-
ment (Oliver 2004; Srinivasan et al. 2007).

The zebrafish possesses a bona fide lym-
phatic vascular system that shares important

morphological, molecular (for example, VEGFC
and Prox1 expression) and functional charac-
teristics (e.g., drainage and collection of sub-
cutaneously injected dye) with lymphatic
vessels of higher vertebrates (Fig. 5) (Kuchler
et al. 2006; Yaniv et al. 2006). One important
aspect of zebrafish as a model organism for
studying lymphangiogenesis is the ability to
easily observe and track lymphatic endothelial
cells within living embryos and larvae due
their optical clarity and the availability of
vascular specific transgenic lines expressing
GFP in blood and lymphatic endothelial cells
(Lawson and Weinstein 2002b). This permits
examination of LEC development at the single-
cell level via high-resolution optical imaging
in living embryos and larvae (Weinstein 2002;
Kamei et al. 2004; Cha and Weinstein 2007).
Direct lineage tracing experiments using long-
term time-lapse imaging have shown that
LECs destined to form the lymphatic thoracic
duct originate in the posterior cardinal vein,
although they undergo a long and circuitous
migration before reaching their final destination
(Yaniv et al. 2006). These results provided the
most conclusive evidence to date supporting
the idea that the earliest progenitors for lym-
phatic endothelial cells are vein-derived, al-
though they do not preclude the possibility of
a later contribution to lymphatic progenitors
from mesenchyme in the zebrafish.

Formation of the Lymphatic System

The lymphatic system, composed of blind-
ended capillaries and large collecting lym-
phatic vessels, is an independent vascular
network separated from the blood vascular sys-
tem except at specific connection points
between large collecting lymphatic vessels and
veins (Jeltsch et al. 2003). The lymphatic vessels
start to develop after the establishment of a
functional cardiovascular system, and the
lymphatic system is present in almost all vascu-
larized tissues, except the central nervous system
and bone marrow. Interestingly, the trajectory
of the collecting lymphatic vessels is highly
associated with the route of blood vessels such
as arteries.
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Recent studies in mice provide insight into
how the primitive lymphatic vasculature is
formed during embryogenesis. Initially, Sox18
is expressed in a LYVE1-positive subpopula-
tion of venous endothelial cells located in the
cardinal vein. The biased expression of Sox18
is thought to induce polarized expression of
Prox1 in the same cells, resulting in LEC speci-
fication of the venous endothelial cells (Francois
et al. 2008). The Prox1-positive LECs, then
begin to bud from the primitive veins and
migrate in a polarized manner (Wigle and

Oliver 1999; Oliver 2004). These processes are
accomplished by signaling between VEGFR3
in the Prox1-positive LEC progenitors and its
ligand VEGFC arising from the lateral mesen-
chyme (Makinen et al. 2001; Karkkainen et al.
2004; Tammela et al. 2005; Karpanen and Ali-
talo 2008). VEGFC induces the proliferation
and budding of the Prox1-positive LEC progen-
itors in the vein and promotes migration of
these progenitors toward VEGFC-producing
sources, giving rise to the formation of lymph
sacs in the lateral to the central veins. The

vISV

DA DA

DA

PCV

TD
TD

ISLV
alSV

A

B

C

Figure 5. Lymphatic vasculature in zebra-
fish. (A) Schematic diagram of a zebrafish
embryo with a red box highlighting the
approximate region shown in B and C.
(B) Confocal image of blood vessels (red/
yellow) and lymphatic vessels (green) in a
3 dpf Tg(flk:mCherry), Tg(fli1a:EGFP)y1

double transgenic animal. Note coalign-
ment of intersegmental lymphatic vessels
(ISLV) with arterial intersegmental vessels
(aISV) but not with venous intersegmental
vessels (vISV). (C) Transmitted light
image of a 4 dpf zebrafish larva subjected
to whole-mount in situ hybridization,
probing for prox1. Expression of prox1
(black arrows) is detected in the thoracic
duct (TD), a major evolutionarily con-
served lymphatic vessel located between
the dorsal aorta (DA, red dashed lines)
and posterior cardinal vein (PCV, blue
dashed lines).
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lymphatics then extend throughout the embryo
by budding and sprouting of LECs from the
lymph sac. Finally, the spreading lymphatics
undergo remodeling and maturation by termi-
nal differentiation, leading to the formation of
the complete lymphatic network (Oliver 2004;
Tammela and Alitalo 2010).

The basic mechanism controlling the initial
formation of lymphatic vasculature in zebrafish
embryos is highly similar to that in murine
embryos. As in the mouse, jugular lymphatic
sacs initiate rostral lymphatic network develop-
ment in the fish. In the trunk, the key event of
initial lymphangiogenesis is the formation of
the parachordal vessels (PAV, also termed para-
chordal line) from secondary sprouts emerging
from the posterior cardinal vein (PCV) (Isogai
et al. 2003). As in mouse embryos, Prox1 is
important for lymphatic specification from a
subpopulation of zebrafish PCV endothelial
cells, because the thoracic duct fails to form in
Prox1-deficient embryos (Yaniv et al. 2006).
VEGFC-VEGFR3 signaling is also likely to
induce budding and migration of the Prox1-
postive secondary sprouting cells in zebrafish.
Knockdown of VEGFC or overexpression of
dominant-negative VEGFR3 causes loss of sec-
ondary sprouts, PAV formation, and thoracic
duct formation (Kuchler et al. 2006; Yaniv
et al. 2006; Hogan et al. 2009). A recent study
using forward genetic screening identified a
matrix-associated protein, Collagen and cal-
cium binding EGF domain 1 (CCBE1), that
appears to also be involved in a non-cell-auton-
omous manner in budding and migration of
the secondary sprouts (Hogan et al. 2009).
Mutations in human ccbe1 are associated with
Hennekam syndrome (generalized lymphatic
dysplasia, MIN 235510) characterized by intes-
tinal lymphangiectasia with severe peripheral
lymphedema with mental retardation, implying
functional conservation of CCBE1 for lym-
phatic development from zebrafish to human
(Connell et al. 2010; Alders et al. 2009) and ver-
ifying the relevance of the zebrafish as a clini-
cally relevant animal model for studying the
lymphatics. It is still unclear whether CCBE1
is linked to VEGFC signaling and how it func-
tions during lymphatic budding and migration.

After the parachordal has formed lymphatic
progenitors migrate dorsally and ventrally along
arterial intersegmental vessels to begin forma-
tion of the rest of the trunk lymphatic network
(Yaniv et al. 2006; Bussmann et al. 2010). These
processes are highly stereotyped- lymphatic
progenitors always migrate along arterial inter-
segmental vessels but not venous intersegmen-
tal vessels, showing that arterial blood vessels
act as specific guidance templates for migration
of LECs (Yaniv et al. 2006; Bussmann et al.
2010). The ventrally-migrating LECs branch
rostally and caudally between the dorsal aorta
and PCV to form the thoracic duct via prolifer-
ation of migrating LECs (Yaniv et al. 2006). The
dorsally-migrating LEC branch rostrally and
caudally just below the DLAV to form the dorsal
lymphatic line. In this way, the simple initial
primary lymphatic network of the trunk is
formed—a primary network highly similar to
that found in other developing vertebrates.
With further development, however, a more
complicated lymphatic network is established
by further lymphangiogenic growth from this
primary network.

Together, recent studies have emphasized
that zebrafish is a valuable model organism to
study developmental lymphangiogenesis and
lymphatic network formation. The accessibility
of this model to high-throughput forward-
genetics and the optical clarity of its embryos
and larvae for high-resolution imaging make
it useful for uncovering novel mechanisms reg-
ulating lymphatic development.

CONCLUDING REMARKS

The elaborate and precise patterning of the ver-
tebrate vascular system requires a complex net-
work of gene signaling pathways, and insight
into this network has great clinical relevance
toward the understanding of a variety of human
diseases. Despite being a well-established verte-
brate model system for studying embryonic
development, and its rising importance in vas-
cular research, zebrafish as a model system has
not yet been maximally used to study the de-
velopment of the vascular system. Recent stud-
ies have shown convincingly that important
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mechanisms of vascular development are con-
served between the zebrafish and higher verte-
brates, confirming that a great deal can be
learned about vascular development in mam-
mals by exploiting the advantages offered by
the zebrafish. In recent years, development of
new techniques to manipulate zebrafish
genome, image at high resolution, and perform
large-scale drug screens have further increased
the potential of this system to study vascular
development. The identification of a lymphatic
vascular system in this organism also highlights
the importance and availability of zebrafish as a
model to study key steps in lymphatic develop-
ment. It seems likely that many new important
discoveries in blood and lymphatic vascular
biology will be made in the coming years using
the zebrafish.
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