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Abstract—

Blood vessel growth is a fascinating and important example of
an adaptive, morphologically plastic network formation
process driven by complex interactions between individual
cells in the vessel and between the cells and their dynamic
extracellular environment. Under normal conditions this can
generate a well-adapted hierarchical branching structure.
However, in tumors, blood vessels become maladapted, leaky
and bulbous, resulting in increased hypoxia and tumour cell
metastasis. A method to switch tumor blood vessels back to a
normal network could reduce metastasis and thus represents a
significant goal in cancer therapy. However, studying human
disease and the abnormalities that lead to pathological
phenotypes is a monumentally difficult task. Probing the inner
workings of in vivo systems present numerous technical
challenges, though boundaries continue to be broken. Further,
the normal fundamental mechanisms controlling development
are of course not fully understood, let alone their perturbation
by environmental changes in disease.

Artificial Life (ALife) aims to instantiate and study biological
principles of organisation in new media in order to exploit
different methods to test the system uniquely available in that
medium. Thus ALife can perfectly complement cutting edge
in vivo research giving vital temporal, spatial and
organisational understanding of the process, if we work
together with biologists, to build data driven models, and test
emergent properties.

Using this integrated ALife/in vivo experimental approach, we
have made advances in the understanding of blood vessel
growth. The emergent properties of the embodied, agent-based
model we developed, when put into a disease environment,
have led to the discovery of a novel switch in cell
communication which is changing the way we think about
tumour malformations.
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L INTRODUCTION

Angiogenesis, the growth of new blood vessels from pre-
existing vasculature in response to oxygen deprived tissue
signals such as the release of vascular endothelial growth
factor (VEGF), is a complex spatial/temporal multiscale
process. Individual, migratory endothelial cells are selected
within the pre-existing vasculature to lead new vessels by a
process of “lateral inhibition” [1]. During lateral inhibition
cells signal to their directly connected neighbor cells and can
suppress certain cellular states leading over time to patterns of
alternating “on-off” state-patterns and dynamics along strings
and surfaces of connected cells.

The principal lateral inhibition receptor-ligand signaling
pathway is Notch (receptor)-Delta (ligand), which has been
well studied mathematically in other systems, e.g. [2]. This
Notch signaling pathway was found to determine the selection
of alternating tip vs inhibited, or “stalk cell” fates during
angiogenesis, which then leads to the regularly spaced
branches required in the newly growing vascular network [1].

In [3] we characterized, and subsequently modeled, this
process into the following simplified pathway. The process
depends on negative feedback; each cell increases its DII4
production (a Delta ligand) in response to VEGF. Cells then
use their DIl4 ligands to activate Notch reecptors on a
neighbor cell. Active Notch receptors cause the down
regulation of the VEGFR-2 (and other receptors for the VEGF
growth factor), which then in turn lowers the cells overall D114
production, making it less able to inhibit a neighbor, and
therefore on its way to being totally inhibited itself.

The process is known to have the property that small
differences in the cells levels of receptor activation will be
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amplified through the negative feedback such that though they
initially experience similar levels of the growth factor,
amplification of noise in the system drives some cells over
time to more greatly inhibit their neighbors than the level of
inhibition they feel. Eventually these become the tip cells.

The production of stable alternating patterns as opposed to
oscillations or noisy behavior is highly dependent on initial
conditions and indeed time delays in the signaling pathway
such as the rate of production of proteins. See [1,2,3,4] for
further discussions of the curious dynamics during lateral
inhibition.

Unpicking the temporal dynamics of this lateral inhibition
signaling in real blood vessels, and the effect on tip cell
selection and subsequent vessel branching is of course not
straight forward using traditional experimental techniques, let
alone investigating how different tissue environments such as
tumours would feedback and affect these dynamics. Thus, we
developed a 3D agent-based model “the memAgent-Spring
Model” to simulate and explore the environmental feedback
on tip cell dynamics and branch determination [3, 4].

Fig. 1. The memAgent-Spring Model. Tip cells migrate away from the
pre-existing vessel by growing long thin filopodia protrusions in response
to growth factor gradients in the environment. Lateral inhibition generates
an alternating selection of these tip cells (pink) from an initially
homogeneous cell population, under normal conditions. Neighboring cells
become inhibited (blue). Each cell is comprised of thousands of
memAgents connected by springs into a surface mesh allowing for
complex 3D shape changes and local interactions.

II.  METHODS

In the “memAgent-Spring” model agents represent sections of
the cell membrane and through local rules they are able to
interact with their environment and signal with other agents to
control localized shape changes in the cell, driving migratory
filopodia protrusions to aid movement and to trigger reception
activation in neighboring cells (such as lateral inhibition).
Springs following Hooke’s law connect the agents and
maintain a cohesive tensile cortex to the cell, representing the
actin cytoskeleton cortex beneath the membrane. See Fig.1.

In parallel, and with constant feedback to the model
development researchers in the Vascular Biology Laboratory,
Cancer Research UK also performed in vitro/ex vivo embyoid
body sprouting assays and monolayer cultures using mouse
Embryonic stems cells and bENDS endothelial cells. We also
investigated in vivo with time-lapse studies in the zebrafish
and in the mouse retina.

III.  RESULTS

The model has made numerous predictions, principally we
observed in the model a catastrophic switch in Notch signaling
dynamics upon elevated VEGF growth factor levels in the
environment surrounding the vessel. Instead of creating a
stable alternating selection of tip then stalk cells, which would
generate regular branching of the network. The cells instead
synchronously oscillate — where all cells are tip cells then they
all fully inhibit each other and act as a string of inhibited stalk
cells, and so on, preliminary in vitro/in vivo evidence indeed
shows this could underly the abnormalities in real vessels
under high growth factor conditions such as found in tumours

[3].

Recently we observed an unexpectedly high level of dynamic
rearrangement in growing vessels, cells constantly shuffle and
rearranging their positions [5]. The memAgent-Spring model
was then overhauled to include and investigate this new added
dimension to the complexity, as during cell rearrangement,
neighbor relations and connectivity will of course change,
altering the Notch signalling dynamics between cells as the
move in the vessel to find new neighbors, with implications
for functional, stable branch determination. These model
refinements, in light of new data, then created a surge of new
insights and predictions. Principally, that Notch signalling
may be involved in regulating cell rearrangements and
maintaining regular vessel diameter, giving new explanations
for the morphogenesis of tumour vessel malformations [5].

IV.  DISCUSSION

The Artificial Life simulation paradigm provides a powerful
platform with which to investigate complex spatial/temporal
systems and can perfectly complement the current in vitro/in
vivo methods available in order to uncover unforeseen
mechanisms and insights. Close collaboration in the wetlab
and open communication to an almost “symbiotic” degree can
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further enhance this investigatory power, as recently discussed
in this review [6].

Further, building on the bottom up nature of agent-based
modeling, we can show the memAgent-Spring Model and this
integrated approach is highly extendable, producing a plethora
of insights in diverse applications such as bone fracture
healing, intricate temporal effects of endothelial Notch gene
expression mutations and entirely new vascular pathways such
as VEGFR- 3/VEGF-C signalling [7-9].

ACKNOWLEDGMENTS

Indebted to Holger Gerhardt and the entire Vascular
Biology Laboratory at the London Research Institute, Cancer
Research UK for experimental research and to Paul A. Bates
and the Biomolecular Modelling Laboratory, CR UK for input
to the design of the original computational model.

REFERENCES

[1] L. Jakobsson, K. Bentley, H. Gerhardt, VEGFRs and Notch: a
dynamic collaboration in vascular patterning, Biochem Soc Trans
37:1233-1236. 2009.

[2] J. R. Collier, N. A. Monk, P. K. Maini, J. H. Lewis. Pattern
formation by lateral inhibition with feedback: a mathematical
model of delta-notch intercellular signalling. J. Theor. Biol.
183(4):429-46. 1996.

(3]

(4]

(5]

(6]

(71

(8]

K. Bentley, H. Gerhardt, P.A. Bates, Agent-based simulation of
notch-mediated tip cell selection in angiogenic sprout initialisation,
J Theor Biol 250:25-36. 2008

K. Bentley, G. Mariggi, H. Gerhardt, P.A. Bates, Tipping the
balance: robustness of tip cell selection, migration and fusion in
angiogenesis, PLoS Comput Biol 5: ¢1000549. 2009

L. Jakobsson, C.A. Franco, K. Bentley, R.T. Collins, B. Ponsioen,
I.M. Aspalter, I. Rosewell, M. Busse, G. Thurston, A. Medvinsky,
S. Schulte-Merker, H. Gerhardt, Endothelial cells dynamically
compete for the tip cell position during angiogenic sprouting, Nat
Cell Biol 12:943-953. 2010

K. Bentley, M. Jones, B. Cruys. Predicting the Future, towards
symbiotic computational and experimental angiogenesis research,
Experimental Cell Research. Doi: http://dx.doi.org/10.1016/
j.bbr.2011.03.031. 2013.

A. Carlier, L. Geris, K. Bentley, G. Carmeliet, P. Carmeliet, H.
Van Oosterwyck, MOSAIC: A Multiscale Model of Osteogenesis
and Sprouting Angiogenesis with Lateral Inhibition of Endothelial
Cells, PLoS Comput Biol 8: €1002724. 2012.

V. Guarani, G. Deflorian, C.A. Franco, M. Kruger, L.K. Phng, K.
Bentley, L. Toussaint, F. Dequiedt, R. Mostoslavsky, M.H.
Schmidt, B. Zimmermann, R.P. Brandes, M. Mione, C.H.
Westphal, T. Braun, A.M. Zeiher, H. Gerhardt, S. Dimmeler, M.
Potente, Acetylation-dependent regulation of endothelial Notch
signalling by the SIRT1 deacetylase, Nature 473: 234-238. 2011.

J.A. Villefranc, S. Nicoli, K. Bentley, M. Jeltsch, G. Zarkada, J.C.
Moore, H. Gerhardt, K. Alitalo, N.D. Lawson, A truncation allele
in vascular endothelial growth factor ¢ (vegfc) reveals distinct
modes of signaling during lymphatic and vascular development,
Development In Press. 2013.

2013 IEEE Symposium on Artificial Life (ALife) 155




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


