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Introduction
 In vivo, the angiogenic process involves multiple cell types acting in
concert with growth factors, enzymes, and extracellular matrix
molecules to cause endothelial cell proliferation, migration,
differentiation, and, ultimately, micro-vascular arrays. In pathologic
conditions, such as cancer, rheumatoid arthritis, and wet age-related
macular degeneration, the balance between pro– and anti-angiogenic
factors is tipped to stimulate new vessel production providing nutrients
to the diseased area.
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 Angiogenesis inhibitors are demonstrably effective in both preclinical
models and clinical use, but their value can be transitory due to evasive
and intrinsic resistance. The discovery of new classes of antiangiogenic drugs has proven difficult, as very few in vitro systems
adequately model the entire process.

 Fits in an incubator; HD Phase optics
 LED light source; 50,000 hrs; relatively little heat
 Fluorescent optics optimized for measuring GFP in media
 Automated data acquisition and analysis
 Export images and movies

 Here, using a compact fluorescent imaging instrument with a 96-well
kinetic co-culture model of angiogenesis, involving GFP-infected
HUVECs and normal human fibroblasts, we demonstrate the ability to
visualize and quantify all stages of in vitro angiogenesis in a timedependent manner for up to 14 days.
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Day 3

Day 6

Tube Length: 0.62 mm/mm2
Tube Area: 15.8 µm2/mm2
Branch Points: 1.1 /mm2

Tube Length: 6.82 mm/mm2
Tube Area: 136 µm2/mm2
Branch Points: 29.4 /mm2

Day 10

Day 14

Tube Length: 9.46 mm/mm2
Tube Area: 189 µm2/mm2
Branch Points: 45 /mm2
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Fig. 5. A-B, VEGF (A) and bFGF (B) concentration responses over time in 14d NHDF/HUVEC
co-cultures. C, VEGF and bFGF data at 312 h re-graphed as a function of concentration. D
Suramin concentration response over time. E, Co-cultures treated with 0.08µM mycophenolic
acid (MPA) initiated on Day 0-3 as indicated. In Control and MPA treatments, 4ng/mL VEGF
was added on Day 2 of the assay. F, Suramin and MPA (Day 0) end-point data re-graphed as
a function of concentration. Data from triplicate samples run in four separate experiments.
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Temporal Control of VEGF Response
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Fig. 3. Graphical analysis of tube length (A) and branch point formation (B) using the
Essen BioScience automated angiogenesis algorithm.
Experimental Details:
 HUVEC and NHDF seeded at t=0h.

Fig. 1. A, Representative images of HUVECs infected with lentiviral-GFP at the
indicated MOI and grown for 48h at 37°C to allow for GFP expression. B, GFPinfection does not alter HUVEC growth properties compared to uninfected cells. CE, Co-culture of NHDFs and GFP-infected HUVECs and grown for 1, 7, or 11 days,
respectively.
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Fig. 8. A, siRNA knockdown of VEGFR2 significantly decreases VEGF-mediated
tube formation. B, anti-VEGF treatment inhibits VEGF-mediated angiogenesis similar
to siRNA knockdown of VEGF receptor. C, VEGFR2 knockdown is less effective at
altering bFGF-mediated tube formation. D, anti-VEGF treatment alters bFGF
signaling to a similar level as VEGFR2 knockdown. Interestingly, genetic
manipulation of HUVEC on overall tube formation closely mirrors pharmacologic
intervention using anti-VEGF antibodies.

VEGF-mediated Tube Formation
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Tube Length: 11.07 mm/mm2
Tube Area: 204 µm2/mm2
Branch Points: 70 /mm2

Fig. 2. A-B, Schematic representation of Tiled Field of View Imaging mode and
coverage of a single well in a 96-well plate. C, top, IncuCyte-FLR angiogenesis
images at days 3, 6, 10, and 14 of the assay, respectively; bottom, Computational
analysis of tube formation using the Angiogenesis Analysis Module.
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Fig. 7. A, Treatment with γ-secretase inhibitor (GSI), L-685,458, significantly increases branch
point formation compared to 4ng/mL control. B, Histogram analysis of data at 240h shows no
effect of L-685,458 treatment despite GSI treatment for ~144h. C, Histogram analysis at 360h
reveals that GSI effect occurs late in the experiment are results in >2-fold increase in Branch
Point formation. D-E, Representative images of 4ng/mL VEGF (D) and 4ng/mL VEGF + 8µM L
-685,458 (E) treatments at 360h. Scale bar, 400µm.

Table I. Power analysis summarizing # of wells required to statistically measure a
difference from VEGF control at indicated percentages.

D

1x

E

Measured Effect
Sample Size (# wells)
(+ » Stimulation; - » Inhibition)

GFP-AngioKit Co-culture Model
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Fig. 4. A, 96-well plate view of VEGF-mediated angiogenesis showing well-to-well
variability. B, Statistical data across several plates indicating experiment-to-experiment
variation.

 Pharmacologic manipulation of both VEGF and Notch signaling
reduced angiogenesis in a time– and concentration-dependent manner.
Genetic manipulation of the VEGF signaling pathway, by siRNA
knockdown, also reduced global angiogenesis.

 Human model of HUVEC and NHDF that reflects all phases of
angiogenesis process.
 GFP-AngioKit allows for:
1) Continuous monitoring of tube formation via GFP
fluorescence.
2) User control of drug treatment timing.
3) Quantitation of drug effects while experiment is ongoing.
 96-well format allows for increased throughput
1) Up to 6 microplates in a single IncuCyte.
2) Acquisition/Analysis is automated.
3) Tiled Field of View acquisition modes images ~50% of well.

B

Time (h)

Automated Tube Analysis

 The Essen BioScience angiogenesis algorithm was used to easily
quantify tube length, area, and branching to measure the effects of proangiogenic and anti-angiogenic agents.

 The ability to determine during which stage and the extent a
pharmacological agent affects the angiogenic process is one of the
powerful conclusions this assay can afford, and will prove useful in
determining an agents’ clinical relevance. .

DLL4/Notch Signaling

96-well Plate Uniformity

 VEGF ± Suramin added at 96 hours and replaced every 2-3 days.
 Proprietary media exhibits low tube formation in absence of exogenous growth factor
addition.
 4ng/mL VEGF treatment stimulates tube formation 7-10 fold above basal.

Fig. 6. A, HUVEC differentiation was triggered by 4ng/mL VEGF addition on Day 4 of the
assay. Tubes were allowed to develop in the presence of VEGF from day 4-7. On Day 7,
VEGF was either maintained (dark blue), lowered to 1ng/mL (purple), or removed (red) for the
remainder of the assay B, As in (A), tube formation was initiated with VEGF treatment from
day 4-7. On Day 7, VEGF was either maintained (dark blue) or removed (red and purple). On
day 10, 4ng/mL VEGF was re-introduced into the co-culture and maintained through the rest
of the assay (purple). C, Co-cultures were seeded and maintained in basal media until the
indicated day, at which time tube differentiation was initiated by treatment with 4ng/mL VEGF.
HUVEC remained sensitive to VEGF, regardless of VEGF introduction.

Conclusions
Summary:
 CellPlayer™ 96-well AngioKit format, in conjunction with the IncuCyte™
FLR, affords higher throughput with excellent well-to-well and experimentto-experiment variability.
 Pharmacological agents can be used to stimulate or inhibit tube formation.
 Temporal analysis ensures consistent addition of test agent at same point
of angiogenic development from experiment to experiment.
 DLL4 selectively inhibited branching of tubules and the effect was reversed
with -secretase inhibitors.
 Genetic manipulation of HUVEC using siRNA reagents significantly
decreases tube formation, closely mirroring pharmacologic intervention.
Conclusions:
 The GFP co-culture angiogenesis assay provides the means of quantitating
the temporal effects of pharmacological agents to gain an in-depth
understanding of their mechanism of action.
 Both pharmacology and genetic manipulation can be used in this assay to
develop the next generation of pro– or anti-angiogenic agents.

