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Abstract
Blood vessels, either in insufficient numbers or in excess, contribute to the pathogenesis of many
diseases. Agents that stimulate angiogenesis can improve blood flow in patients with ischemic
diseases, whereas anti-angiogenic agents are used to treat disorders ranging from macular
degeneration to cancer. In this review I describe in vitro assays that can be used to assess the activity
of agents that affect angiogenesis. Means of quantifying endothelial cell matrix degradation,
migration, proliferation, apoptosis and morphogenesis are discussed, as are embryoid body, aortic
ring and metatarsal assays of vessel outgrowth. Strengths and limitations of these techniques are also
addressed.
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Introduction
Development of new blood vessels occurs during embryonic development and during normal
and pathologic periods of tissue growth. New vessels can form via two distinct processes,
namely vasculogenesis and angiogenesis. Vasculogenesis, which involves the differentiation
of vascular cells from undifferentiated precursors, forms the initial vascular network during
early embryonic development and contributes to the vascularization of some tissues. Postnatal
vascular development, too, may involve vasculogenesis, as cells derived from bone marrow
have been shown to incorporate into the endothelium of new vessels in adults (reviewed in
Ribatti et al., 2001).

Angiogenesis is the formation of new vessels from a pre-existing vascular network. This
process is responsible for most vascularization in the embryo and growing tissues, as well as
in the ovarian and uterine cycles, tissue repair, and disorders such as cancer, rheumatoid
arthritis, and various retinopathies. Angiogenesis involves a variety of coordinated events,
including degradation of the extracellular matrix surround the parent vessel, migration and
proliferation of the endothelial cells and mural cells to assemble the new vessel, lumen
formation, and construction of the mural cell layer of the vessel wall with associated pericytes
and/or smooth muscle cells (reviewed in Carmeliet, 2000).
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Either insufficient vascularization or excessive vessel formation can contribute to disease
pathogenesis. Therapeutic strategies may therefore be designed to enhance or decrease vessel
growth. Angiogenic agents have been used to treat ischemic disorders such as peripheral
vascular disease and coronary artery disease (reviewed in Khan et al., 2003; Zhou et al.,
2007). Anti-angiogenic agents have been used as treatments for cancer, diabetic retinopathy,
macular degeneration, psoriasis and other diseases (reviewed in Liekens et al., 2001; Quesada
et al., 2006).

Angiogenic and antiangiogenic activities can be assessed using both in vitro and in vivo assays.
In vivo assays may better mimic angiogenesis as it occurs in normal and pathologic states, but
in vitro assays offer several critical advantages over their in vivo counterparts. In vitro assays
allow identification of direct effects on endothelial cell function, whereas in vivo assays involve
multiple cell types and potential metabolic processing of the agent, complicating analysis of
the agent's mechanism of action. In vitro assays allow analysis of isolated processes that
contribute to angiogenesis whereas in vivo assays model angiogenesis as a whole. In vitro
assays allow analysis of variables such as matrix components in isolation; tissue effects and
other complexities of environment contribute to angiogenesis in vivo. In vitro assays do not
require the technical expertise in animal handling required for in vivo assays. In vitro assays
are typically less expensive than in vivo assays, and may be adapted for large-scale screening.
Many in vitro angiogenesis assays can be more easily quantified than vessel outgrowth in vivo,
and for some assays this quantification can be automated. Finally, in vitro assays allow genetic
manipulation of the endothelial cells by transfection or adenoviral infection, as well as
utilization of cells and tissue from transgenic mice for stem cell and organ culture assays.

In this review I discuss in vitro techniques used to assess various aspects of angiogenesis,
suitable for analysis of both angiogenic and anti-angiogenic effects. Due to constraints of space,
only selected in vitro angiogenesis assays are described; descriptions of additional assays can
be found in the following excellent reviews: (Auerbach et al., 2000; Auerbach et al., 2003;
Eccles et al., 2005; Entschladen et al., 2005; Huerta et al., 2007; Renvoizé et al., 1998; Staton
et al., 2004; Vailhé et al., 2001).

Assessment of endothelial cell functions relating to angiogenesis
Endothelial cells are the primary constituents of new vessels, and many endothelial cell
functions are required for angiogenesis, including matrix degradation, migration, proliferation,
and morphogenesis (Figure 1). Numerous techniques are used to assess these functions in
endothelial cells (Table 1). The endothelial cell culture assays described below are generally
quick to conduct and easy to interpret, involve well-controlled conditions, and allow
assessment of both angiogenic and anti-angiogenic effects.

Matrix degradation
Vessel sprouting requires degradation of both the laminin-rich basement membrane
surrounding the endothelial cells and proteolysis of the collagen-rich extracellular matrix of
the surrounding connective tissue. Matrix degradation can facilitate angiogenesis by activating
angiogenic proteins or releasing matrix- or membrane-bound growth factors. This process can
also release anti-angiogenic matrix fragments, including endostatin, angiostatin and tumstatin.
Families of proteases responsible for matrix degradation during angiogenesis include matrix
metalloproteinases (MMPs), other metalloproteinases, cysteine cathepsins, serine proteases
and aminopeptidases (reviewed in Davis and Senger, 2005; Pepper, 2001; Rundhaug, 2005;
van Hinsbergh et al., 2006). Of these, the MMPs are most frequently assessed as contributors
to angiogenesis.
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Some MMPs are secreted extracellularly, frequently in an inactive form, whereas others are
tethered to the endothelial cell surface. Membrane-tethered MMPs (MT-MMPs) and secreted
MMP zymogens must be activated by intracellular or secreted proteases. Upon activation
MMPs digest matrix components such as collagen, fibrin, laminin and fibronectin (reviewed
in Rundhaug, 2005; van Hinsbergh et al., 2006). Since MMPs and other proteases are required
for both tumor invasion and angiogenesis (reviewed in Eccles, 2004), many inhibitors of these
enzymes have been tested as anti-cancer agents (reviewed in Egeblad and Werb, 2002; Liekens
et al., 2001; Mannello et al., 2005; Overall and Lopez-Otin, 2002).

MMP activity can be assessed using zymogen assays or matrix invasion assays. In a zymogen
assay, an MMP substrate such as collagen, fibrinogen or gelatin is co-polymerized with
polyacrylamide in an SDS-PAGE gel. Supernatants or lysates from treated endothelial cells
are electrophoresed through the gel, followed by incubation in non-denaturing conditions to
permit proteolysis. When zymogen gels are stained with a dye such as Coomassie blue, the
hydrolyzed area appears transparent (reviewed in Lombard et al., 2005). The gel zymogen
technique is inexpensive and provides information about the identities and relative levels of
MMPs. This technique is time-consuming, however, and has not been adapted for large-scale
screening.

Zymogen assays can also be conducted by incubating cells, lysates or conditioned medium
with biotin-linked or fluorescence-linked matrix components. When endothelial cells are
incubated on a matrix component linked to a fluorescent dye, MMP activity is observed as
non-fluorescent areas of the substrate. Stimulation or inhibition of MMP activity can be
observed using this technique (Gálvez et al., 2001). Large-scale screening of MMP stimulators
or inhibitors can be conducted by adding cell lysates or conditioned medium to biotin-
conjugated gelatin or to fluorescent dye-conjugated MMP substrates in 96-well plates (Bickett
et al., 1993; Menges et al., 1997; Ratnikov et al., 2000). Although these zymogen techniques
allow much faster and larger-scale analysis of MMP activity, they do not allow analysis of
active vs. inactive MMPs or visualization of their relative levels of expression. Identification
of the exact MMPs involved can be difficult with these assays, since multiple MMPs may
degrade a single substrate, and non-MMP proteolytic enzymes can contribute to matrix-
digesting activity.

Endothelial cells plated on collagen or fibrin gels containing migratory factors invade the gel
and form lumen-containing tubes, processes that can be inhibited by addition of endogenous
or pharmacologic MMP inhibitors (Bayless and Davis, 2003; Davis and Saunders, 2006); these
invasion assays are described in greater detail below. Interestingly, certain MMPs cause vessel
regression rather than angiogenesis in this in vitro model (Davis et al., 2001; Saunders et al.,
2005), highlighting the importance of identifying MMPs affected by potential therapeutic
agents.

Migration
Following matrix degradation, endothelial cells migrate into the surrounding tissue in response
to angiogenic chemokines. Growth factors can contribute to endothelial cell motility by causing
random cell movement (chemokinesis) or directed migration toward a stimulatory factor
(chemotaxis). Cell motility is of particular interest in the design of anti-cancer therapeutics, as
cell migration is required for both tumor invasion and tumor angiogenesis (reviewed in Eccles,
2004). Assays that allow measurement of endothelial cell motility in response to added factors
include the scrape wound assay, transwell assay and under-agarose assay.

In the scrape wound or scratch wound assay, endothelial cells are grown to confluence and a
wound is introduced by clearing an area of the monolayer using a pipet tip, needle or cell
scraper. Cell filling of the cleared space initially occurs by migration, though cells in the cleared
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area will eventually also proliferate (Lampugnani, 1999). Since some growth factors stimulate
both migration and proliferation, migration can be specifically addressed by adding anti-
proliferative agents to the culture medium. Quantification can involve measuring the distance
moved by the endothelial cells, the area covered by the endothelial cells, or the amount of time
required to close the wound area. This assay can be adapted for large-scale screening (Yarrow
et al., 2004), and multiple time points can be assessed using the same wells. Disadvantages
include the difficulty of creating scraped areas of equal size and with even boundaries,
variability between wells or experiments due to variations in degree of initial confluence, and
difficulty of quantification. This assay is a measure of cell motility, but does not address
whether a treatment causes chemokinesis or chemotaxis.

The transwell assay is more easily quantified than the scrape wound assay. The use of porous
filters to assess migration was first described by Stephen Boyden, who examined chemotaxis
of immune cells (Boyden, 1962). The transwell assay is therefore also known as the Boyden
chamber assay, or modified Boyden chamber assay. With this technique, endothelial cells are
plated on one side of a porous membrane, and a solution containing the potential migratory
factor is placed on the opposite side of the membrane from the cells. For endothelial cells, a
pore size of 3 μm is most appropriate, and the membrane is coated with fibronectin or collagen
prior to plating the cells to facilitate adherence (reviewed in Eccles et al., 2005). After an
incubation period of 3-18 hr, the migrated cells are stained and counted (Figure 2A). Since the
concentrations of the angiogenic or angiogenic agent quickly normalize between the upper and
lower chambers, movement of the cells may occur in response to chemokinesis rather than
directed migration. A checkerboard series of conditions can be tested, should investigators
wish to determine if increased motility is caused by chemotaxis or chemokinesis (Zigmond
and Hirsch, 1973). Traditionally the migrated cells have been counted manually following
removal of the non-migrated cells from the upper surface of the membrane, since automated
counting techniques do not easily differentiate between the membrane pores and the migrated
cells. Newer fluorescent staining techniques and light-blocking membranes permit automated
cell counting, however (reviewed in Eccles et al., 2005). Advantages of the transwell technique
include the sensitivity of the assay to low levels of chemotactic factors (Kreutzer et al., 1978)
and the high degree of reproducibility relative to other migration assays. Disadvantages include
the high cost of the membranes and the fact that migration is usually only assessed for a fraction
of the total membrane surface.

A migration assay that allows measurement of directed migration as opposed to chemokinesis
is the under-agarose assay. In this assay, agarose gels are prepared in tissue culture plates, then
two wells are punched into the gels, leaving 2 mm of agarose between them (Heit and Kubes,
2003; Nelson et al., 1975). Endothelial cells are plated into one well, and the potential migratory
factor is added to the other well (Hoying and Williams, 1996). Migration is defined as the
distance moved by the endothelial cells in the direction of the stimulus (chemotaxis), relative
to the distance moved by endothelial cells on the opposite side of the well (chemokinesis). The
under-agarose assay is inexpensive and allows clear differentiation between chemokinesis and
directed migration, but it is less sensitive than the transwell assay (Kreutzer et al., 1978),
difficult to quantify, and not suited to large-scale analysis. This assay has also been used to
examine endothelial cell recruitment of mural cells (Hirschi et al., 1999; Kashiwagi et al.,
2005), an important component of vessel maturation.

Proliferation
Endothelial cell proliferation, combined with increased survival, supplies the cells that make
up a new vessel. Effects of angiogenic and anti-angiogenic factors on proliferation can be
measured by direct cell counts, quantification of DNA synthesis, or assessment of metabolic
activity. Proliferation assays can be used to measure angiogenic activity when low-serum or
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low-growth factor conditions are used, or anti-angiogenic activity when the culture medium
contains normal levels of serum and/or growth factors.

The most-simple means of assessing cell number involves directly counting cells following
treatment with angiogenic or anti-angiogenic factors (Figure 2B). Viable cells can be stained
with trypan blue and counted with a hemocytometer, or trypsinized and counted with a Coulter
particle counter. Although direct cell counts are simple and inexpensive, this technique does
not indicate whether changes in cell number are caused by alterations in proliferation, apoptosis
or both.

Mitotic cell division can be assessed by measuring labeled reagents incorporated during DNA
synthesis. In the thymidine incorporation assay, levels of tritiated thymidine incorporated into
newly synthesized DNA are measured using a scintillation counter. In BrdU assays,
bromodeoxyuridine, a pyrimidine analog, is incorporated during DNA synthesis and assessed
using immunohistochemistry; this assay yields results similar to those of thymidine
incorporation (Messele et al., 2000). The key advantage of the BrdU assay over thymidine
incorporation is that radioactivity is not required. The immunohistochemical techniques
required for BrdU detection may be time-consuming, however, and quantification more
difficult.

The MTT assay measures activity of mitochondria as a means of assessing numbers of living
cells. Active mitochondria convert the yellow substrate 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan, a purple product. This colorimetric change
can be quantified using spectrophotometry and correlated with cell number (Denizot and Lang,
1986). The MTT assay is well-suited to large-scale screening, but since some agents affect
MTT processing without affecting endothelial cell viability (Ahmad et al., 2006; Trevisi et al.,
2006), MTT assay results should be confirmed using an alternate measure of cell proliferation.

Survival
Many angiogenic factors increase endothelial cell number by enhancing both proliferation and
survival. Cell death in response to toxic stimuli can occur by necrosis, a passive response, or
by apoptosis, which is programmed cell death. During apoptosis, extrinsic or intrinsic signals
activate caspases 3, 6 and 7, which in turn induce the DNA fragmentation, DNA budding and
chromatin condensation characteristic of programmed cell death (reviewed in Saraste and
Pulkki, 2000). Endothelial cell apoptosis can be induced by serum starvation in vitro, whereas
normal cell culture conditions are used when assessing apoptotic effects of anti-angiogenic
factors. Two commonly used techniques for assessing endothelial cell apoptosis are TUNEL
and annexin V assays.

Terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) measures DNA
fragmentation. In TUNEL, terminal deoxynucleotide transferase binds to the 3′-OH region of
fragmented DNA, then incorporates a fluorescent dye. Labeled cells can be identified by
microscopy or flow cytometric analysis, and the number of apoptotic cells relative to the
number of total cells calculated. Since TUNEL labels both necrotic and apoptotic cells (Grasl-
Kraupp et al., 1995), however, cells should be visually examined or an alternate apoptosis
technique used to confirm that cell death is due to apoptosis.

During early apoptosis, the cell membrane component phosphatidylserine is translocated from
the inner surface to the outer surface of the membrane (reviewed in Saraste and Pulkki,
2000). Annexin V is a protein that binds to phosphatidylserine with high affinity (Martin et
al., 1995); fluorescence-conjugated annexin V can therefore be used to identify apoptotic cells,
either by microscopy or flow cytometry. Like TUNEL, annexin V may label necrotic cells in

Goodwin Page 5

Microvasc Res. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



addition to apoptotic cells. These processes can be differentiated by staining the cells with
propidium iodide, which labels necrotic cells but not apoptotic cells (Vermes et al., 1995).

Morphogenesis
Angiogenesis requires the assembly of endothelial cells into vessel tubes. The tube formation
stage of angiogenesis can be modeled in vitro by plating endothelial cells with extracellular
matrix components. Morphogenesis assays utilize substrates such as Matrigel or type I
collagen, and endothelial cells may be plated on, in or between these substrates.

The most widely used assay for endothelial cell morphogenesis involves plating human
umbilical vein endothelial cells (HUVEC) on Matrigel, an extracellular matrix isolated from
Engelbreth-Holm-Swarm mouse sarcoma cells. HUVEC plated on Matrigel at low densities
form a network of branching structures that is typically maintained for 12-24 hr (Kubota et al.,
1988). Wells are photographed and morphogenesis quantified by measuring the length or area
of capillary-like structures (CLS) per unit area. The CLS mostly form in a two-dimensional
plane (Figure 3A), facilitating photography. This assay can be conducted in a short time period,
is easy to set up, and can be established and quantified in 96-well plates. It should be noted,
however, that Matrigel is a tumor endothelial cell matrix, and is consequently rich in angiogenic
growth factors. Indeed, CLS formation is not stimulated above baseline by the potent
angiogenic factor VEGF when HUVEC are plated on regular Matrigel (Donovan et al.,
2001). Growth factor-reduced preparations of Matrigel are not free of endogenous growth
factors, but do permit stimulation of CLS formation above baseline (Donovan et al., 2001).
Further limitations include the observation that while at least some of the CLS on Matrigel
contain lumens (Kubota et al., 1988), many of the extensions between endothelial cells
resemble cords or cell processes more than tubes (Figure 3A). Finally, it should be noted that
other cell types, including fibroblasts and cancer cells, also form networks on Matrigel
(Donovan et al., 2001). Due to the high baseline levels of morphogenesis with this assay, results
are most striking when antiangiogenic agents are used, though stimulatory effects can also be
measured.

CLS have a more uniform diameter when endothelial cells are plated within an extracellular
matrix substrate. HUVEC suspended in gels containing rat tail collagen at 3.75-5.0 μg/ml form
lumen-containing CLS within 24 hr, structures that are maintained over several days (Davis
and Camarillo, 1996; Kamei et al., 2006; Salazar et al., 1999). Similar morphogenesis is
observed with bovine aortic and microvascular endothelial cells plated in gels of diluted
Matrigel or type I collagen (Stitt et al., 2005; A.G. and Tony Walshe, unpublished
observations). Quantification of the structures in thick gels requires sectioning of the gel or
photography at multiple focal planes, since the tubes form in three dimension; three-
dimensional assessment can also be done using confocal analysis or two-photon imaging. Tube
organization in two dimensions can be maximized by plating a 25-100 μl drop of the cell-matrix
mixture on tissue culture plastic (Figure 3B; Davis and Camarillo, 1996; A.G. and Tony
Walshe, unpublished observations). Suspension of endothelial cells within a gel is technically
more complicated than plating of HUVEC on Matrigel, but the CLS in gel suspension assays
form in more-dense networks, and non-HUVEC endothelial cells readily form CLS in these
assays. Endothelial tube formation within matrix has been used to show both angiogenic and
anti-angiogenic effects (Figure 3B; Saunders et al., 2006).

A third means of producing endothelial cell tubes in vivo is the collagen sandwich assay,
developed by Montesano and others. In this assay a collagen gel is plated and allowed to
solidify. Endothelial cells are plated at subconfluence onto the gel and allowed to adhere before
being covered with a second layer of collagen (Montesano et al., 1983). CLS form within
several days of culture with HUVEC (Ashikari-Hada et al., 2005), bovine adrenal cortex
endothelial cells (Montesano et al., 1983), bovine carotid endothelial cells (Kanayasu et al.,
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1989) or bovine retinal epithelial cells (Ramsauer and D'Amore, 2007). The surrounding of
cells by collagen more accurately reflects the in vivo environment than does plating cells on
collagen, and the CLS formed with this assay are maintained for many days. The CLS form
primarily in two dimensions, which facilitates photography, but the assay setup is time-
consuming and some invasive vessel growth does occur in three dimensions. This assay is
particularly well-suited for stimulation of angiogenesis, as exogenous growth factors are
needed for formation of extensive CLS networks.

Assessment of sprouting angiogenesis using endothelial cell cultures
The morphogenesis assays described above involve CLS formation from endothelial cells
present at subconfluent levels atop or within extracellular matrix components. Angiogenesis
in vivo, however, involves sprouting from confluent endothelium in the pre-existing vessel.
Several in vitro assays have been developed to model formation of vessel sprouts from
confluent endothelial cell monolayers.

Cells grown to confluence on collagen gels or fibrin gels can be induced to invade the matrix
and form lumen-containing tubes in response to factors such as PMA, bFGF and VEGF (Davis
et al., 2000; Montesano and Orci, 1985; Montesano and Orci, 1987; Montesano et al., 1986;
Pepper et al., 1990), a response that can be inhibited by TGF-β (Pepper et al., 1990). Sprouting
is assessed by sectioning the gels or by photographing intact cultures. Observation of sprouting
with phase microscopy can be facilitated by plating thin gels onto miroscope slides (Davis et
al., 2000). The invading sprouts have lumens and more closely resemble capillaries in vivo
than do the CLS generated by culturing cells on extracellular matrix. Quantification can be
difficult, as vessels grow in three dimensions, but sectioning and microscopy techniques can
be used for three-dimensional analysis.

In another technique for modeling sprouting angiogenesis, endothelial cells are grown to
confluence on microbeads, which are then embedded into fibrin gels. Endothelial sprouts in
bovine pulmonary artery endothelial cell cultures treated with angiogenic factors are observed
within 3 days of culture, and factors that induce sprouting can be distinguished from those that
simply induce migration (Nehls and Drenckhahn, 1995). Adrenal cortex-derived endothelial
cells, too, have been used to assess angiogenic agents in this assay (Koblizek et al., 1998).
Vessel outgrowth can clearly be seen in phase micrographic images with this assay and
quantified as vessel length or number of vessels per bead. Since the endothelial cells cover the
entire surface of the bead, however, vessels may grow out in any direction; lumen-containing
tubes must also be distinguished from migrating cells. The microbead assay has also been
adapted to demonstrate angiogenic activity with HUVEC (Nakatsu et al., 2003), but HUVEC
sprouting was only observed in the presence of a supporting layer of fibroblasts (Nakatsu et
al., 2003). This is not surprising, given that HUVEC have a greater requirement for growth
factors than do many other cell types, but presence of another cell type could complicate
analysis of direct effects on endothelial cells.

Assessment of sprouting angiogenesis using stem cell and organ culture
assays

All assays previously described involve use of a single cell type – endothelial cells. Embryoid
body and organ culture assays, on the other hand, allow in vitro analysis angiogenesis in an
environment composed of multiple cell types. Like the assays of sprouting angiogenesis using
endothelial cell cultures, multiple cell processes involved in angiogenesis are modeled (Table
1), but in the embryoid body and organ culture assays additional stages of angiogenesis such
as recruitment of pericytes to new vessels can also be observed.
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Embryoid body assay
The embryoid body assay is unique among the assays described in this review in that it models
vasculogenesis and angiogenesis at distinct stages in the culture period. This assay utilizes
mouse embryonic stem cells derived from the blastocyst inner cell mass. During normal cell
culture, the embryonic stem cells are maintained in an undifferentiated state using leukemia
inhibitory factor (LIF). When the cells are cultured in suspension (Wang et al., 1992), spinning
flasks (Wartenberg et al., 1998) or hanging drops (Goumans et al., 1999) in the absence of LIF,
cystic embryoid bodies form. The walls of these structures contain vessels that initially form
by vasculogenesis (Vittet et al., 1996), though when the embryoid bodies are subsequently
placed in collagen, vessel growth continues by angiogenesis and can be modulated by
angiogenic or antiangiogenic factors (Feraud et al., 2001). The vasculature can be visualized
by whole-mount immunostaining for endothelial cell markers such as PECAM (Figure 4A;
Feraud et al., 2003). Alternatively, embryoid bodies can be generated from using stem cells
from transgenic mice in which fluorescence is regulated by endothelial-specific promoters
(Gimond et al., 2006). The embryoid body technique allows use of cells from transgenic mice
to identify factors necessary for angiogenesis (Ng et al., 2004), and vascularized embryoid
bodies can also be formed using human embryonic stem cells (Gerecht-Nir et al., 2005). Vessels
in the embryoid body form a disorganized plexus of interconnected endothelial cells, though
the vessels do have lumens and contain hematopoietic cells such as erythroblasts and
macrophages (Bautch et al., 1996). Vascularization is difficult to quantify, and mural cell
recruitment to the vessels has not been well-described. Many tissue types are present within
the embryoid body, and factors secreted by these non-vascular cells may indirectly influence
angiogenesis.

Rat and mouse aortic ring assays
The aortic ring assay is an organ culture model in which angiogenic vessels grow from a
segment of the aorta. In this assay, the thoracic aorta is excised, the adventitia is removed, and
rings approximately 1 mm in length are cut and embedded into thick (Nicosia and Ottinetti,
1990) or thin (Zhu and Nicosia, 2002) collagen gels. The rings are then cultured in serum-free
medium for approximately one week. Neovessel outgrowth can be quantified using phase
microscopy or immunohistochemical analysis (reviewed in Go and Owen, 2003). Since the
neovessels grow above a fibroblast layer on the tissue culture surface, vessels are best imaged
with endothelial-specific labeling, e.g. using Griffonia simplicifolia isolectin B4 or antibodies
to Tie2 (Zhu and Nicosia, 2002).

The mouse aortic ring assay was developed to take advantage of the transgenic tools available
for this species (Masson et al., 2002). Angiogenesis assays can be conducted using endothelial
cells with specific characteristics or labels; for example, aortas from mice whose endothelial
cells express green-fluorescent protein can be used to facilitate visualization of vessel
outgrowth (Zhu et al., 2003). Angiogenic outgrowth occurs over a shorter time period with the
mouse aortic rings (Masson et al., 2002), and both angiogenic and anti-angiogenic factors can
be assessed (e.g. Kojima et al., 2007; van der Schaft et al., 2002). Each mouse yields fewer
aortic rings than does a rat, however, and removal of the adventitial surrounding the aorta is
more difficult with these smaller vessels. Furthermore, vessel outgrowth from the mouse aortic
rings requires culture in serum-containing medium.

The rat and mouse aortic ring assays have been use to assess both angiogenic and anti-
angiogenic agents (e.g. Nicosia et al., 1994; Nicosia and Ottinetti, 1990). The vessels that grow
out from aortic rings are anatomically similar to neovessels in vivo, in that they recruit smooth
muscles and pericytes to associate with the endothelial cell tube (Nicosia et al., 1992; Nicosia
and Villaschi, 1995). Disadvantages of this assay, however, are numerous. Variability in the
handling of the rings and the amount of adventitia remaining on the vessel can influence vessel
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outgrowth within an experiment. Use of rings from different aortas and, particularly with mice,
different ages and strains of animals (Zhu et al., 2003) can lead to variability in angiogenic
responses. Vessel outgrowth usually occurs in three dimensions, complicating photography
and quantification. Finally, angiogenic outgrowth in vivo occurs from microvessels, not from
major vessels such as the aorta.

Mouse metatarsal assay
An organ culture assay that does promote vessel outgrowth from smaller vessels is the mouse
metatarsal assay, in which angiogenesis is observed from embryonic mouse bones. In this
assay, metatarsal bones are isolated from embryonic day 17 mouse embryos and plated onto
tissue culture plastic (Deckers et al., 2001). Vessel outgrowth is robust within one week of
culture, and can be quantified by measuring vessel area. This assay has been used to assess
angiogenic and anti-angiogenic agents (Figure 4B; Deckers et al., 2001; van der Pluijm et al.,
2003). The neovessel outgrowth is robust and derived from the bone microvasculature, which
is more typical of angiogenesis in vivo than is outgrowth from a major vessel like the aorta. It
is, however, very time-consuming to isolate the metatarsal bones and, as with the aortic ring
assay, variability in removal of surrounding tissue and handling of the bones can alter
angiogenic activity. Also, since the embryonic bones are themselves undergoing angiogenesis,
this technique does not model angiogenic outgrowth from quiescent microvessels.

Considerations in choosing an assay
In addition to the advantages and limitations of the individual assays described above, certain
properties of the agent in question, general classes of assay, and types of endothelial cell used
should be taken into consideration.

Angiogenic vs. anti-angiogenic effects
In vitro assays can be used to assess both angiogenic and anti-angiogenic factors, though the
choice of assays and exact assay conditions may vary depending on which type of factor is
being tested. Angiogenic factors are typically tested in low-serum or low-growth factor
conditions, and using assays in which baseline angiogenesis is low, as with the mouse aortic
ring assay. Assessment of anti-angiogenic factors requires higher levels of baseline
angiogenesis or angiogenic activity. This can be done by using higher levels of serum in cell
culture assays, by including angiogenic factors such as VEGF in the culture media, or by using
assays such as the mouse metatarsal assay that provide high baseline levels of angiogenic
activity. It should also be noted that in many assays cytotoxic effects will not be easily
distinguished from specific anti-angiogenic effects (reviewed in Auerbach et al., 2003). It is
therefore important to visually inspect cell cultures to look for signs of necrotic cell death. In
embryoid body and organ culture assays, detrimental effects on the cells surrounding or
underlying the vasculature may also indicate toxicity of the agent. Specificity of angiogenic
and anti-angiogenic effects can be confirmed by repeating assays using non-endothelial cell
types

Cell culture vs. organ culture
Cell culture and organ culture assays are often used in conjunction to assess angiogenic and
anti-angiogenic effects. Cell culture assays can be carried out under well-controlled conditions
and can help to define the mechanism of action for an agent. Cultured endothelial cells are
similar in many ways to angiogenic endothelial cells in vivo (Pauly et al., 1992), and can be
obtained from several species and tissue types.

It is important, however, to verify cell culture findings with organ culture or in vivo
angiogenesis models. Culture can lead to changes in the growth characteristics and cell surface
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antigens of endothelial cells, among other differences (reviewed in Auerbach et al., 2000).
Agents that show promise in in vitro studies may therefore have different effects in vivo.
Furthermore, most cell culture assays measure angiogenic cell functions in a two-dimensional
plane rather than the three-dimensional environment for vessel outgrowth that is found in vivo.
Even morphogenesis assays that take place in three- dimensional matrices do not fully model
vessel assembly, as the vessel tube formation occurs in the absence of surrounding mural cells
and tissue. Although coculture assays – assays in which endothelial cells are cultured with
pericytes or smooth muscle cells to better recapitulate in vivo vessel assembly – are beyond
the scope of this review, many of the assays can also be adapted for analysis of heterotypic
cell-cell interactions. Addition of multiple cell types does, however, complicate interpretation
of direct effects on endothelial cells.

Embryoid body and organ culture assays allow three-dimensional vessel outgrowth, and
multiple cell types, including perivascular cells such as smooth muscle cells and pericytes,
participate in angiogenesis. These assays have greater intraexperimental variability than do
cell culture assays, however, and quantification of vessel outgrowth in three dimensions is
challenging. Furthermore, it can be difficult to identify the mechanism of action for an
angiogenic or anti-angiogenic agent using these complex models.

Endothelial cell types
Endothelial cells in vivo have different functions and characteristics depending on the vessel
size and tissue, and these differences may be reflected in the phenotype of cultured endothelial
cells. There are differences, for example, in growth factor receptor expression between arterial
and venous endothelial cells (Moyon et al., 2001; Villa et al., 2001; Wang et al., 1998); in
expression of MMPs and TIMP1 between HUVEC and human dermal microvascular
endothelial cells (Jackson and Nguyen, 1997); and in ecto-5′-nucleotidase activity between
human and porcine endothelial cells (Smolenski et al., 2006). Different endothelial cell types
may behave differently in cell culture assays. HUVEC, for example, form CLS when plated at
low densities on Matrigel (Kubota et al., 1988), but bovine aortic endothelial cells do not
(Darland and D'Amore, 2001). The cell type used for cell culture-based assays of angiogenesis
should therefore be chosen to resemble the tissue of interest as closely as possible, and in vitro
assays must be optimized for each cell type used.

Conclusions
In vitro assays provide a valuable tool for assessing effects of angiogenic and antiangiogenic
agents. Cell culture techniques can be used to identify endothelial cell functions affected, and
angiogenic vessel growth can be measured in well-controlled organ culture conditions. The
limitations of in vitro assays should be understood, however, and results validated by using
multiple assay types and conditions, by using combinations of cell culture and organ culture
assays, and by comparing in vitro effects to results observed with in vivo assays.
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Figure 1.
Endothelial cell functions involved in angiogenesis.
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Figure 2.
Cell culture assays assessing endothelial cell function. A) Cell migration as measured using a
transwell assay. Starved HUVEC were plated onto a fibronectin-coated transwell with pores
3 μm pore diameter. Medium on the opposing side of the membrane lacked (left panel) or
contained (right panel) recombinant VEGF at 10 ng/ml. After 18 hr, nonmigrated cells were
removed with a cotton swab. Migrated cells were fixed and stained with hematoxylin and eosin,
then photographed using a 5× objective. Unpublished images courtesy of Magali Saint-Geniez.
B) Cell proliferation as measured by direct cell counting. HUVEC were treated with endothelial
cell growth supplement and cultured for three days. The mean numbers of cells present in each
well prior to the start of treatment (T(0)) and following three days of treatment (control, VEGF)
are shown. Error bars indicate standard deviation. Unpublished data courtesy of Sandie Smith.
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Figure 3.
Endothelial cell morphogenesis. A) HUVEC plated on Matrigel. HUVEC were plated onto
Matrigel pads and cultured in the absence (left panel) or presence (right panel) of VEGF (10
ng/ml). Capillary-like structures were photographed (10× objective) 20 hr after plating. B)
Bovine aortic endothelial cells suspended in diluted Matrigel. The endothelial cells were
suspended in a matrix containing 50% Matrigel and 50% culture medium. The following day,
the medium was replaced with serum-free medium lacking (left panel) or containing (right
panel) VEGF at 10 ng/ml. Capillary-like structures were photographed (10× objective) after
three days of treatment. Unpublished images courtesy of Tony Walshe.
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Figure 4.
Embryoid body and mouse metatarsal models of angiogenesis. A) Vascular structures in
embryoid bodies. Embryoid bodies were differentiated for 10 days from VEGF-deficient (left
panel) or wild-type (right panel) mouse embryonic stem cells. The vascular structures were
labeled using an antibody to PECAM and photographed at using a 5× objective. Unpublished
images courtesy of Robyn Loureiro. B) Vessel outgrowth from mouse metatarsal bones.
Metatarsal bones were isolated from wild type embryonic day 18 mouse embryos and cultured
with control medium (left panels), an aptamer to VEGF (Ruckman et al., 1998; middle panels)
or a soluble, truncated VEGF receptor (VEGF trap; Holash et al., 1992; right panels). Vessel
outgrowth in the top panels is visualized by fluorescently labeling the endothelial cell marker
PECAM and photographing using a 2× objective. The DAPI staining in the lower panels,
photographed using a 4× objective, shows that the inhibitors do not prevent outgrowth of non-
endothelial cells from the metatarsal bone. Unpublished images courtesy of Yin-Shan Ng.
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Table 1
In vitro assays of angiogenesis

Assay Angiogenic functions assessed

Endothelial cell assays

Zymogen assay Matrix degradation

Scrape wound assay Migration

Transwell/Boyden chamber assay Migration

Under-agarose assay Migration

Cell counting Proliferation

Thymidine incorporation Proliferation

BrdU incorporation Proliferation

MTT assay Proliferation

TUNEL assay Apoptosis

Annexin V assay Apoptosis

On-Matrigel assay Morphogenesis

In-collagen/Matrigel assay Morphogenesis

Collagen sandwich assay Morphogenesis

Matrix invasion assay All

Microbead assay All

Stem cell and organ culture assays

Embryoid body assay All

Aortic ring assay All

Mouse metatarsal assay All
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