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Angiogenesis is an important event during developmental processes, and it plays a key role in neovascular-
ization. The development of an in vitro model that can be used for live imaging of vessel growth will facilitate
the study of molecular and cellular mechanisms for the growth of blood vessels. Embryonic stem cells (ESCs) are
considered to be a novel renewable source for the derivation of genetically manipulable endothelial cells (ECs).
To derive green fluorescence protein (GFP)-expressing ECs, we used a transgenic ESC line in which a GFP
reporter was driven by the endothelial-specific promoter fetal liver kinase 1. ESC-ECs were isolated from 11-day
embryoid bodies by fluorescence-activated cell sorting. Embedding the aggregated ESC-ECs in a 3-dimensional
collagen gel matrix resulted in ESC-EC migration out of the aggregates and coalescence into a capillary network.
Time-lapse microscopy revealed EC migration, proliferation, lumen formation, and anastomosis to other cap-
illary vessels during this process, which were reminiscent of angiogenic processes. Vascular endothelial growth
factor plays major roles in the induction of ESC-EC angiogenesis in vitro. Blockage of the b1 integrin subunit
severely impaired ESC-EC survival and migration. We demonstrate that our in vitro ESC-EC angiogenesis
model represents a high-resolution dynamic video-image system for observing the cellular events underlying
angiogenic cascades. We also consider this model as an image screening tool for the identification of pro-
angiogenic and anti-angiogenic molecules.

Introduction

Angiogenesis, the development of new blood vessels
from preexisting ones, is a critical event during devel-

opmental and pathological vascular development [1]. An-
giogenesis is a morphogenic process that involves the
stimulation of normally quiescent endothelial cells (ECs) to
undergo basement membrane degradation, invasion, migra-
tion, proliferation, lumen formation, and differentiation [2,3].
Recently, advances in the understanding of angiogenesis have
been translated to the development of drugs targeting an-
giogenesis in conditions such as cancer or the induction of
neovascularization [4]. Accordingly, numerous in vivo and in
vitro angiogenesis models have been developed for the
identification of anti-angiogenic or pro-angiogenic com-
pounds. Current in vivo systems, such as the chick chorioal-
lantoic membrane assay [5–7], corneal neovascularization
assay [8–10], matrigel plug assay [11,12], and transgenic
zebrafish models [13–15] are limited by the species used, or-
gan sites, administration of the test substances, and lack of
quantitative analysis [16]. Ex vivo models, such as rat aortic
ring [17], chick aortic arch [18], and vena cava explants [19],
provide excellent recapitulation of various stages of angio-
genesis; however, these cultures contain multiple cell types,

and reliable transfection is problematic. Therefore, numerous
in vitro angiogenesis assays have been developed, despite the
fact that they are incapable of modeling all of the components
of the angiogenic cascade. Recently, an in vitro tube formation
assay, which involves plating ECs or EC aggregates onto or
into a 3-dimensional (3D) gel matrix, was extensively used to
study pro-angiogenic or anti-angiogenic molecules, as they
could model EC adhesion, migration, protease activity, and
lumen/tube formation. The most commonly used ECs for this
assay are human umbilical vein endothelial cells, which are
easily isolated and have been successfully cultured since 1973
[20–23]. However, utilizing these macrovascular ECs are far
from ideal, as angiogenesis commonly involves the micro-
vasculature rather than the macrovasculature [16,24,25].
Currently, there is no available in vitro assay that permits
prolonged high-resolution imaging of EC behavior in a non-
invasive manner. This hinders the detailed analysis of which
molecules govern the proper guidance of growing vessels or
the interactions of molecules that are required for blood vessel
morphogenesis. Therefore, it would be beneficial to devise a
new in vitro system that allows continuous imaging of the
behavior of wild-type or mutated ECs during angiogenesis.

Embryonic stem (ES) cells are characterized by their ca-
pacity for prolonged undifferentiated proliferation in culture,
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while retaining the potential to differentiate into all 3 germ
layer cells both in vivo and in vitro. In culture, embryonic
stem cells (ESCs) can differentiate into ECs through successive
maturation steps, as manifested by endothelial-specific
markers such as fetal liver kinase 1 (Flk 1), platelet endothelial
cell adhesion molecule, vascular endothelial (VE)-cadherin,
and von Willebrand factor. ESC-ECs express endothelial-
specific markers and have been found to form capillary
structures in vitro and in vivo [26,27]. In addition, the relative
ease by which ESCs can be genetically manipulated has made
them a powerful tool to target endogenous genes, and this can
facilitate the manipulation of gene expression in ESC-ECs. For
this reason, ESCs are an ideal renewable source for the gen-
eration of genetically manipulable microvascular ECs. To ob-
serve developing vasculature, we used a transgenic ESC line in
which a green fluorescent protein (GFP) reporter was driven
by the EC-specific promoter Flk 1, which makes the ECs
isolated from this ESC line express GFP. We searched for
conditions that promoted angiogenesis and maintained the
long-term GFP expression of ESC-ECs throughout the entire
morphogenetic processes. Finally, we show that our established
system could mimic angiogenic stimuli-induced angiogenesis
and, therefore, can be applied for high-resolution live cell im-
aging of EC behavior during an angiogenic cascade in vitro.

Materials and Methods

Culture and maintenance of mouse ESCs

The Flk 1-GFP-targeted R1 ESCs were generated by
knocking in a GFP reporter in-frame into the start codon of
exon 1 of the Flk 1 genomic locus (gift from Dr. Janet Ros-
sant, Mount Sinai Hospital, Samuel Lunenfeld Research In-
stitute, Toronto, Canada). Wild-type R1 ESCs were obtained
from the mouse genetics core facility at Memorial Sloan-
Kettering Cancer Center (New York, NY). ESCs were grown
on mitomycin-C-treated feeder cells in a high-glucose Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented
with 15% ESC-qualified fetal bovine serum (FBS; Invitrogen),
100 · penicillin/streptomycin (Invitrogen), 2 mM L-gluta-
mine (Invitrogen), 100 · ESC-qualified nucleotides (Milli-
pore), 100 · MEM nonessential amino acids (Invitrogen),
0.05 mM 2-mercaptoethanol (Sigma), and 5 · 105 U leukemia
inhibitory factor (ESGRO) at 37�C in 5% CO2.

In vitro differentiation of ESCs

For the in vitro differentiation of ESCs into embryonic
bodies (EBs), subconfluent Flk 1GFP/ + or wild-type R1 ESCs
were trypsinized and diluted with differentiation media
(DM) into 8.3 · 104 cells/mL cell suspensions. To make
hanging drops, 100 · 30mL aliquots of ESC suspension were
plated on the inner side of the bottom of a 150-mm uncoated
bacteriological Petri dish (Fisher). The DM contains ESC
media without leukemia inhibitory factor and 20% FBS. On
day 2, EBs formed and were suspended in DM for another
1–2 days. On day 3 or 4, these EBs were seeded on 0.2%
gelatin-coated 60 mm tissue culture dishes (for fluorescence-
activated cell sorting) or collagen type I-coated 35 mm glass
bottom dishes (for morphological analysis and live imaging).
DM with 50 ng/mL vascular endothelial growth factor
(VEGF)164 (R&D systems) was then added after 12 h of
seeding. All cultures were maintained at 37�C in 5% CO2.

Isolation of ESC-ECs

Day 11 Flk 1GFP/ + or wild-type R1 ESC-derived-EBs were
dissociated with collagenase/dispase (Roche) containing
10% FBS and 200 U/mL DNAse I (Invitrogen) for 1.5 h in a
37�C incubator. Phosphate-buffered saline (PBS) was added
to the plates to stop collagenase activity. After pipetting up
and down several times until no obvious clumps appeared,
cell suspensions were washed through a G20 syringe and
then filtered through a 40mm strainer (Falcon) to create sin-
gle-cell suspensions. Approximately 1 · 107 Flk 1GFP/ + R1
ESC-derived EB cells and control wild-type R1 ESC-derived
EB cells were subjected to cell sorting. Every 3,000 Flk 1 +

cells were isolated using a BD FACStar� Plus flow cyt-
ometer (BD Biosciences) and plated into each well of a 96-
well Costar ultra-low attachment dish (Fisher) in 2 · EC
medium with 0.25% (v/w) methylcellulose and 100 ng/mL
VEGF164 (R&D systems). EC medium contained a-MEM
(Invitrogen) supplemented with 10% FBS and 5 · 10–5 M
2-mercaptoethanol.

In vitro angiogenesis assay

To make 1.5 mg/mL type I collagen gel solution, a
3 mg/mL type I collagen gel solution was prepared from
3.78 mg/mL rat tail type I collagen (BD Biosciences) on ice
following the manufacturer’s instructions. Half of the 2 · EC
medium with 100 ng/mL VEGF164 and half of the 3 mg/mL
type I collagen gel solution were added in a mixture at 0�C.

To make the gel-aggregate-gel sandwich for in vitro an-
giogenesis, 75 mL of 1.5 mg/mL collagen gel solution was
added to each well of a 96-well glass-bottom plate (MatTek)
on ice and was rapidly transferred into a 37�C incubator to
allow polymerization for 30 min. Aggregates were seeded on
top of the polymerized type I collagen gel and allowed to
adhere for 15 min at 0�C. Seventy-five microliters of
1.5 mg/mL gel solution was added on top of the aggregates
at 0�C. After polymerization for 30 min at 37�C, 100mL of EC
medium containing 50 ng/mL VEGF164 was pipetted on top
of the gel. Sometimes, monoclonal antibodies against in-
tegrin b1 chain (BD Pharmingen� Cat. no. 555002) were
added into the culture at a concentration of 50 mg/mL. All
cultures were placed at 37�C in 5% CO2 at 100% humidity.

Time-lapse live cell imaging

To prepare for time-lapse live cell imaging, a 2 mL gel
sandwich with 10 aggregates was prepared in a 35 mm glass-
bottom dish following the methods described above. Three
days later, time-lapse conditions were established. In gen-
eral, a temperature-controlled chamber was set at 37�C with
a continuous 5% CO2 infusion and allowed to equilibrate
before inserting the 35 mm glass-bottom dish. GFP was ex-
cited at 480 nm. Stacks of images were taken with a Zeiss
LSM 5 LIVE laser scanning confocal microscope every 10 min
with a slice number between 50 and 90. Movies were pro-
cessed using LSM software (version 4.0.0.241, Zeiss).

Immunofluorescence staining

Anti-Flk 1 immunofluorescence staining was performed
on the microwell of 35 mm glass-bottom dishes. Day 11 wild-
type ESC-derived EBs were fixed with 4% paraformaldehyde
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for 15 min at room temperature. After rinsing in PBS, EBs
were permeabilized with 0.2% Triton-X 100 in PBS for
15 min. After several washes, EBs were incubated with
blocking solution [3% rabbit serum (heat inactivated; Sigma)
and 1% BSA (Sigma) in PBS] for 1 h at 37�C, and then incu-
bated with rat anti-mouse Flk 1 monoclonal antibody (1:50
dilution; BD Pharmingen) in a humid chamber at 4�C over-
night. The next day, after several washes, EBs were incu-
bated with FITC-conjugated goat anti-rat IgG polyclonal
antibody (Abcam) for 2 h. EBs were mounted in aqueous
medium and observed under a Zeiss LSM 5 LIVE laser
scanning confocal microscope. FITC was excited at 480 nm.

RNA extraction and reverse transcription–polymerase
chain reaction

Total RNA was isolated from undifferentiated ESCs, day
4, 6, 8, 11, and 13 Flk 1 + cells, using Trizol (Invitrogen).
Primer sequences for specific genes (Flk 1, Cd31, VE-cadherin,
Scl/Tal 1, Oct 4, and Gapdh) are listed in Table 1. Unless stated
otherwise, all experiments were performed in triplicate.

Statistical analyses

Data were analyzed by a 2-tailed Student t-test using SAS
V8 software (SAS Institute).

Results

In vitro differentiation of Flk 1GFP/ + ESCs

To develop a reliable system to purify mature ECs from
ESCs, we used a transgenic Flk 1GFP/ + R1 ESC line that
expresses GFP under the endogenous EC-specific Flk 1 pro-
moter. To determine whether vasculogenesis and angiogen-
esis in the ESC-derived EBs were affected by the insertion of
a transgene into the Flk 1 genomic locus, we performed a
time-course observation of the GFP-expressing cells during
EB differentiation. On differentiation day 4, a small portion
of EB cells started to express GFP. On differentiation day 6, a
sheet of round-shaped cells appeared in the periphery of the
flattened EBs (Fig. 1A, a) that moved back and forth with
frequent cell–cell interactions (Supplementary Movie S1; Sup-
plementary Data are available online at www.liebertonline
.com/scd). On differentiation day 8, GFP-expressing ECs gen-

erated extensive filopodial extensions and migrated to the tar-
get vessel by gliding on a 2-dimensional (2D) substratum
(Supplementary Movie S2). In the end, the cells coalesced to
form a primitive vascular plexus (Fig. 1A, b). On differentiation
day 11, the primitive vascular plexus was remodeled into a
highly branched vascular network (Fig. 1A, c). Morphogenesis
of the GFP-expressing cells during EB differentiation recapitu-
lates vasculogenesis and early angiogenesis in vitro. The entire
morphogenic progress is similar to that of Flk 1+ cells in the
wild-type R1 ESC-derived EBs (Fig. 1B, d–f).

To further analyze whether heterozygous Flk 1 expression
affects EC lineage determination during EB differentiation,
flow cytometry was performed based on GFP expression in
Flk 1GFP/ + EBs or by using an antibody against Flk 1 in wild-
type EBs (Fig. 1C). The number of Flk 1 + cells consistently
increased in the first 11 days, whereas it decreased on day 13
in both Flk 1GFP/ + and wild-type EBs (Fig. 1D). However,
there was a modest reduction in the number of Flk 1 + cells in
Flk 1GFP/ + EBs over time, as compared with the wild-type
EBs. This result indicates a similar trend for the differentia-
tion of the EC lineage in both the Flk 1GFP/ + EBs and the
wild-type EBs, although the former had a moderately re-
duced frequency.

In vitro characterization of Flk 1 + cell fractions

To characterize the Flk 1 + cell fractions in various devel-
opmental stages, Flk 1 + cells were sorted from day 4, 6, 8, 11,
and 13 EBs using fluorescence-activated cell sorting. The
potential expression of several endothelial-specific genes and
markers for undifferentiated ESCs was analyzed in the un-
differentiated ESCs and the purified Flk 1 + cells (Fig. 2).
Reverse transcription–polymerase chain reaction results
demonstrated expression of Flk 1 and Cd 31 during all stages
of differentiation. Expression of VE-cadherin appeared by day
6. von Willebrand factor mRNA was detected by day 8.
Expression of the hematopoietic lineage marker Scl/Tal 1 was
detected at high levels before day 6, but progressively de-
creased upon maturation of hemangioblasts to ECs on days
8, 11, and 13. As expected, ESCs did not express any of the
above-mentioned markers, except for a low mRNA level of
CD31. The ESC marker Oct 4 was expressed in undifferen-
tiated ESCs, with no expression at any stage in Flk 1 + cells.
Taken together, Flk 1 + cell fractions differentiated into more

Table 1. Oligonucleotide Primer Sequences Used for Reverse Transcription–Polymerase Chain Reaction

Gene name Sequence GenBank no.

Flk 1 5¢ AGCAACACACAGCGAGCATC 3¢ NM_010612
5¢ TAAGTAAGTTGATAGGTTTC 3¢

CD31 5¢ GCAAAGAGTGACTTCCAGAC 3¢ NM_008816
5¢ GCAAAGAGTGACTTCCAGAC 3¢

VE-cadherine 5¢ CAGTACACATTCTACATTGA 3¢ NM_009868
5¢ TCAATGTAGAATGTGTACTG 3¢

vWf 5¢ GCAGAAACAGCCTATGGATC 3¢ NM_011708
5¢ GACAGCTTAACCAGTAGCCG 3¢

Scl/Tal 1 5¢ CGGTCTGGTGTATCGCAGTG 3¢ U01530
5¢ AAGATGTAATTCTCTATTTG 3¢

Oct 4 5¢ AAGGAGCTAGAACAGTTTGC 3¢ NM_013633
5¢ ACCATACTCGAACCACATCC 3¢

Gapdh 5¢ GCCCATCACCATCTTCCAG 3¢ NM_008084
5¢ TGAGCCCTTCCACAATGCC 3¢
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mature ECs from day 8 onward. Additionally, because day
11 EBs gave rise to the largest number of Flk 1 + cells in EB
differentiation, ECs were routinely derived from day 11 EBs
for the following experiments.

ESC-EC spheroids suspended in a 3D collagen
matrix form a capillary network

In an attempt to establish an ESC-EC in vitro angiogenesis
model, we embedded the single-suspended GFP-expressing

ESC-ECs in a 3D collagen matrix; however, massive apoptosis
occurred after 24 h (data not shown). It has been reported that
the formation of cell aggregates increases intracellular contacts
and reduces cell tensile stresses, resulting in cessation of cell
growth and facilitation of tubular network formation [28,29].
Therefore, we induced ESC-EC aggregate formation in a
nonadhesion 96-well plate with a-MEM media containing
methylcellulose. Single aggregates contained 3,000 ESC-ECs
with sizes ranging from 250 to 300mm, and each was formed
in a single well of a 96-well plate within 18 h.

FIG. 1. Vascular development in Flk 1GFP/ + and wild-type ESC-derived EBs. (A) Flk 1GFP/ + EBs on day 6 (a), day 9 (b), and
day 11 (c). (B) Immunofluorescence staining for Flk 1 in wild-type EBs on day 6 (d), day 9 (e), and day 11 (f). (C) Flow
cytometry performed on day 11 Flk 1GFP/ + EB cells. (D) Fluorescence-activated cell sorting analysis of the percentage of Flk
1 + cells in both the Flk 1GFP/ + EBs and wild-type EBs. Scale bar: 200 mm. Flk 1, fetal liver kinase 1; ESC, embryonic stem cell;
EBs, embryonic bodies.
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Initially, we simply plated aggregates onto collagen type I-
coated plates. In the presence of 50 ng/mL VEGF, GFP-ex-
pressing cord-like ECs appeared in the flattened aggregates
after 24 h (Fig. 3D), whereas the ECs had lost GFP expression
by 48 h (Fig. 3F). An increase in VEGF concentration (as high
as 100 ng/mL) could not alleviate the loss of GFP expression
in these ECs. A cell death assay indicated ESC-EC apoptosis
during this process (data not shown). However, when we
plated another 3D collagen gel matrix on top of the 2D cul-
ture, ECs migrated out and formed cord-like structures by

24 h (Fig. 4F), which could be maintained longer than 48 h
(Fig. 4G). However, no further development was observed in
this culture.

Several aggregates were inserted into a 3D collagen I gel
sandwich that contained 50 ng/mL VEGF. As shown in
Fig. 5, ESC-ECs from the aggregates rearranged into net-
works of capillary-like structures over a period of days. On
day 2, GFP-expressing ECs on the aggregate surface mi-
grated out, invaded the collagen matrix, and formed cord-
like structures that had few luminal compartments (Fig. 5B).
ECs in the center of the aggregate remained as a cell mass
(Fig. 5B, asterisk). On day 3, cord-like ECs assembled into a
vascular network (Fig. 5C), whereas ECs in the aggregate
center had disappeared. By day 4, the vascular network was
remodeled into a complex web of interconnected capillaries
(Fig. 5D). These capillaries (Fig. 5E, arrowhead) contained
lumens (Fig. 5E, asterisk) that were lined by 5–6 flattened
ECs (Fig. 5E, arrows). Some of the lining ECs had abluminal
filopodial extensions (Fig. 5E, twin arrows). On day 7, ag-
gregates began to fall apart, and capillaries progressively
collapsed (Fig. 5F).

VEGF specifically induces ESC-EC angiogensis

The above experiments indicated that when aggregates
were embedded in the 3D collagen gel, ECs migrated out and
underwent a series of morphogenetic processes leading to
capillary network formation. We described these aggregates
as angiogenic aggregates (Fig. 6A, b). However, in some
cases, GFP-expressing ECs stayed inside the aggregates
during the entire period. We describe these aggregates as
nonangiogenic aggregates (Fig. 6A, d). These 2 phenotypes
are easily distinguishable under a fluorescence microscope
and are considered to be angiogenic criteria in our system.

We also asked whether the 2 observed phenotypes were
determined by angiogenic growth factors (GFs). VEGF and

FIG. 2. Expression profiles of EC-specific genes in purified
Flk 1 + cells over time. Expression levels of Flk 1, Cd 31,
VE-cadherin, vWf, Scl/Tal 1, and Oct 4 were detected using
reverse transcription–polymerase chain reaction on the un-
differentiated ESCs (ES) and Flk 1 + cells derived from day 4
(d 4), 6 (d 6), 8 (d 8), 11 (d 11), and 13 (d 13) EBs. GAPDH
mRNA provided a positive control for RNA quantity. EC,
endothelial cell.

FIG. 3. ESC-EC aggregates on a collagen I-coated 2D substratum. (A–C) Bright-field ESC-EC aggregates at the indicated
time. (D–F) The development of GFP-expressing ESC-ECs over time. (E) The appearance of GFP-expressing cord-like ESC-
ECs after 24 h of plating. (F) GFP-expressing cells disappear after 48 h. Scale bar, 200 mm. GFP, green fluorescent protein.
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fibroblast growth factor 2 (FGF2), 2 factors that have been
shown to play major roles in angiogenesis both in vitro and
in vivo [30–34], were added to the culture. The effect of an-
giogenic GFs was evaluated based on the percentage of an-
giogenic aggregates among the total aggregates. As shown in
Fig. 6B, 86% – 8% of EC aggregates displayed angiogenic
growth when both VEGF (100 ng/mL) and FGF2 (100 ng/
mL) were present. None of the aggregates could undergo
angiogenic growth without angiogenic GFs. VEGF or FGF2
alone was found to elicit a dose-dependent stimulation of
angiogenesis. VEGF alone could account for around 95%
of the response induced by both factors. In the presence of
100 ng/mL VEGF, 82% – 4% of the aggregates displayed
angiogenic growth. Nevertheless, FGF2 had a minor contri-
bution to the induction of angiogenesis. At most, 23% – 3% of
the angiogenic aggregates were induced when we increased
the concentration of FGF2 to the maximum dose.

b1 integrin blocking antibody inhibits
ESC-EC angiogenesis

Cell surface integrins are the major receptors for the ex-
tracellular matrix and have been implicated in angiogenic
processes, such as extracellular matrix remodeling, EC mi-
gration, proliferation, and the functional maturation of new
ECs into mature blood vessels [35–37]. a1b1, a2b1, and a3b1
integrins are receptors for type I collagen [38,39]. To evaluate
whether b1 integrin blockade exerts an effects on inhibition
of ESC-EC angiogenesis in vitro, an b1 integrin blocking
antibody was added into the aggregates embedded 3D col-
lagen matrix in the presence of 100 ng/mL VEGF. After 72 h
of b1 integrin inhibition, the appearance of the angiogenic
aggregates decreased by 64% in compared with IgG control
(Fig. 7A). Additionally, around 5% of the aggregates showed
modest angiogenic growth upon anti-integrin b1 treatment
for 72 h (Fig. 7B). However, the average vascularized area of
these aggregates was dramatically decreased by 90% (Fig.
7C) and ESC-EC survival was significantly reduced by 43%
(Fig. 7D), as compared with IgG control.

Time-lapse imaging of cellular events during capillary
network formation

To evaluate the utility of the model for studying the cel-
lular mechanism underlying angiogenesis in vitro, we per-
formed time-lapse microscopy to observe the cellular events
in both the periphery and central region of the 3D culture
between day 3 and 4 of differentiation. EC sprouting and
migration were observed in the peripheral region of the
network (Fig. 8A, time-lapse movies are available in the
Supplementary Movie S3). ECs extended dynamic filopodia
to sense guidance cues, followed by body elongation and
retraction, which drove them away from the pre-existing
vessel; they migrated to the targets (Fig. 8B, 0–525 min, ar-
rows). With the sprouting of ECs in the capillary front,
ECs in the capillary rear divided to replenish cell number
(Fig. 8B, 525 min, arrowhead). In the central area, we were
able to observe the sequence of path finding and contact
between an angiogenic sprout and its target vessel (Fig. 8C).
Sprouting occurred as lateral outgrowths from pre-existing
capillaries. Sprouting ECs had elongated filopodial exten-
sions that behaved similar to an axon growth cone (Fig. 8D,
0.0–14.7 h, arrows). Along with vessel growth, small vacu-
oles appeared in the capillary rear and fused to form a lu-
minal space within the capillary (Fig. 8D, 5.3–14.7 h,
arrowheads; time-lapse movies and a rotating image of a
3D reconstruction are available in the Supplementary Movies
S4 and S5). In addition to intracellular lumen formation,
we observed intercellular slit-like lumenogenesis (Fig. 8E,
time-lapse movies are available in the Supplementary Movie
S6). In this case, 2 vessels simultaneously sprouted from
a pre-existing capillary vessel. During sprouting, these ves-
sels first twisted together, and then grew out in parallel
to the target vessels (Fig. 8E, 0.0–14.0 h, arrows). After
pathfinding behaviors, the lamellipodia and filopodia ex-
tensions (Fig. 8E, 0.0–6.0 h, arrowheads) generated by each
vessel eventually fused to enclose a luminal space between
these vessels (Fig. 8E, 8.0–14.0 h, asterisk). Taken together, a
complex web of interconnected capillaries was formed by

FIG. 4. ESC-EC aggregates on a collagen I-coated 2D substratum and beneath a collagen I gel matrix. (A–D) Bright-field
ESC-EC aggregates at the indicated time. (E–H) The development of GFP-expressing ESC-ECs over time. (F, G) The ap-
pearance of GFP-expressing cord-like ESC-ECs after 24 h. (H) Collapse of GFP-expressing cord-like ESC-ECs at 72 h. Scale bar,
200 mm.
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ECs through coordinated sprouting, migration, lumenogen-
esis, and anastamosis.

Discussion

Our study demonstrates that the in vitro ESC-EC angio-
genesis model is a high-resolution, dynamic video-imaging
system for long-term imaging of the cellular events that oc-
cur during angiogenesis; additionally, it could be used as a
screening tool for the identification of novel pro-angiogenic
and anti-angiogenic molecules. GFP expression was detected
throughout the ESC-EC angiogenesis, enabling us to observe
the membrane protrusions of the cells (e.g., filopodia and
lamellipodia extensions) and intermediate state during the
cell’s morphological transitions, facilitating detailed analysis
of the cellular processes that occur during angiogenesis. In
this respect, these transgenic ESC-ECs provide a major ad-
vantage for observing the development of blood vessels over
models that only permit light microscopic observations,
which provide limited resolution. In addition, this model
allows continuous observation of blood vessel development
in real time, which is advantageous over discontinuous and
non-real-time histological analysis. In comparison to other
models for screening, these aggregates, which are composed
of defined numbers of ESC-ECs, commonly display similar
phenotypes outlined by green fluorescence within 3 days,
thus rendering them easily accessible for automated com-
putational data analysis.

The in vitro ESC-EC angiogenesis system provides an
excellent opportunity for observing angiogenesis. In this
model, vessels develop in a central to peripheral manner so

that vessels at the migrating front of the developing vascular
plexus are less mature, compared with more central vessels.
Therefore, there is a spatial separation of different aspects of
angiogenesis, such as EC sprouting and migration at the
growing edge of the vascular plexus and vessel sprouting,
lumenogenesis, and anastomosis at the more proximal vas-
cular plexus. We have successfully performed time-lapse
imaging using spinning disc confocal microscopy to record
continuous EC morphogenesis for up to 24 h. This model
allows for prolonged observation, demonstrating that in vi-
tro ESC-EC angiogenesis bears striking resemblance to de-
velopmental angiogenesis in vivo. We find that ECs in the
capillary front generate extensive filopodial extensions that
integrate directional cues from their environment to define
the direction in which the new sprout grows and create
connections with adjacent sprouts to generate functional
vascular networks. This phenomenon has been well docu-
mented in mouse retina angiogenesis [40–43] and are a
hallmark of angiogenic blood vessels [40]. EC lumen devel-
opment that involved the formation and fusion of intracel-
lular vacuoles has been extensively reported in various
in vivo and in vitro angiogenesis models [14,36,44]. We also
observed the formation of small vacuoles in the capillary rear
during vessel outgrowth, and these vacuoles fused to create
a progressively larger luminal space. With the exception of
intracellular vacuolation and lumen formation, we found
ECs aligned around an intercellular space that was formed
by lamellipodial and filopodial fusion in front of 2 sprouting
vessels. This is consistent with the most recent study that the
intersegmental vessel lumen in the zebrafish embryo is
formed by the arrangement of ECs around an intercellular

FIG. 5. Formation of the
capillary network by ESC-
ECs in aggregates embedded
in the 3D collagen gel sand-
wich. (A) Aggregates seeded
in the 3D collagen gel sand-
wich for 12 h. (B) ESC-ECs
migrate out of the aggregates
and form typical cord-like
structures after 48 h. (C)
Cord-like ECs coalesce into a
primary vascular plexus on
day 3. (D) The remodeling of
the primary vascular plexus
into a capillary network on
day 4. (E) High-power mag-
nification (100 · ) of the white
rectangular area in D. Ar-
rowhead indicates a represen-
tative capillary-like structure
containing a lumen (asterisk)
lined by 5–6 ECs (arrows).
One of the lining ECs has
abluminal filopodial exten-
sions (twin arrows). (F) Col-
lapse of the capillary network
on day 7. Scale bars, 200 mm.
3D, 3-dimensional.
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luminal space [15]. According to various models of sprouting
angiogenesis, ECs at the leading edge of vascular sprouts
that generate filopodia extension are lumenless ECs called
‘‘tip cells,’’ whereas the lumen-generating ECs in the capil-
lary rear are known as ‘‘stalk cells’’ [41]; however, we could
not distinguish the tip cells from the stalk cells during vessel
sprouting in this model. Therefore, a more dedicated trans-

genic ESC line is required; ideally, this line would have labels
for EC borders, nuclei, or membrane proteins to dissect the
distinct steps of proliferation, vacuole formation and fusion,
and lumen formation.

Korff and Augustin have shown that EC aggregates are a
2-compartment system consisting of a core of unorganized
cells and a surface layer of cells that have a high degree of
cellular quiescence [28]. We find that our ESC-EC aggre-
gates have the same characteristics in that ECs switched
from the quiescent state to become angiogenic in the pres-
ence of angiogenic stimulus; otherwise, ESC-ECs stayed in
the aggregates with no signs of angiogenic growth. We
used our model to test 2 angiogenic GFs. Compared with
VEGF, which plays major roles in the induction of ESC-EC
angiogenesis, the strong angiogenic agent FGF2 exhibited a
minor contribution. This finding is in contrast to previous
reports that both VEGF and FGF2 are required to induce
EC angiogenesis in 3D collagen matrices, and when applied
in combination, these 2 cytokines demonstrate synergism
[45]. However, the conflicting data can be explained by the
divergence of ECs used in different 3D models (e.g., we
use capillary-like ESC-ECs, whereas others use adult or
macrovascular ECs [35,36]) and the fact that ESC-EC an-
giogenesis bears striking resemblance to developmental
angiogenesis. It has been reported that during embry-
onic development, VEGFA/VEGFR2 (vascular endothelial
growth factor receptor 2, also known as F1K1/KDR)-
dependent vessel formation occurs in the absence of FGF2/
FGFR1 [46–49]. FGF2, by contrast, has been reported to act
as a mitogen for both endothelial and mural cells and its
role during embryonic vascular development are synergistic
with VEGF in maintenance of the vascular integrity through
PDGF-B–PDGFRb signaling [50]. This could explain why
VEGF-A is the dominating driving force in the induction of
sprouting angiogenesis in this aggregate-based ESC-EC
angiogenesis assay. Future plans include involving ESC-
derived mural cells in this system to induce the tubule
formation during which FGF2 is required to ensure the
development of mature vessels. However, our system could
be used to identify the role of molecules that affect ESC-EC
angiogenesis, which have been highlighted in regenerative
medicine as a cure for vascular disease.

In contrast to the 2D collagen monolayer culture, ESC-EC
survival time was obviously prolonged under conditions
that permit the aggregate–matrix contacts of both the upper
and bottom layer of the aggregate. This indicates a crucial
role for cell–matrix contacts in ESC-EC survival [51,52]. It is
well known that the extracellular matrix acts as a morpho-
genic regulator and delivers an anti-death signal via integrin-
mediated signaling [53–55]. Consistent with this, when a b1
integrin blocking antibody is applied, ESC-ECs have a sig-
nificantly shortened survival time, even in the presence of
high concentrations of VEGF. In spite of modulating EC
survival, collagen matrix-integrin signaling also regulates
cell migration [56,57]. Our 3D model displays the corre-
sponding phenotypes (impaired migration and poor vascu-
larization) upon integrin inhibition. The inhibition of b1
integrin perturbs the EC attachment to collagen. It has been
reported that collagen I, the ligand of a1b1 and a2b1 in-
tegrins, exerts an inhibitory action on the tyrosine kinase
receptor [58]. EC adhesion to collagen I reduces VEGF-
A-induced VEGFR-2 autophosphorylation by recruiting the

FIG. 6. The induction of ESC-EC angiogenesis by angio-
genic CFs (VEGFs). (A) Representative pictures of the an-
giogenic aggregate (a, b) and nonangiogenic aggregate (c, d)
3 days after embedding in a 3D collagen gel sandwich; (a, c)
in bright field; and (b, d) in fluorescence. (B) Quantitative
analysis of the proportion of angiogenic aggregates after 72 h
of basic fibroblast growth factor 2 (FGF2) or VEGF treatment.
Nonangiogenic and angiogenic vascular phenotypes were
scored among at least 96 aggregates in each experiment. Data
are the mean – SD of 3 independent experiments. Scale bar,
200 mm. VEGF, vascular endothelial growth factor.
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tyrosine phosphatase SHP2 to the phosphorylated Tyr1117
of the receptor cytosolic tail. The inhibiting activity exerted
by SHP2 on VEGFR-2 is strictly dependent on EC adhesion
to collagen I and was crucial to allow an accurate response of
ECs migrating along VEGF-A gradients [59]. We speculate
that inhibition of integrin b1 perturbed the EC adhesion to
collagen I and the subsequent VEGFR-2 internalization ex-
erted by SHP2, inhibiting the subcellular localization of RTK

signaling, which is the guidance for the EC migration. The
exact signaling events need further investigation. However,
the sensitivity to matrix modulation highlighted the ESC-EC
aggregate-based model as a tool to investigate the tyrosine
kinase receptors and integrin interactions.

Although our in vitro ESC-EC angiogenesis model cannot
display the complete portrait of angiogenesis in vivo, it is
one of the few that using an unlimited cell source ESCs,

FIG. 7. Effects of the b1 in-
tegrin blocking antibody on
ESC-EC angiogenesis. (A)
Quantitative analysis of the
proportion of angiogenic
aggregates after 72 h of b1
integrin blocking. Non-
angiogenic and angiogenic
vascular phenotypes were
scored among at least 96
ESC-EC aggregates. (B) The
development of the angio-
genic aggregate after b1 in-
tegrin blocking antibody
treatment (a–c); (d–f) IgG-
treated control. (C) Quantita-
tive analysis of the average
vascularized area in day 3
angiogenic aggregates after
b1 integrin blocking antibody
treatment. (D) Quantitative
analysis of the ESC-EC sur-
vival time in angiogenic ag-
gregates after b1 integrin
blocking antibody treatment.
Data are the mean – SD of 3
independent experiments. An
asterisk (*) indicates a signifi-
cant difference (P < 0.01).
Scale bar, 200mm.
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which in most extent mimic the capillary EC angiogenesis
during development; therefore, providing a platform for the
study of molecules governing different steps of angiogenesis.
By labeling candidate proteins with different colors, it may
be possible to observe protein–protein interactions during a

continuous cellular process. Considering its sensitivity to
agents with anti-angiogenic and pro-angiogenic activity and
that it displays synchronized phenotypes after treatment, it is
also an ideal image screening tool for identification of novel
pro- and anti-angiogenic compounds.

FIG. 8. Live imaging of the cel-
lular events during ESC-EC an-
giogenesis in vitro. (A) The
peripheral region of the capillary
network. The boxed area labeled
‘‘b’’ indicates regions shown in B.
(B) A sprouting vessel (arrows in
time points exhibit extension and
regression of the long filopodia
during outgrowth; see Supple-
mentary Movie S3). When the
frontal EC migrated away from
the previous vessels, cell division
occurred in the capillary rear (ar-
rowhead in time point 525 min).
(C) The central area of the capil-
lary network. The boxed areas
labeled ‘‘d’’ and ‘‘e’’ indicate re-
gions shown in D and E. (D) Lu-
men formation of a sprouting
vessel. This vessel generates long
filopodial extensions toward its
targets (arrows). During its out-
growth, small vacuoles appear in
the capillary rear, and the fusion
of these vacuoles leads to a pro-
gressively larger lumen (arrow-
heads in time points 5.3–14.7 h, see
Supplementary Movie S4). (E)
Intercellular lumen formation in a
vessel adjacent to the sprouting
vessel in D. Two ECs (arrows)
sprouting from the pre-existing
vessel twist together, but with
individual filopodia and lamelli-
podia extensions (arrowheads in
time points 0.0–6.0 h), which then
fuse to enclose a lumen (asterisks
in time points 8.0–14.0 h) between
2 ECs (see Supplementary Movie
S6). Scale bar, 200 mm.
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