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Abstract
Tissue and organ viability depends on the proper systemic
distribution of cells, nutrients, and oxygen through blood
vessel networks. These networks arise in part via angiogenic
sprouting. Vessel sprouting involves the precise coordination of several endothelial cell processes including cell-cell
communication, cell migration, and proliferation. In this review, we discuss zebrafish and mammalian models of blood
vessel sprouting and the quantification methods used to assess vessel sprouting and network formation in these models. We also review the mechanisms involved in angiogenic
sprouting, and we propose that the process consists of distinct stages. Sprout initiation involves endothelial cell interactions with neighboring cells and the environment to
establish a specialized tip cell responsible for leading the
emerging sprout. Furthermore, local sprout guidance cues
that spatially regulate this outward migration are discussed.
We also examine subsequent events, such as sprout fusion
and lumenization, that lead to maturation of a nascent
sprout into a patent blood vessel.
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Introduction

The formation of blood vessel networks is essential to
providing oxygen and nutrients to virtually all organs
and tissues in the organism. Once a few nascent vessels
are formed via a process called vasculogenesis, the further expansion of vessel networks in development proceeds via a combination of proliferation and migration
called sprouting angiogenesis [Risau, 1997]. Angiogenesis is also essential to pathological blood vessel formation
that is associated with diseases as diverse as cancer and
diabetes [Aiello, 2008; Heath and Bicknell, 2009; Fioretto
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Fig. 1. Stages of blood vessel sprouting. We propose that blood
vessel sprouting occurs in distinct stages characterized by specific cellular processes and specific (although partially overlapping) molecular requirements. Stage I is tip cell specification and
sprout initiation that occurs by poorly understood processes;

stage II is sprout elongation and local guidance that features
VEGF/Flt-1 near-field interactions; stage III is sprout elongation
in response to extrinsic cues; stage IV is lumen formation, and
stage V is sprout fusion and completion of lumenization to produce a new vessel connection capable of blood flow.

et al., 2010]. The last 10 years of research have produced
elegant models of sprouting angiogenesis as better experimental tools and model systems have become available.
Specifically, the ability to selectively delete genes in developing mouse vessels using vascular-specific Cre driver
mouse lines and mice with loxP recombination sites in
genes has allowed us to assess the specific function of
genes in mammalian vascular development. The ability
to regulate excision temporally via inducible Cre driver
lines has also allowed researchers to focus on genetic requirements at the developmental time that requires
sprouting angiogenesis. These advances have been complimented by extensive improvements in our ability to
assess vessel sprouting – from confocal microscopy with
numerous vessel markers to the development of live imaging techniques in several models, including the genetically tractable zebrafish. This combination of precise
genetic tools with novel technology to query cell-based
behaviors has proven powerful in advancing our understanding of how blood vessel sprouting is regulated.
Briefly, sprouting angiogenesis is comprised of several
distinct steps, and we believe that the following classification reflects different temporal and/or regulatory nodes
(fig. 1). First, an endothelial cell within a nascent vessel
initiates sprouting by responding to chemotactic cues
and extending filopodia (fig. 1, stage I). It is not clear how
the ‘tip’ cell is initially specified, although subsequently

there is a competition for the tip cell position, with cells
experiencing elevated VEGF signaling at an advantage
for tip cell position over neighbors with less VEGF signaling [Jakobsson et al., 2010]. Once the tip cell begins to
move out, local guidance cues help ensure that the newly
emerging sprout moves away from the parent vessel instead of rejoining it, and the soluble form of the VEGF
receptor VEGFR-1 (Flt-1) is implicated in this guidance
[Chappell et al., 2009] (fig. 1, stage II). As the sprout continues to extend, several changes occur (fig. 1, stage III).
First, the sprout leaves the environment of local guidance
cues and becomes capable of responding to cues from the
microenvironment and/or other vessels or sprouts. It also
now has cells behind the leading tip cell, called ‘stalk
cells’, that are more likely to undergo cell division than
the tip cell. Finally, as the sprout extends, lumens begin
to form by poorly understood processes (fig. 1, stage IV).
The final stages of sprouting angiogenesis involve cellcell interactions that lead to fusion of the tip cell with another sprout tip cell or a vessel and the formation of a
patent lumen that provides a new conduit (fig. 1, stage V).
The outcomes of sprouting angiogenesis are an expanded
vessel network that delivers oxygen and nutrients to tissues, and a plexus that can be subsequently remodeled by
physiological cues such as blood flow.
In this brief review we focus on recent advances in
our understanding of sprouting angiogenesis, and we
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Blood Vessel Sprouting in Zebrafish

Zebrafish are transparent as embryos and undergo
rapid development, which provides a unique system for
imaging angiogenesis in vivo [Lawson and Weinstein,
2002]. Zebrafish are highly conducive to the use of antisense oligomers known as morpholinos that can block
gene expression and create gene ‘knockout’ scenarios
[Eisen and Smith, 2008]. In addition, genetic and molecular tools available in zebrafish are continuing to expand.
Regions of Vessel Sprouting
Blood begins to circulate at 24 h postfertilization in
zebrafish. The primitive circulatory loop in zebrafish is
composed of the dorsal aorta and cardinal vein. The intersegmental arteries (ISAs) initially sprout from the
dorsal aorta between 1 day postfertilization (dpf) and 2
dpf and form chevron-shaped vessels [Isogai et al., 2003].
The quick development and stereotypical morphology of
the ISAs makes them useful for studying angiogenesis.
While the ISAs have received the most attention for
studying zebrafish angiogenesis, other sites are the focus
of recent studies, including vascularization of the gut
and fins [Hu et al., 2006; Ma et al., 2007], formation of
the aortic arches [Nicoli et al., 2010], and sprouting from
the posterior caudal vein [Hermans et al., 2010; Wiley et
al., 2011].
The ISAs form between somites via migratory movements restricted by the somites [Childs et al., 2002]. The
somites provide important chemotactic cues such as
VEGF [Lawson et al., 2002], and they also act as a physical barrier by which these stereotypical blood vessels are
guided. However, many vascular beds form without
physical barriers, and consequently they rely more heavily on the free movements of endothelial sprouts to form
proper connections and expand. An example of ‘free
forming’ angiogenesis in the zebrafish is the development of the caudal vein plexus in the sparsely populated
96
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regions near the tail. The formation of this plexus involves dynamic endothelial cell movements and intercellular communication. Interestingly, the stereotypical
ISAs sprout in response to VEGF signaling, whereas the
‘free forming’ caudal vein plexus is uniquely dependent
on bone morphogenetic protein (BMP) signaling for
sprouting angiogenesis [Wiley et al., 2011]. Thus, BMP
stimulates venous sprouting even with disruption of
VEGF signaling, suggesting that the two pathways regulate arterial and venous angiogenic sprouting independently.
Quantification Methods in Zebrafish
The expanded use of the zebrafish to study sprouting
angiogenesis has occurred largely through the development of vascular-specific reporters and advances in imaging techniques. The fli1 and flk1 genes are used to drive
expression of enhanced green fluorescent protein (eGFP)
in the developing zebrafish vasculature [Cha and Weinstein, 2007]. Multiphoton imaging of these reporter fish
facilitates long-term, dynamic imaging of blood vessels
during their formation [Kamei et al., 2010], which has led
to many important insights into vessel sprouting. In addition, systems for screening pro- and antiangiogenic
agents have been developed using these reporter lines
[Tran et al., 2007].
There are numerous ways to quantify angiogenic
events and to score defects in zebrafish blood vessel formation. The penetrance of an angiogenic defect can be
represented by simply determining the percentage of embryos that contain the defect. However, angiogenic perturbations are often complex and diverse. Therefore, it is
often more informative to sort zebrafish into different
classes that reflect the severity of the angiogenic disruption. The percentage of embryos in each class is then used
to represent the diversity of angiogenic defects. An alternative way to represent the severity of a phenotype is to
determine the percentage of segments per embryo that
contain a specified disturbance, where each segment is
defined as the area on the anterior-posterior axis between
two adjacent somite boundaries. For example, normal
ISA development would result in 1 sprout/segment, while
excess sprouting from the dorsal aorta or ISAs would result in 11 sprout/segment. One can also use the segment
boundaries to quantify ectopic vessels, an example being
quantification of the ectopic sprouting from the caudal
vein in embryos overexpressing Bmp2 [Wiley et al., 2011].
It is predicted that other quantification protocols will be
developed as distinct vascular beds within the developing
zebrafish are studied in the future.
Chappell /Wiley /Bautch
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discuss methods for quantification of vessel sprouting
that have been developed by our group and others. The
ability to measure precise quantitative parameters has
allowed researchers to provide statistical significance to
abnormalities as well as reveal more subtle perturbations of sprouting angiogenesis. We refer the reader to
numerous recent reviews that cover aspects of angiogenesis in more detail [Roca and Adams, 2007; Iruela-Arispe and Davis, 2009; Phng and Gerhardt, 2009; Chappell
et al., 2011].

Color version available online

Blood Vessel Sprouting in Mammalian Systems

A range of mammalian-based experimental models
have been developed to observe blood vessel sprouting
(fig. 2). An ideal model would facilitate observation of individual endothelial cells during the sprouting process,
and each cell would exhibit their behaviors in the appropriate physiological or pathological context. Here we describe several in vitro, in situ, and in vivo models commonly used to investigate angiogenic sprouting in mammalian-based systems. These three groups represent a
continuum of both biological complexity and ease of manipulation. In vitro platforms are the least complex in
terms of cellular inputs and environmental factors and are
therefore most amenable to experimental intervention.
Although slightly more difficult to manipulate, in situ
models offer an increase in complexity as the cellular and
Blood Vessel Sprouting

endothelial cells, and tan cells represent other cell types present
in each model. The gray sphere in the fibrin bead assay category
represents the microcarrier bead to which the endothelial cells attach, and the gray area in the rat mesentery assay represents the
connective tissue within a mesenteric loop.

environmental components of the sprouting environment
more closely resemble that of vessels sprouting within an
animal. In vivo approaches capture blood vessels sprouting in their most physiologically relevant context, but
these models are also the most challenging to manipulate
and require innovative experimental techniques. We describe the strengths and limitations of each model in providing insight into sprouting and vessel branching. Important caveats of each model system to be considered
when interpreting observations are highlighted as results
from a particular model or tissue site are often context
dependent and not necessarily applicable to all situations.
Mammalian Models of Vessel Sprouting
This compilation of models is by no means comprehensive, but it provides examples of different categories
of models and how they are used.
Cells Tissues Organs 2012;195:94–107
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Fig. 2. Mammalian models of blood vessel sprouting. Summary
of strengths and limitations for each model discussed, as well as a
general schematic of each model and reference to a publication
with detailed methods for utilizing the model, although multiple
publications describe and use most models. Green cells represent
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thelial heterogeneity may be altered in, or even absent
from, these assays. Finally, the geometry of the collagen
sprouting model (i.e. the downward extension of sprouts)
presents an additional limitation because it is not conducive to image analysis. Overall, in vitro models of endothelial sprouting have provided, and will continue to
yield, many important insights into angiogenic sprouting
and vessel branch formation, and coupling these observations with other experimental approaches will certainly
elucidate essential mechanisms involved in this complex
process.
In situ Models of Vessel Sprouting
Several in situ models have been developed that retain
key features of in vivo vascular sprouting while offering
relative ease of experimental manipulation and accessibility for live imaging. The endogenous genetic programs
underlying vessel formation and morphogenesis are still
present, in addition to the complex interactions between
various cell types, but the macroenvironment can still be
tightly controlled and manipulated for experimental purposes.
After removal of leukemia inhibitory factor (LIF) from
the media, mouse embryonic stem (ES) cells undergo a
programmed differentiation in standard culture conditions and form multiple cell types, including vascular endothelial cells that form primitive lumenized vessels
[Doetschman et al., 1985; Risau et al., 1988; Wang et al.,
1992; Jakobsson et al., 2007b; Zeng and Bautch, 2009].
Primitive vessels form via vasculogenesis and subsequent
sprouting angiogenesis in a context similar to that of the
developing embryo and yolk sac, particularly in terms of
other cell types that provide important inductive and developmental cues, such as the underlying endoderm. This
model is especially amenable to high-resolution live imaging [Kearney et al., 2004; Chappell et al., 2009] since
the 3-dimensional vessels form in a relatively limited portion of the z-axis, somewhat like a pancake.
Alternatively, partially differentiated ES cells are cultured in a 3-dimensional collagen matrix, and developing
vessels are induced to sprout into the surrounding collagen through the addition of exogenous growth factors
[Jakobsson et al., 2006; Li et al., 2008; Chappell et al.,
2009; Jakobsson et al., 2010]. In this collagen-embedded
ES cell differentiation model, different aspects of angiogenic sprouting can be investigated by analysis of both
primary sprouts and the secondary branches that emerge
from these initial vessels. These vessels also become lumenized [Jakobsson et al., 2007a, b]. Since the vessels
sprout away from the other cell types, there is a distinct
Chappell /Wiley /Bautch
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In vitro Models of Vessel Sprouting
In vitro blood vessel sprouting assays recapitulate
many important aspects of sprout formation. These systems are limited in modeling the full range of in vivo influences on endothelial cell sprouting, including blood
flow and circulating factors. Nevertheless, this reduced
complexity can be beneficial for understanding this highly dynamic process as sprouting cells and their neighbors
can be readily visualized and easily manipulated. The fibrin bead assay is an in vitro model in which microcarrier beads are coated with endothelial cells such as human
umbilical vein endothelial cells (HUVEC) and embedded
in a fibrin matrix topped by fibroblasts that provide proangiogenic cues [Nehls and Drenckhahn, 1995; Sainson
et al., 2005; Nakatsu and Hughes, 2008]. Approximately
2–4 days after embedding, endothelial cells sprout into
the fibrin matrix, and new branches extend from these
initial vessel-like structures at 3–5 days. A similar approach has been developed using 3-dimensional collagen
matrix and endothelial cells from a variety of sources
[Goto et al., 1993; Kamei et al., 2006; Koh et al., 2008; Bayless et al., 2009]. In this assay, endothelial cells are initially configured as a monolayer on top of the collagen,
and within a day sprouts extend and branch down into
the matrix in response to proangiogenic factors.
In these models, cells can be manipulated genetically
and pharmacologically with relative ease, and live imaging by video microscopy can be complemented with
fixed-image analysis to resolve individual cells and their
behaviors [Nakatsu and Hughes, 2008; Bayless et al.,
2009]. Furthermore, the sprouting environment can be
altered by manipulating extracellular matrix (ECM)
components [Bayless and Davis, 2003] or by selectively
adding other cell types or molecules and determining
their effects on vessel formation [Nehls et al., 1994; Dietrich and Lelkes, 2006; Liu et al., 2008; Stratman et al.,
2009]. Recent studies have extended these assays further
by including fluid movement to model effects of blood
flow [Kang et al., 2008] and interstitial fluid flow on endothelial sprouting [Vickerman et al., 2008; Hernandez
Vera et al., 2009].
In addition to the strengths discussed above, these in
vitro systems also have certain limitations to be considered when interpreting observations. Important physiological features, such as mechanical inputs from tissue
deformation/expansion and blood flow, are lacking in
these models. Furthermore, given that the endothelial
cells used often come from a generic source and not necessarily from a tissue undergoing angiogenesis, essential
context-dependent cues that set up and maintain endo-

sprouting direction in this model. This model is also
amenable to live imaging although currently at a lower
resolution than is possible with vessels that form over an
endoderm layer (see above).
The mouse allantois is an embryonic tissue that can
be excised and cultured under conditions in which angiogenic expansion occurs [Drake and Fleming, 2000;
Downs et al., 2001; Crosby et al., 2005]. This extraembryonic tissue is composed largely of mesoderm and gives
rise to the chorioallantoic placenta. Primitive vessels
form in the allantois between embryonic days E6.5 and
E7.5 through vasculogenesis. Extraction is usually at
E7.5, and subsequent culture for 24–48 h supports angiogenic expansion [Argraves et al., 2002; Perryn et al.,
2008]. Since the initial stages of blood vessel formation
occur in vivo in the context of blood flow, the plexus has
normal mechanical cues prior to culture. The allantois
model is also useful for analysis of mutations that are
embryonic lethal post-E7.5, for analysis of complex genetic crosses, or for experimental conditions that prohibit in vivo analysis (i.e. reporter loci in a mutant background or during severely disrupted conditions). For example, Winderlich et al. [2009] utilized the GFP reporter
driven by the VE-cadherin promoter to dynamically visualize allantois vessel formation during pharmacological intervention.
An approach similar to the allantois culture model is
the mouse embryo culture system, in which the whole
embryo including the yolk sac is isolated between 7.5 and
12.5 dpc and cultured for 24 h or more [Megason and
Fraser, 2003; Garcia et al., 2011]. Using this platform,
sprouting events within the developing yolk sac plexus
can be observed, and the tools for observing these blood
vessels are expanding [Larina et al., 2009]. This approach
may also serve as a means to assess embryonic lethal mutations.
One feature of these models is that blood vessel sprouting can be observed with real-time and fixed imaging, as
done with in vitro models, but in the context of other
physiologically relevant cell types and genetic programs
[Kearney et al., 2004; Jakobsson et al., 2006; Chappell et
al., 2009]. For example, the current paradigm for endothelial proliferation in sprouting angiogenesis is that the
tip cell rarely divides, whereas stalk cells undergo divisions to lengthen a vessel [Gerhardt et al., 2003]. Dynamic imaging of ES cell-derived vessel sprouts, however, has
revealed that tip cells sometimes retract and subsequently divide, highlighting the importance of coupling fixedimage analysis with time-lapse observations [Chappell
and Bautch, unpubl. res.]. Furthermore, the additional

cell populations present in these models provide important molecular cues [Ng et al., 2004], as well as essential
mechanical cues [Perryn et al., 2008], that contribute to
a more faithful reconstruction of the in vivo environment.
The limitations of these models of vessel sprouting
should also be considered. A particular model may not
include all relevant cell types in a given sprouting context,
which may limit broader interpretation of the results. For
example, macrophages may contribute to guiding the
fusion between two sprouting endothelial cells [Fantin
et al., 2010], and these macrophages may not be as abundant in the in situ models as they are in vivo. These models also lack mechanical inputs associated with blood
flow. As with in vitro models, the limitations of fully recapitulating a physiological sprouting environment necessitate corroborating in situ observations with in vivo
approaches.
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In vivo Models of Vessel Sprouting
In vivo models of endothelial sprouting offer insight
into underlying mechanisms that occur in a physiological
context. These systems include the mechanical inputs
from blood flow, interstitial fluid movement, and tissue
deformation in addition to the effects from a wider range
of cell types. Moreover, the ECM composition and physical constraints imposed by the surrounding tissue may
further distinguish different in vivo sprouting environments.
Blood vessel sprouting in vivo has been investigated
using several mouse models. The developing mouse retinal vasculature has recently gained significant attention.
At birth, blood vessels emerge through the optic disc at
the base of the retina. Over 8 days (P0 to P8), these vessels
expand radially toward the outer edge of the retina, predominantly through angiogenic sprouting [Stalmans et
al., 2002; Fruttiger, 2007; Pitulescu et al., 2010]. Numerous endothelial tip cells emerge from the front of this expanding vascular network, and the filopodia from these
sprouting cells are prominent and useful indicators of endothelial cell behavior [Gerhardt et al., 2003; Suchting et
al., 2007; Chappell et al., 2009]. Strengths of the retinal
vessel model are: (1) the network does not expand extensively in the z-axis so it is ideal for confocal image analysis; (2) the vessels mature and remodel from the optic disc
outward, allowing for simultaneous analysis of different
stages of remodeling and clear demarcation of arterial vs.
venous beds; (3) the eye is accessible for intraocular injection of drugs, antibodies, and viruses, and (4) the eye is
dispensable for life so it can be dramatically locally per-

Quantification Methods in Mammalian Systems
Selecting the appropriate metrics for a given model
or analysis is essential to determine which aspects of
sprouting are perturbed by a particular experimental
manipulation. Rigorous quantification can help distinguish natural heterogeneity in morphology and behavior from differences that result from a specific genetic or
pharmacological intervention. Assessment of vessel and
100
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sprout morphology often involves both manual and automated approaches as image quality can hamper complete automation of most measurements; however, image analysis tools such as Metamorph, ImageJ, and VESGEN 2D provide resources for incorporating automated
strategies [Vickerman et al., 2009]. In the following section, we discuss several quantification methods that
have been applied to mammalian models of blood vessel
sprouting.
The vessels that develop in the in vitro bead assays
rarely interconnect unless two beads are in close proximity, and thus a highly branched plexus does not often
form. Instead, endothelial cells primarily sprout from the
beads and from initial primitive vessels extending from
the beads. The frequency of sprouting in these contexts
can be measured to assess how experimental manipulations affect sprout initiation. Sprout thickness/diameter
and sprout length quantification can provide further insight into how cells are allocated for vessel growth – i.e.
for sprouting, vessel elongation, or radial expansion. Lumen frequency and size can also be quantified. Similar
parameters can be applied to vessel sprouting from embryoid bodies imbedded in collagen as secondary sprouts
also emerge from primary vessel extensions in this model [Chappell et al., 2009; Jakobsson et al., 2010]. Both
models can be assessed for the spatial orientation of secondary sprouts relative to the primary vessel (e.g. sprout
angle) and to other sprouts (e.g. distance between sprouts)
to determine if vessel-intrinsic mechanisms are affected
[Chappell et al., 2009].
The mechanisms underlying sprout initiation and
sprout guidance share common features, but they also
have distinct requirements such as the absolute versus
relative VEGF-A levels [Gerhardt et al., 2003] and the
proper spatial distribution of certain molecules such as
Flt-1 [Chappell et al., 2009]. Overall vessel branching
morphology results from the proper regulation of many
cellular behaviors. Thus, quantifying vessel branching
may reveal if one or more of these behaviors of vessel
sprouting is defective and suggest additional measurements to complement initial observations.
The branching density of vessels derived from ES cells
can be determined by measuring vessel branch points
normalized to vessel length. The spacing between sprouts/
branches, the sprout angle relative to the parent vessel,
and the number and angle of filopodia relative to the
sprout axis are quantified to assess the degree to which a
sprout is guided by local cues and is able to extend efficiently away from the parent vessel [Chappell et al., 2009].
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turbed without lethality. Limitations are: (1) the vessels
migrate outward over a network of astrocytes, so perturbations to this underlying astrocyte network can perturb
vessel patterning, and (2) retinal vessels do not survive for
significant periods of time ex vivo [Sawamiphak et al.,
2010a, b], making live imaging difficult [C. Lee and VL
Bautch, unpubl. res.]. Vessel sprouting and filopodial extensions from tip cells have been observed in mouse embryonic tissues as well, including the hindbrain [Ruhrberg et al., 2002; Gerhardt et al., 2004; Suchting et al.,
2007; Fantin et al., 2010] and skin [Benedito et al., 2009]
[Heinz and Bautch, unpubl. res.]. These sites are useful if
embryonic lethality is an issue, and they provide an alternative to the retina; however, they are more difficult to
access and image than the retina.
Rat models, e.g. the rat mesentery model, have also
been developed for observing in vivo vascular sprouting.
Following an inflammatory insult or exposure to proangiogenic factors, extensive angiogenic sprouting occurs
across the mesenteric connective tissue [Anderson et al.,
2004; Benest et al., 2008]. This thin tissue is amenable to
confocal microscopy, comparable to the retina tissue, but
the limited genetic tools available in the rat have prevented wider usage.
Angiogenic sprouting is an important aspect in a
number of pathological conditions. Tumors secrete large
amounts of angiogenic factors, including VEGF-A, to
stimulate the in-growth and expansion of blood vessels,
and thus many solid tumor models contain observable
sprouting events. These sprouts experience aberrant
VEGF and Notch-Delta signaling [Patel et al., 2005; Ridgway et al., 2006], which results in morphological defects
such as perturbed deposition of basement membrane
around vessel sprouts [Baluk et al., 2003]. Vessel sprout
density and morphology observations complement tumor size and vascularity metrics to assess the effects of
drug and gene treatments on vessel formation [Morikawa
et al., 2002; Baluk et al., 2003; Ocak et al., 2007; Hashizume et al., 2010]. However, the 3-dimensional nature of
most tumors presents a challenge for high-resolution imaging of tumor vessels.

Sprout Initiation
Tip cell specification is important in the expansion of
various tubular networks (fig. 1, stage I). Although the
initial specification of an endothelial tip cell from a group
of ‘naïve’ cells in a vessel is poorly understood, it may occur via competition. During Drosophila trachea formation, epithelial cells compete for the lead position of extending tracheal branches [Ghabrial and Krasnow, 2006].
A tip cell becomes specialized to lead the nascent branch
by increased fibroblast growth factor (FGF) receptor
(Breathless) activation and by lateral inhibition of trailing

cells through Notch signaling. The tracheal tip cell uses
numerous filopodia to sense environmental cues such as
FGF (Branchless) and direct sprout extension [Ribeiro et
al., 2002]. The growth cones of axons also interpret environmental spatial cues using filopodia [Kater and Rehder,
1995].
Once a vessel sprout forms, endothelial cells appear to
compete similarly to take the lead position based on responsiveness to VEGF-A, a potent regulator of angiogenic sprouting [Jakobsson et al., 2010]. The VEGF tyrosine
kinase receptor Flk-1 (VEGFR2) positively regulates endothelial migration, while the VEGF receptor Flt-1 (VEGFR1) acts primarily as a ligand sink [Kendall and Thomas, 1993]. Thus cells with high Flk-1 or low Flt-1 levels
assume the tip cell position more frequently [Jakobsson
et al., 2010], and the levels of these receptors are also regulated in part by Notch signaling (fig. 3) [Henderson et
al., 2001; Holderfield et al., 2006; Suchting et al., 2007;
Harrington et al., 2008; Phng et al., 2009; Funahashi et
al., 2010; Jakobsson et al., 2010].
In addition to regulating VEGF receptor levels, the
Notch pathway also modulates tip/stalk cell dynamics
through lateral inhibition. The Notch signaling pathway
involves 4 Notch receptors, Notch1–4, and the 5 ligands:
Delta-like 1 (Dll1), Dll3, Dll4, and Jagged-1 (Jag-1) and
Jag-2. Because these receptors and ligands are transmembrane proteins, signaling requires cells to be in close
proximity. The Notch intracellular domain (NICD) is released from the cell membrane through proteolytic cleavage following the binding of a Notch receptor by a ligand
on an adjacent cell. Downstream transcription targets are
activated after this NICD translocates into the nucleus
and forms an activating complex. When an endothelial
cell expresses higher levels of Notch ligands than neighboring cells, adjacent endothelial cells experience increased Notch signaling which increases Flt-1 expression
and prevents adoption of the tip cell phenotype.
Recent observations suggest that lateral inhibition facilitates tip cell specification at the outset of sprouting
angiogenesis because VEGF-A induces Dll4 expression
in endothelial cells that will adopt a tip cell phenotype
(fig. 3) [Liu et al., 2003; Lobov et al., 2007; Suchting et al.,
2007]. Additionally, endothelial cells deficient in Notch1
activity preferentially assume the tip cell position in mice
[Hellstrom et al., 2007], while zebrafish endothelial cells
overexpressing the NICD rarely have tip cell characteristics [Siekmann and Lawson, 2007]. Inhibiting Notch signaling by blocking the cleavage of NICD (i.e. via treatment with ␥-secretase inhibitors such as DAPT) induces
excessive tip cell specification in zebrafish and in mice
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Mechanisms of Blood Vessel Sprouting

Blood vessels sprout in response to exogenous factors
secreted by tissues requiring an increased vascular supply. The heterogeneous response of endothelial cells to
these stimuli results in the organization and specialization of cells for particular functions. An endothelial ‘tip’
cell, for example, is selected to sprout outward from the
parent vessel and lead the extending sprout to a target
vessel or sprout for fusion and subsequent lumen formation. The following sections describe processes involved
in blood vessel sprouting and their contribution to the
expansion and patterning of the blood vasculature.
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Several in vitro and in situ sprouting assays are observable via live imaging. Therefore, the element of time
can be included in the overall assessment of vessel sprouting. The rate and frequency of sprout formation, the
speed of sprout migration, or changes in sprout directionality over time are measurable, and these measurements can contribute to an enhanced description of how
sprouting is affected by experimental perturbations
[Roberts et al., 2004; Chappell et al., 2009; Jakobsson et
al., 2010].
In the developing retinal vasculature, assessing vessel
density via branch point quantification is essential for
determining differences between experimental groups
as there is heterogeneity in vessel density even within one
retina [Pitulescu et al., 2010]. Other metrics that quantify vessel perturbations include enumeration of tip cells
extending from the vascular front, and filopodia number
per tip cell and per vessel length [Hellstrom et al., 2007].
The angle and length of filopodia relative to the tip cell/
sprout and distance between sprouts can be measured to
indicate changes in the spatial information guiding tip
cell migration [Suchting et al., 2007; Chappell et al.,
2009].
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Fig. 3. Molecular regulation of blood vessel sprouting. The VEGFA ligand (green diamonds) binds the Flk-1 receptor (orange Y) on
the tip cell, increasing Dll4 expression. The Dll4 ligand engages
the Notch receptor on the neighboring lateral base cells and promotes cleavage of the NICD. Translocation of the NICD into the
nucleus increases expression of downstream genes including Hey
and Hes family genes, which may then decrease Flk-1 and Nrp-1
expression and increase expression of Flt-1 (blue Ys).

2004; Lu et al., 2004; Hellstrom et al., 2007; Siekmann and
Lawson, 2007; del Toro et al., 2010; Strasser et al., 2010].
Thus, both expression patterns and morphological features such as lack of a lumen and extension of numerous
long filopodia are used to distinguish tip cells in fixed images. Overall, tip cell specification is essential for sprout
initiation and vascular branch formation.
Sprout Guidance
The role for VEGF-A as a guidance cue for endothelial sprouts has been well established [Gerhardt, 2008].
The three predominant VEGF-A isoforms, generated via
alternative splicing, vary in their binding affinities for the
ECM due to the presence or absence of heparin-binding
domains [Tischer et al., 1991]. Proper spatial distribution
of VEGF-A depends on variable ECM affinity, and genetic perturbation of VEGF-A isoforms disrupts vessel
patterning [Ruhrberg et al., 2002; Stalmans et al., 2002].
We recently identified a mechanism by which soluble Flt1 (sFlt1) expressed by endothelial cells adjacent to an
emerging sprout provide additional refinement of nearChappell /Wiley /Bautch
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[Hellstrom et al., 2007; Leslie et al., 2007]. Genetic disruptions of Dll4 in zebrafish and mice phenocopy defects
seen in developing blood vessels treated with ␥-secretase
inhibitors. Morpholinos against the Notch pathway components Dll4 [Siekmann and Lawson, 2007], notch1b
[Leslie et al., 2007], and recombining binding protein
suppressor of hairless (Rbpja) [Siekmann and Lawson,
2007] cause hyperbranching in zebrafish. Interestingly,
genetic manipulation of endothelial Notch1 expression in
mice does not always yield a sprouting phenotype [Limbourg et al., 2005; Krebs et al., 2010], suggesting that
Notch regulation of sprouting is context dependent. Nevertheless, recent data supports a role for Notch signaling
in regulating vessel sprouting by inhibiting tip cell specification.
Several angiogenic factors are also transcriptionally
regulated by the Notch pathway [Siekmann et al., 2008],
which likely contributes to tip cell specification or maintenance (fig. 3). For instance, Notch negatively regulates
expression of the VEGF-A coreceptor Neuropilin-1
(Nrp-1) [Williams et al., 2006]. Tip cells also express high
levels of Flt-4 (VEGFR3), and Notch inhibition upregulates Flt-4 expression and tip cell formation, which can
be partially rescued with Flt-4 neutralizing antibodies
[Siekmann and Lawson, 2007; Tammela et al., 2008]. Interestingly, increased Notch signaling via introduction
of constitutively active constructs also upregulates Flt-4
expression and perturbs vessel formation [Shawber et al.,
2007]. These apparent discrepancies may depend on tissue-specific requirements for the VEGF and Notch pathways. As stated briefly above, Flk-1 is negatively regulated by Notch signaling [Henderson et al., 2001; Holderfield et al., 2006], while Flt-1 is positively regulated
(fig. 3) [Harrington et al., 2008; Funahashi et al., 2010].
Since Flt-1 modulates Flk-1 activation by VEGF [Roberts
et al., 2004; Kappas et al., 2008], increased expression of
Flt-1 by stalk cells dampens VEGF responsiveness and
limits their capacity to sprout [Chappell et al., 2009; Jakobsson et al., 2010]. Thus, tip cell selection appears to
be modulated through Notch regulation of multiple angiogenic factors.
Live imaging of angiogenic sprouts suggests that Notchmediated lateral inhibition and in turn the occupancy of
the lead position are highly dynamic [Jakobsson et al.,
2010]. This can hamper clear identification of tip cells, and
expression of relevant markers shows small differences
relative to neighboring cells in fixed images. Some markers expressed by tip cells include apelin, CXCR4, Dll4, Flk1, Flt-4, platelet-derived growth factor (PDGF)-b, and
UNC5b [Gerhardt et al., 2003; Claxton and Fruttiger,

unknown, however, exactly how a vessel sprout determines its target for fusion.
For blood to begin flowing through a new vessel
branch, a connected sprout must ultimately acquire a
functional lumen (fig. 1, stage IV) [Iruela-Arispe and Davis, 2009]. Recent studies indicate that the mechanisms
involved in lumenization are context dependent. Tip cells
in mouse retinal vessels do not have lumens in general,
but the cell immediately behind the tip cell usually contains a patent lumen [Gerhardt et al., 2003]. In the developing mouse aorta, the lumen expands through orchestrated endothelial cell shape changes following changes
in their polarity [Strilic et al., 2009]. Furthermore, the
negative charge on apical surface glycoproteins generates
electrostatic repulsion that helps force apart adjacent endothelial cells, and luminal expansion is disrupted by loss
of this negative charge [Strilic et al., 2010]. In contrast,
fusion of intracellular and intercellular vacuoles between
and perhaps within endothelial cells is thought to result
in lumen formation in vessels formed in the zebrafish
trunk and in vitro 3-dimensional collagen gels [Kamei et
al., 2006; Blum et al., 2008]. These studies provide insight
into the possible mechanisms governing lumen formation, yet our understanding of these processes is incomplete, particularly with respect to polarity cues in the endothelium and their role in lumen formation.

Conclusions and Perspectives

Sprout Maturation
A sprouting vessel transitions into a functional vascular branch by fusing with a target sprout/vessel, developing a lumen, and becoming stable and quiescent (fig. 1,
stages IV and V). Recent in vivo and computational evidence suggests that tip cell filopodia from approaching
sprouts interact to initiate junction formation [Bentley et
al., 2009]. These cells likely increase cell-cell junctions to
maintain and reinforce their initial connection [Dorrell
et al., 2002; Almagro et al., 2010]. Without junction reinforcement, cells may continue seeking another target, or
they may ultimately retract. Embryonic macrophages
may also facilitate sprout fusion in some contexts by
bridging sprouts to their potential target [Fantin et al.,
2010]. Thus, tip cell filopodia interactions initiate and reinforce of cell-cell contacts and sprout fusion. It remains

The last 5–10 years have refined our understanding of
how blood vessels regulate sprouting and sprout fusion to
form new networks. Numerous in vitro, in situ, and in
vivo models that are genetically tractable allow for precise
determination of mechanisms and pathways involved in
sprout regulation. Since there are strong spatial and temporal components to the regulation of sprouting angiogenesis, the advent of models that allow for high-resolution confocal image analysis and live imaging have been
critical to advancing our knowledge. Finally, our ability
to rigorously measure and quantify aspects of vessel
sprouting allows for more precise determination of subtle
but real effects from normal heterogeneity in these processes. The advent of quantitative measures also permits
better integration of experimental and computational
models that are contributing to our knowledge of how
angiogenesis is regulated [Bentley et al., 2008; Mac Gabhann and Popel, 2008; Merks et al., 2008; Peirce, 2008].
The concept that different stages of sprouting exist and
may utilize different regulatory mechanisms should help
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field VEGF-A gradients (fig. 3) [Chappell et al., 2009]. In
this way, a more directed VEGF-A gradient is created to
guide outward sprouting (fig. 1, stage II), and this guidance is compromised when these lateral base cells do not
express sFlt-1. Additional reinforcement of local VEGF-A
gradients may occur through the release of VEGF-A directly from endothelial cells [Lee et al., 2007; da Silva et
al., 2010] or from proteolytic cleavage of the ECM [Helm
et al., 2005; Vempati et al., 2010]. Alternatively, ECM retention of VEGF-A likely guides sprouting and promotes
branch formation [Lee et al., 2005; Chen et al., 2010].
Thus, endothelial sprout guidance depends on various
mechanisms that regulate spatial VEGF-A presentation.
Tip cell filopodia contain Flk-1 for sensing the VEGFA gradients described above (fig. 1, stage III) [Gerhardt et
al., 2003]. In addition, integrins on these filopodia bind
ECM components, facilitating migration along the matrix [Hynes, 2002; Anderson et al., 2004]. In certain contexts, vessel sprouts also interact with other cell types in
the vicinity of sprouting, such as zebrafish intersegmental vessels and adjacent somites [Lawson and Weinstein,
2002; Isogai et al., 2003] and mouse retinal endothelium
and underlying astrocytes [Dorrell et al., 2002; Gerhardt
et al., 2003]. Sprout guidance from these cell-cell interactions often includes attractive-repulsive cues that have
been adapted from the axonal guidance system [Carmeliet and Tessier-Lavigne, 2005; Adams and Eichmann,
2010] such as UNC5b interactions with netrin [Lu et al.,
2004] and robo4 [Koch et al., 2011], or Nrp-1 with VEGFA [Gerhardt et al., 2004; Jones et al., 2008]. A nascent
spout must therefore integrate guidance information
from soluble cues, ECM elements, and other cells for
proper outward migration.

refine even further the important unresolved issues in
sprouting angiogenesis. Expanded insight into vessel
sprouting will in turn guide treatment of pathological
blood vessel formation by suggesting signaling pathways
to target for limiting vessel growth [You et al., 2011], and
it will contribute to the optimization of bioengineering
strategies for tissue revascularization [Leslie-Barbick et
al., 2011].
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