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Quantitative assessment of angiogenesis
and pericyte coverage in human cell-
derived vascular sprouts
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Abstract

Background: Pericytes, surrounding the endothelium, fulfill diverse functions that are crucial for vascular homeostasis. The
loss of pericytes is associated with pathologies, such as diabetic retinopathy and Alzheimer’s disease. Thus, there exists a
need for an experimental system that combines pharmacologic manipulation and quantification of pericyte coverage
during sprouting angiogenesis. Here, we describe an in vitro angiogenesis assay that develops lumenized vascular sprouts
composed of endothelial cells enveloped by pericytes, with the additional ability to comparatively screen the effect of
multiple small molecules simultaneously. For automated analysis, we also present an ImageJ plugin tool we developed to
quantify sprout morphology and pericyte coverage.

Methods: Human umbilical vein endothelial cells and human brain vascular pericytes were coated on microcarrier beads
and embedded in fibrin gels in a 96-well plate to form lumenized vascular sprouts. After treatment with pharmacologic
compounds, sprouts were fixed, stained, and imaged via optical z-sections over the area of each well. The maximum
intensity projections of these images were stitched together to form montages of the wells, and those montages were
processed and analyzed.

Results: Vascular sprouts formed within 4–12 days and contained a patent lumen surrounded by a layer of human
endothelial cells and pericytes. Using our workflow and image analysis, pericyte coverage after treatment with various
compounds was successfully quantified.

Conclusions: Here we present a robust in vitro assay using primary human vascular cells that allows researchers to
analyze the effects of multiple compounds on sprouting angiogenesis and pericyte coverage. Our ImageJ plugin offers
automated evaluation across multiple different vascular parameters, such as sprout length, cell density, branch points,
and pericyte coverage.
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Background
Sprouting angiogenesis, the formation of new capillary
branches from pre-existing blood vessels or lymphatic
vessels, is required to build functional vascular networks,
and altered sprouting angiogenesis is involved in many
diseases [1].
Sprouting is induced by activation of endothelial cells

(ECs) via growth factors such as vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF),
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placental growth factor (PlGF), and hypoxia-inducible factor
(HIF)-1α [2]. Activated ECs proliferate, extend into the sur-
rounding tissue [3], and recruit pericytes to attach to the
outer wall of the newly formed vessels [4]. The presence of
pericytes on mature capillaries is required for stabilization
of the endothelium and for regulation of blood flow, as ob-
served in the blood–brain barrier [5, 6]. Pericytes are in
close contact with ECs, as they extend long cytoplasmic
processes across several ECs to encircle the EC-derived vas-
cular tubes. Moreover, they share a basement membrane
and physically interact via numerous contacts such as for
example peg-socket junctions, adhesion plaques, or gap
junctions [7]. Dysfunctional interplay between pericytes and
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the endothelium is frequently the cause or consequence of
many diseases [8–10], resulting in increased vascular per-
meability and defective vessel maturation, which promote
vessel leakage and inflammation [11]. Cancer cells, for in-
stance, can induce detachment of pericytes from quiescent
vasculature, thereby activating ECs to sprout into the sur-
rounding tissue [12]. Pericyte detachment is also one of the
first pathological hallmarks during diabetic retinopathy. The
disease begins with a thickening of the vascular basement
membrane, followed by a loss of pericytes and an increase
in vascular permeability [13]. Ultimately, neovascularization
causes hemorrhaging and vision loss [14]. On the contrary,
after stroke, pericytes constrict around capillaries to de-
crease blood flow. When these pericytes die, the blood–
brain barrier is disrupted, leading to progressive neuronal
damage [15].
It is hypothesized that pericytes also play a regulatory

role during angiogenesis [11, 16]. Our aim was to de-
velop a method to assess pericyte coverage during
sprouting angiogenesis in a defined human cellular sys-
tem. We modified a sprouting assay that involves ECs
and was previously used in a number of recent publica-
tions [17–19]. Nakatsu et al. described an optimized
angiogenesis assay that leads to vascular sprouts with a
defined lumen. This assay uses fibrin as an extracellular
matrix and is characterized by the formation of vascular
sprouts that harbor patent multi-cellular lumens and a
basement membrane [20]. The sprouts undergo many
critical steps that occur in vivo during angiogenesis. In
order to mimic the in vivo vasculature as accurately as
possible, we have modified their protocol to include hu-
man vascular pericytes [7]. After co-culturing ECs and
pericytes, we verified that sprouts have lumens and that
pericytes attach to the outer wall of vascular sprouts.
Further, we adapted the original method for use in
multi-well plates in order to simultaneously test and
compare multiple treatments under reproducible condi-
tions. Finally, for consistent analysis of sprout morph-
ology and pericyte coverage, we developed an ImageJ
plugin that measures sprout number, length and width,
as well as cell density and pericyte coverage of vascular
sprouts. While similar tools were published for standard-
ized quantification of other angiogenesis assays, such as
“Angiotool” for the quantification of retinal vascular net-
works [21], or “Aqual” for the aortic ring assay [22], no
such standardized tool was previously available for the
bead sprouting assay. Using our optimized analysis
workflow, we tested more than 40 compounds for
their biological effects on sprout morphology and
pericyte coverage.
Here, we describe a standardized procedure of the

bead sprouting assay using human umbilical vein ECs
(HUVECs) and human brain vascular pericytes (HBVPs).
To ensure comparability between experimental repetitions
as well as between different researchers performing the ex-
periments, we developed, using the plugin tool described
below, a standardized automated quantitative analysis of
developing angiogenic sprouts covered with pericytes.

Methods
Cell culture
We used HUVEC (Lonza) up to passage 6 [23], HBVP
(ScienCell) were used up to passage 4, and Detroit-551
human skin fibroblasts (HSF; ATCC) up to passage 20.
For experimental reproducibility, primary cells were
used up to the passage number recommended by the
respective supplier (Lonza, ScienCell, ATCC), as primary
cells lose their identity and responsiveness to angiogenic
stimuli at higher passages [23]. Cells were cultured in
endothelial growth medium (EGM-2; Lonza) at least
24 h prior to starting the sprouting assay.

Sprouting assay
A detailed step-by-step protocol for the sprouting assay is
available in Additional files 1, 2 and 3. The procedure is
based on a sprouting assay reported previously [17–19] that
we extended to include pericytes and be adaptable for cul-
ture in a 96-well plate. In short, dextran-coated Cytodex-3
microcarrier beads (GE Healthcare) were incubated with
HUVEC and HBVP in EGM-2 (Lonza) overnight. We
found an endothelial-to-pericyte ratio of 10:1 to yield opti-
mal pericyte coverage of developing sprouts in accordance
with cell ratios found in tissues varying between 1:1 and
10:1 [7, 24]. Cell-coated beads were then embedded into fi-
brin gels by adding 90 μl beads in PBS (200 beads/ml) with
2.5 mg/ml fibrinogen (Sigma-Aldrich) to 8-μl thrombin
(0.625 U/ml, Sigma-Aldrich) per well in a 96- well plate
(μclear, Greiner Bio-One). The gels were overlaid with hu-
man skin fibroblasts at 1000 cells per well. As previously
published, the cross-talk between ECs and fibroblasts, but
not their direct contact, was shown to be required for the
formation of stable lumenized sprouts [17]. Two hundred
microliters of EGM-2 were subsequently added to each
well. Plates were incubated at 37 °C, 5% CO2, and medium
was changed every other day. After 6 days, when lumenized
sprouts were observed, treatment was started by adding
compounds at the respective concentrations to each well.
Medium and compounds were changed every other day.
The frequency of changing medium and compounds was
chosen based on preliminary experiments that showed a
significant decrease in sprout number and length upon
treatment with the VEGFR inhibitor SU5416.

Phalloidin staining
For assays containing ECs only, fibrin gels were fixed
overnight using 4% paraformaldehyde in PBS. Subse-
quently, gels were washed with PBS, blocked with PBS
containing 0.2% Triton X-100 and 1% BSA, and stained
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with Alexa Fluor-488-conjugated phalloidin and DAPI
(for timing and details, see protocol in Additional file 3).
After three washes (10 min in PBS), the plate containing
the gels was imaged as described below.
Immunostaining
Fibrin gels containing EC/pericyte sprouts were fixed
using 4% paraformaldehyde in PBS. Subsequently, gels
were washed with PBS, blocked with PBS containing 3%
Triton X-100 and 1% BSA, incubated with primary anti-
bodies (rabbit polyclonal anti-human Erg-1/2/3, Santa
Cruz; mouse monoclonal anti-human NG2, Abcam) for
at least 60 h, washed with PBS, and stained with second-
ary antibodies (Alexa Fluor 488 donkey anti-mouse IgG,
Life Technologies; Cy3 AffiniPure donkey anti-rabbit
IgG, Jackson ImmunoResearch), as well as Alexa Fluor
647-conjugated phalloidin and DAPI for at least 40 h
(for timing and details, see protocol in Additional file 3).
After three washes (PBS), the plate containing the gels
was imaged as described below.
Microscopy
We used an inverted microscope (Zeiss Axio Obser-
ver.Z1) with an automated stage to acquire multi-tile
z-stacks (10-μm intervals) of stained sprouts, using a
Zeiss 10×/NA0.45 objective lens. Both a Zeiss ApoTome
system equipped with Colibri LED light source, as well
as a Zeiss LSM 710 confocal microscope system were
used for imaging. Images were acquired in grid positions
and subsequently stitched using the Grid/Collection
stitching plugin in Fiji [25], resulting in a continuous
image coverage of 70% of each well (3 × 3 mm).
Image analysis
Images were analyzed using the Fiji distribution of
ImageJ [26] at version ImageJ 2.0.0-rc-15/1.49k; Java
1.6.0_65 (available as a Life-Line Version from https://
imagej.net/Downloads). We developed a plugin for
sprout analysis that is available from the Angiogenesis
update site within ImageJ and is maintained to work
with the newest version of Fiji (see https://imagej.net/
Following_an_update_site for instructions how to
install the plugin in Fiji). Documentation for our plugin is
available at https://imagej.net/Sprout_Morphology. For
each z-stack acquired, the maximum intensity projection
(MIP) was created (see Additional file 4) and processed
using our plugin. For each 96-well plate, representative
MIPs were used to adjust analysis parameters to improve
image clarity across the entire dataset. Using the provided
script (see Additional file 5), the plugin was then run on
every continuous image to consistently analyze the entire
dataset.
Statistical analysis
The results of the sprout analysis were normalized to ei-
ther a PBS control or a DMSO control, depending on
the solvent used to reconstitute each treatment com-
pound (see Additional file 6: Table S1). Within one
assay, the values for repeated conditions in separate
wells were weighted according to the number of beads
in each well. Significant increase or decrease of each
measurement parameter at each treatment condition
was determined using a one-sample t test.

Results
Lumen formation and pericyte coverage in multi-cellular
sprouts
To assess vascular lumen formation within endothelial cell
(EC)-derived vascular sprouts with and without pericytes,
we seeded HUVEC in the presence or absence of HBVP
onto microcarrier beads that subsequently were embedded
into fibrin gels. In Fig. 1, a summary of the experimental
design is shown, which can be performed in either 96-well
plates to screen compounds (Fig. 1a, left side) or in glass-
bottom dishes for staining with various different antibodies
(Fig. 1a, right side). A timeline of the assay and the struc-
ture of a typical vascular sprout derived from human ECs
and pericytes is also shown (Fig. 1b, c).
After an incubation of either 2 (with pericytes) or 4 days

(without pericytes), the first sprouts formed a patent vascu-
lar lumen detectable by bright field transmission light mi-
croscopy (Fig. 2a). After fixation and staining of the F-actin
cytoskeleton by fluorescently labeled phalloidin, a lumen
was also detected in optical cross-sections of confocal
z-stacks (Fig. 2b). Vascular sprouts were composed of mul-
tiple cells connected through VE-cadherin positive junc-
tions and surrounded by a vascular basement membrane
containing laminin (Fig. 2c). Pericytes aligned to the ablum-
inal side of the vascular sprouts (Fig. 2d, e).

Quantitative measurement of sprout morphology and
pericyte coverage
We developed a plugin for ImageJ to measure parameters
of sprout morphology (Fig. 3). For image analysis with our
plugin, MIPs of sprout images were created. The adjust-
ment of analysis parameters was performed on a selected
subset of images representative of the variability within the
whole dataset. We adjusted the measurement parameters
for each of the analysis steps (Fig. 3a–c), including the
number of beads (Fig. 3d–f), number of vascular sprouts
(Fig. 3g–i), total number of nuclei (Fig. 3j–l), and area cov-
ered with pericytes (Fig. 3m–p). The MIPs of whole well im-
ages from 96-well plates or single beads in glass-bottom
dishes were analyzed using the ImageJ plugin we developed.
An example of the produced image-based quantita-

tion is shown in Fig. 4. Starting with the original in-
put image (Fig. 4a), our plugin detects the bead
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Fig. 1 Setup and workflow of the EC/pericyte sprouting assay. a Schematic drawing of the assay setup: A 1:10 co-culture of pericytes (red) and endothelial cells are
coated on microcarrier beads (centre) that are then embedded into fibrin gels in each of the inner 60 wells of a 96-well plate (left). Alternatively, cell-coated beads are
embedded into fibrin gels in a glass-bottom culture dish (right). The fibrin gels are subsequently covered with a layer of fibroblast cells (left), which can also be placed onto
filters (right) to facilitate removal and subsequent staining. Developing sprouts are cultured in growth medium containing the desired treatment, and they can be imaged
using an inverted microscope. b Timeline of the assay procedure: after coating ECs or ECs/pericytes on microcarrier beads and embedding them in fibrin gels, sprouts
are grown for up to 6 days, optionally supplied with 10-μM vanadate to accelerate sprout growth; after removal of vanadate by washing with growth medium, treatment
with test compounds or growth factors can be pursued for another 6 days; for image analysis, sprouts are fixed, stained, and imaged using an inverted microscope. c
Schematic representation of a sprout containing ECs (green) and pericytes (red), indicating the quantified sprout parameters
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(Fig. 4b) and the sprouts connected to it (Fig. 4c).
The intensity of immunostaining against NG2, a
pericyte marker, is used to segment pericyte area in the
image (Fig. 4d). The presence or absence of Erg-1/2/3
staining is used to classify DAPI-positive cell nuclei into
EC and pericyte-derived nuclei (Fig. 4e–g). For length
measurements, the morphological skeleton of the sprouts
is generated (Fig. 4h). The segmentation results are then
used to measure morphological parameters of vascular
sprouts, such as sprout number, length and width, as well
as cell density, the ratio between ECs and pericytes, and
the area of pericyte coverage (Fig. 4m).

Assessment of small molecule modifiers of angiogenesis
identifies specific modulators of pericyte coverage
Using our analysis workflow, we tested more than 40
compounds on their effect on sprout morphology and
pericyte coverage (Additional file 6: Table S1). We
selected in particular those compounds that target path-
ways reported to modulate angiogenesis (e.g., SU5416, a
potent inhibitor of VEGFR-2 [27]; PDGFR inhibitors
[10]; Y27632, a Rho kinase inhibitor [28]; a γ-secretase
inhibitor (Notch signaling) [29]; and modulators of
cAMP signaling [30]) in order to come up with a set of
molecules to be used in a proof-of-concept study. The
results are summarized in Additional file 7: Table S2 and
Additional file 8: Table S3. In sprouts consisting of only
ECs, we identified compounds that significantly de-
creased (11 compounds) or increased (6 compounds)
sprout number (p < 0.05) with at least one of the con-
centrations used (Additional file 7: Table S2). Using a
cut-off value of p < 0.01 (to reduce the chance of finding
false positives), the number of compounds considered
significantly decreasing or increasing sprout number was
6 and 3, respectively. Similarly, sprout length was signifi-
cantly decreased with 12 (with p < 0.01, 5) compounds



Fig. 2 Validation of sprout morphology. a Bright field image of vascular sprouts growing out from an EC-coated bead. b Confocal micrograph of a vascular
sprout stained for F-actin; a patent lumen is seen on an optical cross-section (inset). c Confocal micrographs of a vascular sprout stained for laminin (red),
VE-cadherin (green), and nuclei (DAPI, blue); maximum intensity projection (i), optical cross-section (ii), and optical longitudinal section (iii); 3D configuration
of the optical sections is depicted in simplified illustrations (right). d, e Confocal micrographs of human pericyte/EC-derived vascular sprouts stained for
endothelial nuclei (Erg-1/2/3, white), pericytes (NG2, red), F-actin (phalloidin, green), and nuclei (DAPI, blue); maximum intensity projection showing a bead
with connected sprouts (d), optical longitudinal section of a single sprout (e), showing the vascular lumen (asterisks), EC nuclei (arrowheads), and pericyte
nuclei (block arrows). Scale bars, a 200 μm; b, c 10 μm; d 200 μm; e 10 μm
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and increased with 3 compounds (with p < 0.01, 1). In the
presence of pericytes, none of the compounds decreased
the number of sprouts significantly with the concentrations
used, and only 3 compounds significantly increased sprout
number (with p < 0.01, 0; Additional file 8: Table S3).
Sprout length was significantly decreased with 8 (with
p < 0.01, 3) compounds and significantly increased with
2 (with p < 0.01, 0) compounds.
For EC-only sprouts, we measured sprout width and

cell density as additional parameters. We found that 8
out of 41 compounds specifically and significantly (p <
0.05) change sprout width and/or cell density without af-
fecting sprout number or length (Additional file 7: Table
S2). Similarly, we found that 12 out of 42 compounds
specifically changed pericyte coverage in human EC/
pericyte-derived vascular sprouts (Additional file 8:
Table S3).
Discussion
The bead sprouting angiogenesis assay in its original
form as described by Nakatsu et al. has been used in a
number of publications to test the specific effects of
agents (e.g., siRNAs, antibodies, chemical inhibitors) on
angiogenesis, and to complement results from in vivo
experiments [31–34]. However, until now, this assay has
not included the important influence of pericytes on vas-
cular sprout formation. We believe that the presented
assay compares favorably with prior uses of published
assays, since the co-culture of pericytes and ECs better
mimics the in vivo vascular system. In addition, the
three-dimensional bead angiogenic sprouting assay has
been used with other cell types than HUVEC such as
human lung ECs [35] and human lymphatic ECs [36].
The bead sprouting assay experimental design has sev-

eral advantages over many comparable in vitro methods,



Fig. 3 Configuration of the Sprout Analyzer plugin. a Dialog to configure output measurement parameters and to define input configuration, i.e.,
which image channel contains which staining information. b Example image showing a microcarrier bead with vascular sprouts stained for F-actin
using phalloidin-AF488 (green) and nuclei using DAPI (blue). c Example image with EC/pericyte-derived sprouts stained for F-actin using phalloidin-AF488
(green), nuclei using DAPI (blue), EC nuclei using an anti-Erg-1/2/3 antibody (white), and pericytes using an anti-NG2 antibody (red). d Dialog to configure
bead detection; when the preview checkbox is activated, a bead mask image (white) is overlaid onto the image (e and f for the original images in b and c,
respectively). g Dialog to configure sprout detection; when the preview checkbox is activated, a sprout mask image (white) is overlaid onto the image (h, i).
j Dialog to configure nucleus detection; when the preview checkbox is activated, a nucleus mask image (white) is overlaid onto the image (k, l).m Dialog to
configure cell classification; when the preview checkbox is activated, a preview showing ECs (yellow) and pericytes (magenta) is overlaid onto the image (n).
o Dialog to configure pericyte coverage measurement; when the preview checkbox is activated, a pericyte area mask image (white) is overlaid onto the
image (p). For detailed instructions, see protocol in Additional file 3, Additional file 1: Video S1, and Additional file 2: Video S2
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namely, a defined cellular composition including ECs
and pericytes. Based on a reproducible 3D environment,
the assay produces multi-cellular lumenized sprouts that
possess an abluminal basement membrane [20].
The assay reproduces the cellular mechanisms neces-

sary to form lumenized tubes, in contrast to assays that
focus solely on EC migration [37]. The new ImageJ
plugin allows for straightforward quantification of peri-
cyte coverage in addition to sprout morphology (see
Additional file 2: Video S2). Future applications of this
assay will benefit from the detailed quantitative analysis
provided by our toolkit. Admittedly, a limitation of the
assay is the absence of blood flow. However, methods
providing a blood flow require a more complex setup,



Fig. 4 Automated multi-parametric image analysis of sprouting angiogenesis with pericytes. a Confocal micrograph (maximum intensity
projection) showing a bead with sprouts stained for F-actin (green), nuclei (blue), endothelial nuclei (white), and pericytes (red). b–d Result
images showing segmentation results (white): segmented bead (b), total sprout area (c) and pericyte area (d). e Cell classification result
showing endothelial nuclei (yellow) and pericyte nuclei (magenta). f–g Result images from the cell classification showing EC nuclei (f) and
pericyte nuclei (g). h Sprout skeleton for length measurements. i–l Magnified details of the marked region in (a, f–h). m Result table
shown after running our plugin on the example image shown in a. Scale bars, a–h 200 μm; i–l 100 μm
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thereby limiting the sample size. A detailed comparison
of assays highlighting their respective features is shown
in Additional file 9: Table S4.
With the addition of pericytes, this sprouting angio-

genesis assay is useful to measure effects of different
compounds on pericyte coverage. In our assay, we often
observed vascular sprouts with leading ECs and pericytes
in close vicinity to the endothelium, covering the ablum-
inal side of sprouts with long cellular protrusions
(Fig. 4i–l). The observed sprout morphology is charac-
teristic of pericyte-covered sprouting capillaries in vivo
[6, 7, 10].
Within our test compounds, the number of compounds

that decreased sprout number and length was higher than
those that increased these two parameters. On an
evolutionary-optimized cellular mechanism like angiogen-
esis, it is not surprising to find more inhibiting than
activating factors. In addition, we observed that the pres-
ence of pericytes on the vessel walls stabilized vascular
sprouts; in the EC/pericyte sprouts, fewer compounds
were able to decrease sprout number, although they were
used at the same concentrations in both experiments.
It should be noted that our sprouting assay, while recap-

itulating the in vivo morphology of pericyte-wrapped
sprouts, suffers from the natural biological variability
present in primary human cells. A careful analysis of its
statistical power should therefore be performed when de-
signing larger studies using this assay to draw meaningful
conclusions. Our proof-of-concept study is limited by its
small sample size, since no robotic platform for
high-throughput screening was used. However, when
comparing groups of compounds with shared properties,
we observed similar behaviors. For example, we observed
that compounds regulating intracellular cyclic adenosine
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monophosphate (cAMP) levels or activating protein kinase
A (i.e., 6-Bnz, Forskolin, IBMX, Sp-cAMPS) tended to in-
crease sprout width in our assay (see Additional file 7: Table
S2). In addition, the assay setup also allows measuring the
number of branch points per sprout, in particular when
sprouts are given enough time to form branched networks
and a larger sample size is used. Therefore, we also added
an option to measure the number of branch points in our
plugin (Additional file 10: Figure S1), based on the “Analyze
Skeleton” plugin included in Fiji [38].
The ImageJ plugin we developed provides a comprehen-

sive quantification of morphological parameters in vascular
sprouts. By providing an analysis specific to the bead
sprouting assay, it helps researchers using this assay to get
useful measurements, while still offering flexibility in the
choice of parameters as well as the possibility of adapta-
tions, as its source code is fully available.

Conclusions
Our methodology allows for quantitative assessment of
morphology and pericyte coverage in vascular sprouts de-
veloped from human endothelial cells and human peri-
cytes in vitro. We were also able to observe some of the
expected effects of anti-angiogenic substances, such as
those of VEGF and PDGF receptor inhibitors. The in vitro
bead sprouting angiogenesis assay with pericytes therefore
represents a novel, helpful addition to various in vivo ex-
periments. Our plugin for ImageJ allows to quantify the
results of this assay and is a novel and freely available
quantification tool in the field of digital pathology.
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Additional file 1: Movie introducing the bead sprouting assay and our
software analysis. (MOV 22013 kb)
Additional file 2: Movie demonstrating the analysis of human EC/
pericyte-derived vascular sprouts. (MOV 4946 kb)
Additional file 3: Step-by-step protocol for the pericyte sprouting assay.
This protocol contains several options of performing the bead sprouting
assay, e.g., with or without pericytes, in a glass-bottom dish or a 96-well
plate format, and with different stainings. (DOCX 132 kb)
Additional file 4: ImageJ macro to create maximum intensity
projections. ImageJ macro (ijm) format; open the file using ImageJ, e.g.,
by dragging onto the ImageJ main window. (IJM 1 kb)
Additional file 5: ImageJ macro to process image folders. ImageJ
macro (ijm) format; open the file using ImageJ, e.g., by dragging onto the
ImageJ main window. (IJM 1 kb)
Additional file 6: Table S1. List of compounds and concentrations
used. The compounds were used at two concentrations, indicated in the
columns 10 × IC50 and 100 × IC50, respectively. The values were chosen
according to published values for the half maximal inhibitory
concentrations of the inhibitors with respect to their target molecules
in vitro or in accordance with literature using the respective compounds
in a similar assay setup. Literature references for each compound are
listed in the reference column. (DOCX 193 kb)
Additional file 7: Table S2. Results of a pilot screen for EC-derived vascular
sprouts. Changes considered significant with a cut-off p value of p< 0.05
(two-sided one-sample t test compared to solvent control) are colored in red
and green to indicate decrease and increase compared to controls, respectively.
N= 3 assays with 8 wells per compound each. (PDF 66 kb)
Additional file 8: Table S3. Results of a pilot screen for EC/pericyte-
derived vascular sprouts. Changes considered significant with a cut-off
p value of p < 0.05 (two-sided one-sample t test compared to solvent
control) are colored in red and green to indicate decrease and increase
compared to controls, respectively. N = 3 assays with 8 wells per
compound each. (PDF 67 kb)
Additional file 9: Table S4. Comparison of in vitro and ex vivo assays.
Comparison of in vitro and ex vivo assays to study sprouting angiogenesis, EC
migration, and pericyte coverage. The method presented here is highlighted
in green. Symbols used are the following: +, possible/present; −, not possible/
not present; n.s., not shown. (DOCX 148 kb)
Additional file 10: Figure S1. Quantification of branching level. (a)
Confocal micrograph (maximum intensity projection) of a sprouting
vascular plexus growing from four microcarrier beads, stained for F-actin
(green) and nuclei (red). (b) Result image showing bead (dark grey) and
sprout (light grey) segmentation. (c) Result image showing the sprout
skeletons; branch points have been highlighted in red. (d) The option to
measure branching level (red box) is available in the configuration dialog.
(e) Result table reporting the average number of branch points per
sprout (avg n(branch points), red box). (PNG 375 kb)

Abbreviations
EC: Endothelial cell; EGM-2: Endothelial growth medium-2; HBVP: Human
brain vascular pericytes; HIF-1α: Hypoxia-inducible factor 1α; HSF: Human
skin fibroblasts; HUVEC: Human umbilical vein endothelial cells;
MIP: Maximum intensity projection; PDGF: Platelet-derived growth factor;
PlGF: Placental growth factor; VEGF: Vascular endothelial growth factor

Acknowledgements
We thank the members of the Institute of Metabolic Physiology for helpful
comments, in particular to M. Kelly-Goss for her helpful suggestions.

Funding
This work was supported by the German Center for Diabetes Research (DZD
e.V.), the Federal Ministry of Health, and the Ministry for Innovation, Science
and Research of North Rhine-Westphalia.

Availability of data and materials
The ImageJ plugin for quantitative sprout analysis is available from the update
site: https://sites.imagej.net/Angiogenesis/. The source code is available from
the repository at https://github.com/angiogenesis/Sprout_Analysis. The data
generated for this study using our plugin are included in this published article.
The full dataset is available from the corresponding author on request.

Authors’ contributions
JE performed the assay experiments, prepared the figures, performed the
statistics, programmed the ImageJ plugin, and wrote the manuscript. HK
optimized the immunostaining procedure for 96-well plates. EL supervised JE
and HK during their Ph.D. theses, provided advice, and wrote the manuscript
together with JE. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details
1Institute of Metabolic Physiology, Heinrich-Heine University, Düsseldorf,
Germany. 2Institute for Beta Cell Biology, Leibniz Center for Diabetes
Research, German Diabetes Center (DDZ), Düsseldorf, Germany. 3Current
address: Friedrich Miescher Institute for Biomedical Research, Basel,
Switzerland.

Received: 20 September 2016 Accepted: 26 December 2016

dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
dx.doi.org/10.1186/s41232-016-0033-2
https://sites.imagej.net/Angiogenesis/
https://github.com/angiogenesis/Sprout_Analysis


Eglinger et al. Inflammation and Regeneration  (2017) 37:2 Page 9 of 9
References
1. Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of

angiogenesis. Cell. 2011;146(6):873–87. doi:10.1016/j.cell.2011.08.039.
2. Conway EM, Collen D, Carmeliet P. Molecular mechanisms of blood vessel

growth. Cardiovasc Res. 2001;49(3):507–21.
3. Gerhardt H, Betsholtz C. How do endothelial cells orientate? EXS. 2005;94:3–15.
4. Herbert SP, Stainier DY. Molecular control of endothelial cell behaviour

during blood vessel morphogenesis. Nat Rev Mol Cell Biol.
2011;12(9):551–64. doi:10.1038/nrm3176.

5. Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, Niaudet C, et al.
Pericytes regulate the blood-brain barrier. Nature. 2010;468(7323):557–61.
doi:10.1038/nature09522.

6. Mishra A, O’Farrell FM, Reynell C, Hamilton NB, Hall CN, Attwell D. Imaging
pericytes and capillary diameter in brain slices and isolated retinae. Nat
Protoc. 2014;9(2):323–36. doi:10.1038/nprot.2014.019.

7. Armulik A, Genové G, Betsholtz C. Pericytes: developmental, physiological,
and pathological perspectives, problems, and promises. Dev Cell.
2011;21:193–215. doi:10.1016/j.devcel.2011.07.001.

8. Hammes HP, Lin J, Wagner P, Feng Y, Vom Hagen F, Krzizok T, et al.
Angiopoietin-2 causes pericyte dropout in the normal retina: evidence for
involvement in diabetic retinopathy. Diabetes. 2004;53:1104–10. doi:10.2337/
diabetes.53.4.1104.

9. Pfister F, Feng Y, Hagen F, Hoffmann S, Molema G, Hillebrands JL, Shani M,
Deutsch U, Hammes HP. Pericyte migration: a novel mechanism of pericyte
loss in experimental diabetic retinopathy. Diabetes. 2008;57:2495–502.
doi:10.2337/db08-0325.

10. Armulik A, Abramsson A, Betsholtz C. Endothelial/pericyte interactions. Circ
Res. 2005;97:512–23. doi:10.1161/01.RES.0000182903.16652.d7.

11. Gerhardt H, Betsholtz C. Endothelial-pericyte interactions in angiogenesis.
Cell Tissue Res. 2003;314(1):15–23. doi:10.1007/s00441-003-0745-x.

12. Raza A, Franklin MJ, Dudek AZ. Pericytes and vessel maturation during
tumor angiogenesis and metastasis. Am J Hematol. 2010;85:593–8.
doi:10.1002/ajh.21745.

13. Beltramo E, Porta M. Pericyte loss in diabetic retinopathy: mechanisms and
consequences. Curr Med Chem. 2013;20(26):3218–25.

14. Hammes HP, Feng Y, Pfister F, Brownlee M. Diabetic retinopathy: targeting
vasoregression. Diabetes. 2011;60:9–16. doi:10.2337/db10-0454.

15. Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Sutherland B, et al.
Capillary pericytes regulate cerebral blood flow in health and disease.
Nature. 2014;508:55–60. doi:10.1038/nature13165.

16. Ribatti D, Nico B, Crivellato E. The role of pericytes in angiogenesis. Int J Dev
Biol. 2011;55(3):261–8. doi:10.1387/ijdb.103167dr.

17. Nakatsu MN, Sainson RC, Aoto JN, Taylor KL, Aitkenhead M, Perez-del-Pulgar
S, et al. Angiogenic sprouting and capillary lumen formation modeled by
human umbilical vein endothelial cells (HUVEC) in fibrin gels: the role of
fibroblasts and Angiopoietin-1. Microvasc Res. 2003;66(2):102–12.

18. Nakatsu MN, Davis J, Hughes CC. Optimized fibrin gel bead assay for the
study of angiogenesis. J Vis Exp. 2007;3:186. doi:10.3791/186.

19. Nakatsu MN, Hughes CC. An optimized three-dimensional in vitro model for
the analysis of angiogenesis. Methods Enzymol. 2008;443:65–82.
doi:10.1016/S0076-6879(08)02004-1.

20. Nikolova G, Strilic B, Lammert E. The vascular niche and its basement
membrane. Trends Cell Biol. 2007;17(1):19–25. doi:10.1016/j.tcb.2006.11.005.

21. Zudaire E, Gambardella L, Kurcz C, Vermeren S. A computational tool for
quantitative analysis of vascular networks. PLoS One. 2011;6(11):e27385.
doi:10.1371/journal.pone.0027385.

22. Boettcher M, Gloe T, de Wit C. Semiautomatic quantification of
angiogenesis. J Surg Res. 2010;162(1):132–9. doi:10.1016/j.jss.2008.12.009.

23. Bouis D, Hospers GA, Meijer C, Molema G, Mulder NH. Endothelium in vitro:
a review of human vascular endothelial cell lines for blood vessel-related
research. Angiogenesis. 2001;4(2):91–102.

24. Shepro D, Morel NM. Pericyte physiology. FASEB J. 1993;7(11):1031–8.
25. Preibisch S, Saalfeld S, Tomancak P. Globally optimal stitching of tiled 3D

microscopic image acquisitions. Bioinformatics. 2009;25(11):1463–5.
doi:10.1093/bioinformatics/btp184.

26. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
et al. Fiji: an open-source platform for biological-image analysis. Nat
Methods. 2012;9(7):676–82. doi:10.1038/nmeth.2019.

27. Mendel DB, Schreck RE, West DC, Li G, Strawn LM, Tanciongco SS, Vasile S,
Shawver LK, Cherrington JM. The angiogenesis inhibitor SU5416 has long-lasting
effects on vascular endothelial growth factor receptor phosphorylation and
function. Clin Cancer Res. 2000;6:4848–58.

28. Strilic B, Kucera T, Eglinger J, Hughes MR, McNagny KM, Tsukita S, et al. The
molecular basis of vascular lumen formation in the developing mouse
aorta. Dev Cell. 2009;17(4):505–15. doi:10.1016/j.devcel.2009.08.011.

29. Schulz B, Pruessmeyer J, Maretzky T, Ludwig A, Blobel CP, Saftig P, et al.
ADAM10 regulates endothelial permeability and T-Cell transmigration by
proteolysis of vascular endothelial cadherin. Circ Res. 2008;102(10):1192–201.
doi:10.1161/CIRCRESAHA.107.169805.

30. Namkoong S, Kim CK, Cho YL, Kim JH, Lee H, Ha KS, et al. Forskolin increases
angiogenesis through the coordinated cross-talk of PKA-dependent VEGF
expression and Epac-mediated PI3K/Akt/eNOS signaling. Cell Signal.
2009;21:906–15. doi:10.1016/j.cellsig.2009.01.038.

31. Strilic B, Eglinger J, Krieg M, Zeeb M, Axnick J, Babal P, et al. Electrostatic
cell-surface repulsion initiates lumen formation in developing blood vessels.
Curr Biol. 2010;20(22):2003–9. doi:10.1016/j.cub.2010.09.061.

32. Kachgal S, Putnam AJ. Mesenchymal stem cells from adipose and bone
marrow promote angiogenesis via distinct cytokine and protease
expression mechanisms. Angiogenesis. 2011;14(1):47–59. doi:10.1007/
s10456-010-9194-9.

33. van Meeteren LA, Thorikay M, Bergqvist S, Pardali E, Stampino CG, Hu-Lowe
D, et al. Anti-human activin receptor-like kinase 1 (ALK1) antibody
attenuates bone morphogenetic protein 9 (BMP9)-induced ALK1 signaling
and interferes with endothelial cell sprouting. J Biol Chem. 2012;287(22):
18551–61. doi:10.1074/jbc.M111.338103.

34. Wilson CW, Parker LH, Hall CJ, Smyczek T, Mak J, Crow A, et al. Rasip1 regulates
vertebrate vascular endothelial junction stability through Epac1-Rap1 signaling.
Blood. 2013;122(22):3678–90. doi:10.1182/blood-2013-02-483156.

35. Wimmer R, Cseh B, Maier B, Scherrer K, Baccarini M. Angiogenic sprouting
requires the fine tuning of endothelial cell cohesion by the Raf-1/Rok-alpha
complex. Dev Cell. 2012;22(1):158–71. doi:10.1016/j.devcel.2011.11.012.

36. Zheng W, Tammela T, Yamamoto M, Anisimov A, Holopainen T, Kaijalainen S,
et al. Notch restricts lymphatic vessel sprouting induced by vascular endothelial
growth factor. Blood. 2011;118(4):1154–62. doi:10.1182/blood-2010-11-317800.

37. Liang CC, Park AY, Guan JL. In vitro scratch assay: a convenient and
inexpensive method for analysis of cell migration in vitro. Nat Protoc.
2007;2(2):329–33. doi:10.1038/nprot.2007.30.

38. Arganda-Carreras I, Fernandez-Gonzalez R, Munoz-Barrutia A, Ortiz-De-Solorzano
C. 3D reconstruction of histological sections: application to mammary gland
tissue. Microsc Res Tech. 2010;73(11):1019–29. doi:10.1002/jemt.20829.
•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

http://dx.doi.org/10.1016/j.cell.2011.08.039
http://dx.doi.org/10.1038/nrm3176
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1038/nprot.2014.019
http://dx.doi.org/10.1016/j.devcel.2011.07.001
http://dx.doi.org/10.2337/diabetes.53.4.1104
http://dx.doi.org/10.2337/diabetes.53.4.1104
http://dx.doi.org/10.2337/db08-0325
http://dx.doi.org/10.1161/01.RES.0000182903.16652.d7
http://dx.doi.org/10.1007/s00441-003-0745-x
http://dx.doi.org/10.1002/ajh.21745
http://dx.doi.org/10.2337/db10-0454
http://dx.doi.org/10.1038/nature13165
http://dx.doi.org/10.1387/ijdb.103167dr
http://dx.doi.org/10.3791/186
http://dx.doi.org/10.1016/S0076-6879(08)02004-1
http://dx.doi.org/10.1016/j.tcb.2006.11.005
http://dx.doi.org/10.1371/journal.pone.0027385
http://dx.doi.org/10.1016/j.jss.2008.12.009
http://dx.doi.org/10.1093/bioinformatics/btp184
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1016/j.devcel.2009.08.011
http://dx.doi.org/10.1161/CIRCRESAHA.107.169805
http://dx.doi.org/10.1016/j.cellsig.2009.01.038
http://dx.doi.org/10.1016/j.cub.2010.09.061
http://dx.doi.org/10.1007/s10456-010-9194-9
http://dx.doi.org/10.1007/s10456-010-9194-9
http://dx.doi.org/10.1074/jbc.M111.338103
http://dx.doi.org/10.1182/blood-2013-02-483156
http://dx.doi.org/10.1016/j.devcel.2011.11.012
http://dx.doi.org/10.1182/blood-2010-11-317800
http://dx.doi.org/10.1038/nprot.2007.30
http://dx.doi.org/10.1002/jemt.20829

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Sprouting assay
	Phalloidin staining
	Immunostaining
	Microscopy
	Image analysis
	Statistical analysis

	Results
	Lumen formation and pericyte coverage in multi-cellular sprouts
	Quantitative measurement of sprout morphology and pericyte coverage
	Assessment of small molecule modifiers of angiogenesis identifies specific modulators of pericyte coverage

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

