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Summary

Angiogenesis is defined as the sprouting of new capillaries from pre-existing ones. Angiogenesis is a
prerequisite for growth and differentiation of organs and tissues and is involved in many pathological
processes, for example growth and metastasis of tumours.
Numerous in vivo and in vitro models of angiogenesis have been developed in order to identify and analyse
pro- and antiangiogenic factors. This review aims at outlining the topic of quantitation of angiogenesis
and antiangiogenesis in these models.
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1 Requirements for quantitation of angiogenesis
and antiangiogenesis

Clinical application of pro- and antiangiogenic factors is still
restricted. Apart from their specific action, it is still unknown,
at which stage of the angiogenic cascade these agents affect angiogenesis. The influence of a factor that stimulates or inhibits
angiogenesis may occur at several levels of the angiogenic cascade, e.g. degradation of the basal membrane, endothelial cell
migration/proliferation and three-dimensional organisation of
endothelial cells (Auerbach et al., 2003). Besides, knowledge
of the substance concentration necessary for manipulation of
angiogenesis is essential for the clinical use of pro- or antiangiogenic factors (Jain et al., 1997).
Numerous in vivo and in vitro investigations deal with the
identification and characterisation of the effect of substances
that stimulate or inhibit angiogenesis (Auerbach and Auerbach,
1994). However, reliable statements about the effect of angiogenic stimulators or inhibitors can only be made by quantitation of angiogenesis, i.e. presentation of angiogenesis in measurable parameters (terms) (Auerbach et al., 1991). In almost all
in vivo models quantitation of angiogenesis is based on calculation of vessel number, which represents the end-point and not
the process of angiogenesis. Quantitation of angiogenesis in in
vitro models is accomplished either on the basis of quantitation
of cell migration or proliferation or, rarely, on three-dimensional organisation of endothelial cells. Nevertheless, to provide a
significant statement about the effect of a pro- or antiangiogenic
factor, the method of quantitation of angiogenesis should include
all phases of the angiogenic cascade (Auerbach et al., 2003).

Criteria to be met for a significant quantitation of the effect of soluble proangiogenic and antiangiogenic factors have
only been established by Jain et al. (1997), however, without
distinguishing between in vivo and in vitro models of angiogenesis.
Quantitation of newly formed vessels/vessel-like structures is
a prerequisite for in vivo and in vitro investigations. Data on
length and area covered by the vessel-like structures, as well as
number of new vessels/vessel-like structures and extension of
the basal membrane should be collected. In in vivo investigations it is necessary to differentiate newly formed vessels from
those already existing at the beginning of the trial.
For clinical use of angiogenic stimulators or inhibitors, doseeffect relationship should be established. Thus, the precise concentration of the factor necessary for starting pro- or antiangiogenic effects has to be determined by in vivo investigation.
Finally, for the routine practice of a method, quantitation of
angiogenesis should be conducted quickly and simply, reproducibly and cost efficiently (Jain et al., 1997).
2 Models for quantitation of angiogenesis
and antiangiogenesis in vivo

Angiogenesis is a complex process in which the interaction
of endothelial cells with surrounding tissue (e.g. via adhesion molecules and cytokines) plays a decisive role. In order
to develop therapeutic strategies, the effects of soluble pro- or
antiangiogenic factors have been commonly investigated in in
vivo models.
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Tab. 1: Advantages and disadvantages of models for quantitation of angiogenesis and antiangiogenesis in vivo
Model

Advantages

Disadvantages

References

- no interfering background due
to the absence of pre-existing
vessels
- permanent monitoring of
vessel growth possible
		
		
		
		

- very painful to animals (high
sensibility of cornea)
- very complex surgical procedures
- possible false results due to
unavoidable inflammation-based
angiogenesis
- unsuitable for quantitation of tumour
angiogenesis or antiangiogenesis
- special skills required

Jain et al., 1997
Blackwell et al., 2000
Shan et al., 2001
Auerbach et al., 2003

Chorioallantoic membrane
(CAM) model

- interfering background of
physiological angiogenesis
- reduced reproducibility
- possible false results due to
unavoidable inflammation-based
angiogenesis
- only short time-frame for
investigation (one week)
- limited comparability with mammals
- special skills required

Spanel-Borowski et al., 1988
Knighton et al., 1991
Bell and Brickell, 1997
Ribatti et al., 2001

Dorsal skin fold
chamber model

- long-term studies possible
(up to 3 weeks)
- permanent monitoring of vessel
growth possible
		

- very painful and stressful to
animals for a long time
- background of vessels
- demanding surgical procedures
- special skills required

Vollmar et al., 2001
Menger et al., 2002
Staton et al., 2004

Subcutaneous air sack
model

		

- very painful and stressful to
Lichtenberg et al., 1997
animals over a long time
Oikawa et al., 1997
- high number of animals needed
- background of vessels
- no permanent monitoring of
vessel growth possible
- time-consuming preparation
- subjective classification of parameters
- special skills required

Models with skin
- very simple procedure
preparations		
		
		
		
		

- high number of animals needed
- no permanent monitoring of vessel
growth possible
- immune cross-reaction
- low reproducibility
- special skills required

Jain et al., 1997
Bruns et al., 2000

Imaging models

- permanent monitoring of vessel
growth possible
- minor invasive procedure
- low number of animals needed
		

- stressful to animals due to long duration of handling and immobilisation
- expensive and sophisticated
equipment needed
- special skills required

Denis et al., 2002
Dong et al., 2007

Whole animal models

- high number of animals needed
- limited comparability to mammals
- fixation required
- high costs of transgenic lines
- special skills required

Schwerte and Pelster, 2000
Lawson and Weinstein, 2002
Cross et al., 2003

Cornea model

- inexpensive
- easy to perform
- high-throughput of specimens
- permanent monitoring of vessel

		
		
		
		
		

- inexpensive
- simple procedure
- no immune cross-reaction
- tumour cells of foreign origin
can be used
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- high-throughput
- rapid and inexpensive
(dye injection)
- permanent monitoring of vessel
growth possible
(GFP transgenic lines)
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In the following, different animal models for investigation
and quantitation of angiogenesis are described and finally critically presented regarding their advantages and disadvantages
(Tab. 1).
2.1 Cornea model

In the cornea of rabbits, rats and mice growth of vessels sprouting into the cornea, as the result of angiogenic stimulation, can
be investigated and quantified (Fig. 1). Due to the physiologically non-vascularised cornea of the adult individual, this model
is one of the most applied animal models for investigation of
angiogenesis and antiangiogenesis (Henkind, 1978).
Angiogenesis is stimulated by inserting implants into the extensively sensitively innervated cornea (Gimbrone et al., 1974;
Langer and Folkman, 1976; Gaudric et al., 1992, Wang and Shi,
2009). Evaluation and quantitation of angiogenesis is carried
out by the measurement of vessels sprouting into the cornea in
defined areas. These investigations are made by image analysis,
either in vivo using an operation microscope and taking photographs (Ziche et al., 1994; Joussen et al., 1999; Gonzalez et al.,
2001; Cao et al., 2002) or, after killing of the animals, in histological sections of the cornea (Tong et al., 2006).
2.2 Chorioallantoic membrane (CAM) model

Quantitation of angiogenesis may also be performed by observing the growth of chorioallantoic vessels through a fenestration
in the eggshell (Ausprunk et al., 1975). Auerbach et al. (1974)
introduced a modification by transferring the chick embryos
with their foetal membranes to Petri dishes after 3 days of incubation. As soon as the chick embryo and extraembryonic membranes are in the Petri dish, the CAM appears on the surface and
spreads as an even membrane over the whole dish.
To investigate soluble factors with an angiogenic effect, the
CAM is mostly used between the 7th and 12th day of incubation (Ribatti et al., 1996; 2001; Nguyen et al., 1994; Sheu et al.,
1998; Brooks et al., 1999; Yokoyama et al., 2000; Célérier et al;
2002; Doukas et al., 2006, Jung et al., 2009). Physiologically,

Fig. 1: Quantitation of angiogenesis in vivo: Cornea model
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the highest parameters of angiogenesis in the CAM are found
between the 4th and 11th day of incubation. Thus, this model
can be used within this timeframe to study angiogenic inhibitors
without previous stimulation of angiogenesis.
For investigation of pro- or antiangiogenic effects, the test
factors are implanted into specific carrier substances, like gelatine sponges or microbiological test plates, and placed onto the
chorioallantoic membrane. Angiogenesis can be documented
continuously by taking images of the CAM in ovo or in the
dishes, or as a one-point investigation by fixation of the foetal
membranes and histological examination (Ribatti et al., 1997;
2002; Sheu et al., 1998; Brooks et al., 1999). Quantitation of
angiogenesis and antiangiogenesis is carried out by calculating
the total vessel length, the vessel branching points and/or the
vessel density over defined image areas.
2.3 Dorsal skinfold chamber model

Implantation of a transparent observation chamber into the rabbit ear was already realised by Sandison in 1924. This chamber technique was adapted to the mouse by Algire (1943). The
disadvantage of these early chamber models was that the investigated tissue consisted mainly of newly formed granulation
tissue. Therefore, modern chamber models aim to provide permanent tissue preparations that are neither irritated by the chamber itself (by using materials like titanium or DuraconTM) nor
by the implantation procedure (Menger et al., 2002; Ushiyama
et al., 2004).
In recent years, the dorsal skin fold chamber of mice (Fig. 2),
rats and hamsters, a permanent window preparation for quantitation of angiogenesis, has been used most commonly (Papenfuss et al., 1979; Endrich et al., 1980; Lehr et al.; 1993; Torres
Filhe et al., 1995; Abshagen et al., 2008). The tissues used for
microscopic investigations consist of dermis, subcutis and skeletal muscles (Musculus cutaneus trunci).
Most frequently, angiogenesis is induced by implantation of
tumour spheroids but also, for example, follicles with oocytes
(Torres Filho et al., 1995; Vajkoczy et al., 2000; Vollmar et al.,

Fig. 2: Quantitation of angiogenesis in vivo: Dorsal skinfold
chamber model
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2001). Vessel growth within the inspection window is observed
microscopically. For this vessels are visualised by intravenous
administration of fluorescein-isothiocyanate-dextran (FITCdextran) or other dyes, and the non-anaesthetised animals are
immobilised in a plexiglass tube attached to the microscope.
Thus, quantitation of angiogenesis or antiangiogenesis can be
carried out by image analysis of photographs taken with a camera installed at the microscope. Collected data comprise the
vessel density, total vessel length or vessel volume. The specific
criterion for new vessel formation is their disordered growth
in opposite to typical parallel capillary organisation of skeletal
muscles.
2.4 Subcutaneous air sack model

The subcutaneous air sack model for investigation and assessment of angiogenesis and antiangiogenesis was developed in
the rat by Lichtenberg et al. in 1997 and was adapted to the
mouse by Basaki et al. (2001).
The air sack is induced by injection of air subcutaneously
into the back skin fold. For investigation of antiangiogenic substances, angiogenesis is first stimulated by surgical implantation
of cellulose sponges, causing vasoproliferation, or by a tumour
cell coated membrane (Lichtenberg et al., 1999; Basaki et al.,
2001; Semba et al. 2004; Yamamoto et al., 2009). The evaluation and quantitation of angiogenesis is performed by measurement of radiation of intravenously injected isotope-labelled
antibodies. After killing of animals, skin is removed from the
membrane covering the air sack and semi-quantitative evaluation of angiogenesis is performed by estimating the expansion
of vessel proliferation in situ. Estimation is accomplished by
subjective classification of parameters and scores.
2.5 Models with skin preparations

Investigation and quantitation of angiogenesis has been performed by many investigators in skin preparations of rats and
mice (e.g. Plunkett and Hailey, 1990; Runkel et al., 1991; Hoffmann et al., 1997; Lenander and Holmgren, 1999; Wild et al.,
2000; Guo et al., 2001; Liapakis et al., 2008). For this purpose
tumour cell suspensions are injected subcutaneously and an-

giogenesis is observed by counting new sprouting capillaries,
either as a one-point measurement after killing the animals
(Lenander and Holmgren, 1999; Wild et al., 2000; Guo et al,
2001) or over time by opening the skin flap surgically every
second day (Runkel et al., 1991). In other studies the quantitation of angiogenesis is carried out by measuring the haemoglobin concentration in the examined skin area (Plunkett and
Hailey, 1990; Hoffmann et al., 1997).
2.6 Imaging models

In contrast to most in vivo models of angiogenesis, where tissue specimens must be examined histologically to accomplish
analysis and quantitation of vessels, models using imaging
systems like ultrasonography allow the continuous evaluation
of angiogenesis in the same animal over time (Dong et al.,
2007).
Denis et al. (2002) developed an in vivo method for longterm investigation of angiogenesis in rats, displaying vessels
with the aid of Power Doppler sonography. In this model, animals receive a subcutaneous injection of N-methyl-N-nitrosourea in the area of the mammary complexes. The size of the
developing tumours is then measured over time. Sonographic
tumour investigation is carried out at different time points.
Tumour examination is accomplished by applying a linear
transducer, and pictures subjectively estimated to have the
highest Doppler signal are digitally photographed and analysed by determination of intensity of the Doppler signal for
each pixel in accordance with the colour scale of the Power
Doppler signal. The investigators designated “regions of interest (ROI)” in such digital pictures, which correspond to the
measured size of the tumour. In these ROI, vascularisation
and angiogenesis are quantified by means of different scoring
approaches.
Several years ago the application of ultrasonography for quantitation of angiogenesis was modified by injection of contrast
agent microbubbles for a better vessel visualisation (McDonald
and Choyke, 2003; Lucidarme et al., 2006). Quantitation of angiogenesis is carried out with a morphometric analysis program
by measuring the amount of microbubbles in defined ROI.

Fig. 3: Quantitation of angiogenesis in vivo: Zebrafish model
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As the latest innovation in this field, microbubbles are labelled with antibodies targeting endothelial cell receptors
(Lindner, 2004; Willmann et al., 2008; Kiessling et al., 2009).
Willmann et al. (2008) further refined this method by using microbubbles labelled with antibodies against vascular endothelial
growth factor receptor 2 (VEGFR2), which is highly expressed
in tumour vessels. In this way these authors compared the use of
non-targeted and VEGFR2-targeted microbubbles and discovered a significantly higher average video intensity when using
the labelled microbubbles (p < 0.001).
2.7 Whole animal models

Small vertebrate organisms, like zebrafish embryos and Xenopus tadpoles, which are used primarily in drug discovery and
developmental biology studies, are often used in studies on
angiogenesis (Rubinstein, 2003). While Xenopus tadpoles are
particularly adapted for investigations on lymphangiogenesis,
zebrafish embryos are considered to be an ideal vertebrate
model to study angiogenesis (Ny et al., 2006; Kazanskaya et
al, 2008). They exhibit the advantage of easy visualisation of
vessels and vessel development because of their external development and optical transparency during the first days of
development (Fig. 3). Additionally, these conditions provide
the opportunity to use fluorescent markers to label specific
structures and cells like endothelial cells (Lawson and Weinstein, 2002). The vessel architecture of zebrafish embryos,
which is completely developed 3 days after fertilisation, is
very simple and known in detail. It consists of a dorsal aorta
and a posterior cardinal vein on each side. A network of secondary branches emanates from these vessels, including dorsoventrally aligned intersegmental vessels, two separate dorsal
longitudinal anastomotic vessels joining the intersegmental
vessels and longitudinal parachordal vessels (Eriksson and
Löfberg, 2000). Owing to the lucidity of the vessels in this
animal, angiogenesis can be investigated and quantified very
easily (Zhong et al., 2001).
Most commonly, visualisation of blood vessels is carried out
via whole mount in situ hybridization (Lee et al., 2002; Ober
et al., 2004; Ma et al., 2007), detection of endogenous alkaline

phosphatase activity (Serbedzija et al., 1999) or microangiography (Feldner et al., 2005).
The whole mount in situ hybridisation technique is used to
detect factors expressed in endothelial cells. Ober et al. (2004)
for example used this method to label transcripts of VEGFC to
verify its requirement for vascular development, and Ma et al.
(2007) revealed the role of survivin in angiogenesis during zebrafish embryonic development. Zebrafish are fixed in paraformaldehyde, cut into sections and processed for in situ hybridisation. Investigation and quantitation of angiogenesis is carried
out by image processing.
Due to the fact that all these methods are very time consuming and that chemical fixation of the animals is necessary for
in situ hybridisation and the detection of alkaline phosphatase
activity, Cross et al. (2003) developed a transgenic zebrafish
line with fluorescent blood vessels by driving expression of a
green reef coral fluorescent protein (G-RCFP) with a promoter
for VEGFR2. They demonstrated the utility of these animals for
investigation and quantitation of angiogenesis by applying the
antiangiogenic compounds SU5416 and SU6668. Effects on angiogenesis were determined by presence or absence of sprouts
from the dorsal aorta. They concluded from their results that
in future quantitation of angiogenesis in this model would be
accomplished simply by fluorescent detection in a microplate
reader.
3 Models for quantitation of angiogenesis
and antiangiogenesis ex vivo

Ex vivo models are based upon cultivation of aorta explants
from embryonic or adult rats and mice (Blacher et al., 2001;
Akimoto et al., 2002) or from placental vessels of different species (Brown et al., 1996; Jung et al., 2001) in three-dimensional
matrices such as collagen I, fibrin and Matrigel®, an extract from
a basal membrane derived tumour (Nicosia and Ottinetti,1990a;
1990b; Blacher et al., 2001; Kruger and Figg, 2001).
The explants are examined by phase contrast microscopy until
the development of micro-vessels becomes visible. To quantify

Tab. 2: Advantages and disadvantages of models for quantitation of angiogenesis and antiangiogenesis ex vivo
Model

Advantages

Rat/mouse/chick
aortic ring model

- similar to in vivo angiogenesis
- very restricted reproducibility
- influence of non-endothelial
- time-consuming
cells can be investigated
- unsuitable for quantitation of
- no interfering inflammatory
tumour angiogenesis or
reaction
antiangiogenesis
- inexpensive		

Human placental
vessels model

- human tissue readily available
- very restricted reproducibility
- similar to in vivo angiogenesis
- time-consuming
- influence of non-endothelial
- unsuitable for quantitation
cells can be investigated
of tumour angiogenesis
- no interfering inflammatory
or antiangiogenesis
reaction		
- inexpensive
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Disadvantages

References
Auerbach et al., 2000
Kruger et al., 2001
Auerbach et al., 2003
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angiogenesis, gel blocks are cut parallel to the lateral aortic border and the total length of microvascular contour is calculated.
Blacher et al. (2001) estimated vessel quantity, maximum
vessel length and number of vessel branches with the rat aortic
ring assay using a binary method of image analysis. With the
same model Kruger and Figg (2001) quantified the area covered
by vessels as the total amount of white pixels, declared as vessel density. Advantages and disadvantages of these models are
shown in Table 2.
4 Models for quantitation of angiogenesis
and antiangiogenesis in vitro

In vitro investigations concerning angiogenesis have been performed in cultured macrovascular and microvascular endothelial cells (e.g. Montesano et al., 1986; Hoying and Williams,
1996; Iwahana et al., 1996; Lang et al., 2000) or in co-cultures
of different cells (e.g. Babaei and Stewart, 2002; Ramsauer
et al., 2002; Velazquez et al., 2002). In vitro models provide
significant insights, particularly into cellular and molecular
angiogenic control mechanisms and different levels of the angiogenic cascade, i.e. migration and proliferation of endothelial cells and their two- or three-dimensional organisation into

capillary-like structures (Meyer et al., 1997; Peters et al., 2002;
Connolly et al., 2002).
In the following, different in vitro models for investigation
and quantitation of angiogenesis are described and assessed
critically (Tab. 3).
4.1 Quantitation of endothelial cell migration
4.1.1 Boyden chamber

The Boyden chamber consists of two super-imposed chambers
separated by a nuclear pore polycarbonate filter with a pore size
of 5-12 µm (Boyden, 1962). Basically, endothelial cells are
seeded on a polycarbonate filter of the upper chamber and migration through the filter into the lower chamber is investigated
(Iwahana et al., 1996; Murohara et al., 1999; Harvey et al., 2002;
Staton et al., 2004; Jabbour et al., 2009). For this method the
lower chamber was loaded with medium containing the proangiogenic factors to be tested. Endothelial cells were seeded into
the upper chamber on the surface of a gelatine-coated polycarbonate filter in basic medium. After incubation for several
hours, cells remaining on the surface of the polycarbonate filter
were carefully removed and filters were fixed with methanol.
Cells that migrated to the reverse side of the filter were stained

Tab. 3: Advantages and disadvantages of models for quantitation of angiogenesis and antiangiogenesis in vitro
Model

Advantages

Disadvantages

References

- only one phase of angiogenesis
is considered
- restricted reproducibility
- possible false results due to
unspecific migration (scratch wound
assay)
- time consuming preparation (RIMAC)

Jain et al., 1997
Kruger et al., 2001
Auerbach et al., 2003

Proliferation models

- rapid and inexpensive
- appropriate for cells from all
species including human
		

- only one phase of angiogenesis
is considered
- possible false results due to initial
and spontaneous proliferation

Jain et al., 1997
Auerbach et al., 2003

Tube formation models

- only one phase of angiogenesis
is considered
- possible false results due to
angiogenic potential of matrices
used for coating

Jain et al., 1997
Vailhé et al., 2001
Montanez et al., 2002
Auerbach et al., 2003

Migration models

- rapid and inexpensive
- appropriate for cells from all
species including human
		
		
		

- appropriate for cells from all
species including human
- lumenisation of capillary-like
structures can be recorded
		
All-in-one model
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- all phases of angiogenesis
- time-consuming
are considered
- large amount of pictures to
- appropriate for cells from all
analyse
species including human
- subjective evaluation of images
- inexpensive
requiring profound training of
- high reproducibility
investigators
- simple procedure
- only standard equipment 		
needed
- lumenisation of capillary-like 		
structures can be recorded

Bahramsoltani and
Plendl, 2004
Bahramsoltani et al., 2006
Bahramsoltani and
Plendl, 2007
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and investigated microscopically, and defined ROI were photographed. For quantitation of angiogenesis, stained cell nuclei
were quantified in the photographs by image analysis.
This method can also be used to investigate inhibitory effects
of different substances on endothelial cell migration. The investigated antiangiogenic substances may be applied by coating
the filter (Kuzuya et al., 1998) or by adding them to the upper
or lower chamber (Minischetti et al., 2000; Ergün et al., 2001;
Célérier et al., 2002; Hata et al., 2008).
4.1.2 Scratch Wound Assay

The “scratch wound assay” represents a simple method to quantify the migration of endothelial cells. For this purpose endothelial cells are mechanically removed from an area of a confluent cell monolayer. Subsequently, migration of cells from the
remaining monolayer into this area is observed (Murohara et
al., 1999; Weis et al., 2002; Wang et al., 2009). For this investigation, endothelial cells are seeded and incubated until confluence. After this, cells are scratched off with a scalpel in a certain
area of the well. Subsequently, the border of the “wounded”
monolayer is microscopically examined and photographed. Angiogenesis is quantified by calculating the number of endothelial cells migrated from the monolayer indicated as cells/cm2
(Murohara et al., 1999).
4.1.3 Radial Invasion of Matrix by Aggregated
Cells (RIMAC)

Vernon and Sage (1999) used a method to quantify migration
of endothelial cells designated as “radial invasion of matrix by
aggregated cells” (RIMAC).
Endothelial cells from bovine aorta were suspended in basic
medium and cell concentration was estimated in suspension. A
drop of this suspension was administered to a plastic platelet,
which was subsequently placed upside down on a bar (“hanging
drop”). After 4 days an endothelial cell aggregate developed in
the drop and the platelet was turned around again. Subsequently, drop fluid was carefully extracted and the cell aggregate remained on the plastic platelet. Then a nylon ring was placed
on the platelet so that the cell aggregate lay in the ring centre.
The cell aggregate was doused with collagen type I solution and
hardened at 37° C for 90 min. Subsequently, the ring with gel
was turned around, the plastic platelet was removed and the ring
was doused again with collagen type I solution and hardened for
90 min. The produced gel platelets were placed in culture wells
and incubated with medium containing the growth factors to be
tested over time. For quantitation of endothelial cell migration
the gel platelets were removed from the plate and were put on
microscopic slides in the middle of concentric rings with a distance of 10 µm. With the aid of these rings the distance between
migrated cells and aggregate could be microscopically estimated and the mean was given as measurement for migration.

4.2 Quantitation of endothelial cell proliferation

Investigation of endothelial cell proliferation is one of the most
frequently used methods to quantify angiogenesis in vitro (Auerbach, 2002).
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4.2.1 Colorimetric assays

This method, developed by Kueng et al. (1989) to quantify proliferation of different cells, was adapted to endothelial cells by
several investigators and is the most frequently used proliferation assay (e.g. Yoon et al., 1999; Lang et al., 2000; Minischetti
et al., 2000; Yokoyama et al., 2000; Weis et al., 2002; Staton et
al., 2004; Shrader et al., 2009).
The principle of this method is based on the measurement of
mitochondrial activity. After incubation of endothelial cells in
the growth factors to be tested, tetrazolium salt was added to
medium to quantify proliferation. Catalyzed by the mitochondrial enzyme succinate dehydrogenase, tetrazolium salt is reduced by succinate to violet coloured formazan. As the number
of mitochondria in a sample increases with cell number, elevated formazan development is the consequence of intensified
cell proliferation. The optical density of formazan stain, which
is proportional to cell amount, is measured with a spectrophotometer.
Another colorimetric method was adapted by Shichiri and
Hirata (2001) and Huang et al. (2002) and is based on the fluorescence measurement of propidium-iodide incorporated into
endothelial cells to quantify their proliferation.
4.2.2 (3H)Thymidine or bromo-deoxy-uridine
(BrdU) incorporation

(3H)Thymidine or bromo-deoxy-uridine (BrdU) integration into
cell DNA depends on DNA synthesis activity. Thus, it is frequently used to quantify endothelial cell proliferation (Murohara et al., 1999; Célérier et al., 2002; Minici et al., 2007; Hata
et al., 2008). Endothelial cells cultured with test substances are
incubated with (3H)thymidine or BrdU. Quantitation of angiogenesis is carried out by measurement of incorporated radioactivity or fluorescence by DNA.
4.2.3 Coulter Counter

This is a simple method to quantify endothelial cell proliferation
by counting cells with an electronic particle counter or coulter
counter. For this purpose endothelial cells are incubated with
pro- or antiangiogenic factors for a certain time and suspended
for automatic calculation (e.g. Schor et al., 1983; Sankar et al.,
1996; Vasse et al., 1999).
4.3 Quantitation of tube formation by
endothelial cells in vitro

Spontaneous two- or three-dimensional organisation of in vitro
cultured microvascular endothelial cells into string-like structures was observed for the first time in 1980 by Folkman and
Haudenschild. The presence of a lumen was proven by phase
contrast and transmission electron microscopy. These in vitro-developed endothelial strings were therefore defined as “capillarylike structures”; however, in the contemporary literature, they
are more often named “tube-like structures”. Since then, studies
concerning the investigation and quantitation of capillary-like
structures have been published increasingly (e.g. Montesano et
al., 1983; Hoying and Williams, 1996; Nehls and Drenckhahn,
1995; Meyer et al., 1997; Peters et al., 2002). However, authors
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often used the term “capillary-like structures” independently of
the existence of a lumen within the investigated structures. The
presence of a lumen within such endothelial structures was only
proven in very few investigations (e.g. Montesano et al., 1983;
Meyer et al.; 1997).
The models for quantitation of the “capillary-like structures”
can be divided into two categories: two-dimensional and threedimensional models (Vailhé et al., 2001).
4.3.1 Two-dimensional models of in vitro
angiogenesis

In these models endothelial cells are grown in culture plates
mostly coated with adhesive proteins. Alternatively, cells are
seeded on surfaces of collagen, fibrin gels or Matrigel®, or are
covered by them. Vailhé et al. (2001) further divided the twodimensional models into short-term (up to 3 days) and longterm (more than 3 days) models of capillary-like structure development.
Peters et al. (2002) fluorescently labelled cultivated endothelial cells and quantified the developing capillary-like structures
on the basis of fluorescence intensity. In this method the monolayer shows the highest fluorescent intensity, which decreases
with development of the capillary-like structures when the monolayer becomes patchy. Quantitation of capillary-like structure
development can also be performed by microscopy and computer-assisted evaluation of photographed wells (Connolly et al.,
2002; Harvey et al., 2002).
4.3.2 Three-dimensional models of in vitro
angiogenesis

All so far described three-dimensional models are based on the
capacity of activated endothelial cells to migrate into a threedimensional matrix, consisting either of collagen- or fibrin gels,
or of Matrigel®. Culture medium can be added to the gel before
or after its polymerisation (Vailhé et al., 2001).
Nehls and Drenckhahn (1995) developed an elegant method
based on microcarriers to quantify three-dimensional migration of endothelial cells and formation of capillary-like structures. For this method plastic microcarriers were coated with
gelatine and suspended with endothelial cells. After incubation for 2-4 days, the microcarriers are overgrown with endothelial cells and are then embedded in a fibrin matrix. On
the following days, the number of capillary-like structures
formed by migrated endothelial cells can be quantified by microscopic monitoring.
Other authors quantified the development of capillary-like
structures in a fibrin matrix without carriers (Hoying and Williams, 1996; Collen et al., 1998). This so-called “tube formation
assay” is currently the most frequently used model for quantitation of three-dimensional angiogenesis in vitro (e.g. Mountain
et al., 2008; Liu et al., 2008; Saiki et al., 2008; Limaye et al.,
2009).
A method to quantify an existing lumen within capillary-like
structures, formed in a three-dimensional matrix, was only described by Meyer et al. (1997). Endothelial cells are seeded on a
collagen type I gel, cultivated in the presence of growth factors
and finally fixed with paraformaldehyde and glutaraldehyde.
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Fixed gel cones are removed from wells and divided into three
pieces by two cuts vertical to the surface and the middle block is
used further. The block is divided into pieces of the same size by
cuts parallel to the surface. Serial sections of each piece are then
stained and microscopically investigated. For quantitation of
angiogenesis the number of consecutive serial sections crossed
by a tubular structure with a lumen is determined. By means
of known thickness of sections, the length of the capillary-like
structures can be calculated.
An innovative method to quantify three-dimensional vessel
growth was established by Lange et al. (2009). Three-dimensional spherical cell aggregates, so-called embryoid bodies, are
generated from embryonic stem cells within a spinner flask and
are incubated with several growth factors. For quantitation of, in
this case, vasculogenesis, CD31-stained cells are examined by
confocal laser scanning, and full-frame images are taken in zdirection, giving a three-dimensional projection of the vascular
structures within the embryoid bodies. Quantitation is carried
out by counting the branching points of vascular structures in
relation to the size of the respective embryoid body.
4.4 All-in-one model of in vitro angiogenesis

As already mentioned, different methods of angiogenesis quantitation exist, but none of them allows quantitation of all steps
of the angiogenic cascade in one assay. For this reason authors of this review developed an all-in-one method of in vitro
angiogenesis (Bahramsoltani and Plendl, 2004; Bahramsoltani
et al., 2006).
Endothelial cells are seeded on gelatine-coated wells and cultivated in growth media for 60 days. During incubation, differences in cellular morphology, i.e. sprouting, linear side-by-side
arrangement and three-dimensional organisation into capillarylike structures (Fig. 4), can be observed in a time-dependent
manner by phase contrast microscopy. These phases of in vitro
angiogenesis have been divided into strictly defined stages.
On the first day of investigation, visual fields are randomised
and defined per coordinates. Extensive validation of this method
showed that representative quantitation can be carried out in 4

Fig. 4: Quantitation of angiogenesis in vitro: All-in-one model
Capillary-like structure, phase contrast microscopy, 100x
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wells and 4 visual fields per well. The cellular changes in these
visual fields are documented in equal intervals. The obtained
cell images are assigned to the respective stage of angiogenesis,
and a time-dependent course of angiogenesis is drawn.
This method can also be used for quantitation of antiangiogenesis (Bahramsoltani and Plendl, 2007). Moreover, using this
approach, different pathways of antiangiogenesis can be followed. As example, it was shown that angiostatin-induced antiangiogenesis resulted in an inverse angiogenesis. Conversely,
addition of suramine initially resulted in increased angiogenesis, but long-term incubation ultimately led to disintegration
of endothelial structures, thus establishing the antiangiogenic
effects of suramine.
5 Critical assessment of angiogenesis models

In this review many existing models of angiogenesis are presented with their advantages and disadvantages summarised in
tables 1-3. Clearly, the main disadvantage of in vivo models is
the requirement of extremely high number of animals for experiments, which go through long lasting stress and pain. Moreover, the requirement of sophisticated and expensive equipment
and high skills of researchers to perform the surgery allows
performing of such experiments only in a limited number of
labs. Conversely, in vitro angiogenesis methods can be easily
performed in a basically equipped lab in a relatively short time.
Certainly, the cells must first be isolated from animal or human
tissues, but one cell preparation is enough for many in vitro experiments. A further disadvantage of in vivo models of angiogenesis is the fact that only the final product of angiogenesis,
i.e. vessels, can be quantified, whereas in vitro models focus on
the process itself, i.e. angiogenesis. An optimal solution could
be the use of ex vivo models, which combine the in vivo situation with in vitro possibilities. However, the reproducibility of
such models is extremely low, making it practically impossible
to use them for screening studies and quantitation of angiogenesis. Nevertheless, in vivo studies remain the only possibility
to follow the toxicity, immune reactions, biotransformation of
tested substances, etc., but they are less suitable for biochemical cellular and molecular investigations. For these purposes, in
vitro methods are indispensable. However, when choosing the
in vitro method, it must be considered whether investigation of
the number of developing vessels is of importance or of the way
they develop. Another problem is the choice of endothelial cells,
owing to their high heterogeneity. Moreover, almost all in vitro
methods allow only one-sided insight into the very complex
process of angiogenesis, because quantitation of angiogenesis is
carried out based on migration and proliferation of endothelial
cells only. Therefore, a combination of more than one assay may
be necessary in order to determine the pro- or antiangiogenic effect of a substance on endothelial cells. To date only one in vitro
model covers all angiogenic phases. In this model, new potential pro- or antiangiogenic drugs can be investigated easily and
relatively fast. An integral point of in vitro models are the cells
used. Many researchers use immortalised cell lines due to the
high reproducibility of results. But the value and significance of
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studies with artificially modified cells remains questionable as
the comparability to the in vivo situation is questionable.
It is desirable that in future in vitro methods dominate preliminary screening studies, whereas in vivo trials should be limited
to the last grids in the chain of angiogenesis or antiangiogenesis
investigations.
6 Angiogenesis research in the future

The future of angiogenesis research will certainly focus on the
further development of better quantitation, more rapid assays
relevant to clinical research, higher reproducibility and ease of
execution, well known goals defined by Jain et al. (1997). Further development of computer-assisted micro-imaging methods,
such as MRI and CT, will probably allow improvement and/or
development of new in vivo models with reduced invasiveness,
less stress and reduced mortality rate of animals. Moreover, further replacement of in vivo methods can only be reached by improved lab internal and external validation of existing and new
in vitro methods to obtain the qualification for validation on an
international regulatory level.
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