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ABSTRACT
Motiv ation: Understanding morphogenesis, i.e. the (genetically guided) transformation of a single, fertilized egg cell into the
adult organism's three-dimensional shape, is one of the most fascinating and challenging problems in biology. CoMPUCELL3D is
a C++ software framework for simulating three-dimensional (3D) morphogenesis and although designed for extensibility from a
software perspective, is dif cult to extend without programming experience. We aim to make simulation tools accessible to expe-
rimental biologists, who typically do not have the necessary programming skills to add and test new models with CoMmPUCELL3D.
BioLoGo is a domain-speci ¢ language for modeling morphogenesis. It enables biologists to setup their model in terms of biolo-
gical entities and processes, including cell differentiation, adhesion, division, and interactions with intra-cellular and extra-cellular
chemical elds . BioLoGO derives from XML and its code converts transparently to CoMPUCELL3D C++ extensions, simplifying
introduction of new model components. The current version of BioLoGo and ComPUCELL3D includes cell differentiation, partial
differential equation solvers to model reaction-diffusion of secreted intercellular signals, and the Cellular Potts Model for cell
sorting and chemotaxis.
Results: We verify BioLoGo functionality by implementing two previously studied simulations representative of morphogenesis
modeling: (1) 3D avian limb bud growth, and (2) in vitro capillary development. We extend CoMmPUCELL3D accordingly for each
simulation using BIoL0GO, then run CoMmPUCELL3D to test and visualize results. Finally, we validate accuracy by comparing to
previous simulations.
Availability: BioLoGo is available online along with a version of ComPUCELL3D at
http://www.nd.edu/"Icls/compucell/bio logo.h tm.
Contact: compucell@cse.nd.edu
Supplementar y Information: Supplementary material along with a full description of the BioLOGO syntax is also located at

http://www.nd.edu/"Icls/compucell/bio logo.h tm.

1 INTRODUCTION

Morphogenesighetransformatiorof asingle,fertilized egg cell into thethree-dimensionathapeof theadultorganism,nvol-

vesthegeneticallyprogrammedlivision, differentiationrandmigrationof thousandsf interactingcells(Gilbert,2003).Despite
theirgeneticregulatorycomplexity, cellsseento exhibit arelatively limited numberof behaiorsduringmorphogenesishese
behaiorsincludecell differentiationinto types(e.g. neurons,broblasts, musclecells,skin cells) which aredistinguishabldoy

morphologyfunctionandbehaior, andalsogrowth, divisionandmigration.Cellscanalsosecreter resorbextracellularmate-
rials, includingdiffusiblegrowth factorsto which cells canchemotaxXmigrationtowardsor away from a chemicalsignal),and
structuralproteinswhich mightimmobilize cells or to which cells canhaptotact(motion alonganimmobile proteingradient)

(Merks& Glazier 2005).
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Experimentatiorandretrieval of behaiors allow usto establishcomputationamorphogenesimodels which canbeimple-
mentedand often combinedin a software packageFor example,somestudies(Marée & Hogeaveg, 2001; Cickovski et al.,
2005) have combinedthe Cellular PottsModel (CPM (Graner& Glazier 1992), a cellular automaton(Alber et al., 2003)
mimicking cell behaiors) coupledwith a PDE solver for establishingexternal chemicalgradients.Simulationtools offer
severalmethodsof userinteraction.For example,softwareuserscancontrol simulationbehaior througha con guration le
(ase.g. in BioNetS") or interactiely througha graphicaluserinterface(GUI) (ase.g. in E-Cell®). Thesemethodsarecon-
venientwhenthe setof modelsusedfor simulationis known in advance,but encapsulatingievy modelswithin a framework
is challengingwithout programmingexperiencebecaus¢he modelimplementatioris usuallydeeplyinterwovenwith therest
of the program.Experimentakcientistsjncluding biologistsand chemists typically would not have the programmingskills
to modify a softwareframeawork to includenenr modelsor modify existing ones.In particular integratingmultiple, interacting
morphogenesimodels(for example,onemodelfor cell clustering,anothemodelfor reaction-difusion) canmale software
implementationcomple. Instead,a morphogenesiframeanork should enableexperimentalscientiststo easily formulatea
modelingproblemin termsof alanguagehey understandbest,i.e. in termsof cells,chemicalsandgenegatherthaniterators,
containersand constructorsFor example, they would like to have cells secreteproteinsand other chemicalsinto the envi-
ronmentto simulatehaptotaxisor chemotaxisaddnew experimentallydeterminecbehaiors, cateyorizecells by cell type or
implementcell-type-dependeriehaiors.

Domain-speci clanguagegDSLs) (van Deursenet al., 2000), (Bruce, 1997) operateat high abstractiorlevels, represen-
ting modelentitiesandphenomenan a simpli ed way in termsof a syntaxunderstandabl® expertsof a particulardomain.
They differ from general-purpostanguagdibraries by providing context-sensitve syntaxparsing,often mappingthe same
statemento variousfunctionalitiesdependingupon surroundingstatementsFor morphogenesisnodeling,the DSL should
provide methodsto represensimulated,biological entities(e.g. cells or diffusing chemicals)and specify their interactions,
thusallowing for easiersimulationset-upcomparedo a general-purposkanguagdike C++ or FORTRAN. SomeDSLs are
currentlyavailablefor morphogenesismodeling.For example the Cell Programmind.anguaggCPL) (Agarwal, 1995)allows
for easyspeci cationof cell behaior, encodingcellsaspoints.At eachsimulationstep,eachcell executesaspeci c instruction
sequencelependingnits type. The CPL thenmapstheseinstructionsto C++ functions.Subsequentompilationandlinkage
producecodethatis fastandoptimized.A sacri ce madein the processhaweveris e xibility, sincethereis a limited setof
possiblefunctionsto which CPL instructionscanbe translated Flexibility would increasewith dynamicobjectgeneration,
i.e. the ability to generatdor exampleC++ classobjectsonthe y with the help of context-sensitve parsingandgeneration,

increasinghe scopeof compatibleroutinesandobjectsin thetargetlanguageAlso, the CPL providescell operationsuchas

1 https://community.biospice.org

2 hitp://www.e-  cell.org
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move, divide , andgrow , butfor non-unitareacellsthey affect multiple cellulargeometriesequiringcheckson potentially
large numbersof neighboringcellsto ensureconnectvity andaccuratecell areasresultingin a performancgenalty NetLogo
(Blikstein etal., 2005)offersaninteractive languagehat containssimplesyntaxthatis highly usefulfor extendinga comple
systemmodelingervironment,butis morecateredo agent-basenhodelingthancellularautomataCellML (Lloyd etal., 2004)
describesmathematicamodelsof cellular and subcellularprocesse# biological systemsijncluding cell cycle, electrophy-
siology, andskeletal/smootimusclemodels.Although CellML is thusnota morphogenesianguagesinceit is morecatered
to intracellulardynamicsandcell physiology it doesprovide a goodexampleof a highly extensiblelanguagefoundingupon
XML (Bray etal., 1998)andsupportingembeddedyntaxfrom programminganguagesuchasMathML? for mathematical
expressions.

We introduceBioLoGo, a DSL for cellular andtissuelevel morphogenesisodeling.Like CellML, BioLoGoO extends
XML. LiketheCPL,cellsdoexecutesomeinstructionsequencefor differentiatiorrules,but BioL 0oGo usegheCellularPotts
Model (CPM) (Graner& Glazier,1992)asanunderlyingmodelfor cell dynamicsavoidingtheconnectvity checkoverheady
allowing for momentaryconnectvity breakswhich becomecorrectedoy thedynamicsThe CPMis awell-de ned, stochastic,
computationamorphogenesimodelwhichrepresentsellsin athree-dimensiondattice.In contrasto NetLogo,BioL oGO is
noninteractre andusesa cellularautomator(the CPM) asopposedo agent-basethodeling.This avoidstheneedto explicitly
encodebehaiors suchascell-cell adhesiorinto cell rules, asthis behaior emegesfrom the CPM. With cell-cell adhesion
emeging from themodel,cell sorting(Beysensetal., 2000)for examplecomesout easily Cell-celladhesiorin the CPM also
usesforce distancesvhich are more closely approximatedMerks & Glazier,2005)than by potentialchagesaroundcells,
usedin somemodels.As a cell-centeredmodel (Merks & Glazier,2005),the CPM achieresa balancebetweentractability
andlevel of detail, althoughthe latteris signi cant to accuratelymodelmary of the aforementionedanorphogeneticellular
behaiors. In addition,the CPM takesinto accountcell shapechangesaandcaneven mimick lopodial behaior (Buchstaller
& Jay,2000),allowing studyof the effectsof cell shapeon the systemandalsothe effectsof neighboringcellson cell shape.
Finally, it is possibleto usethe CPM to obtainsystemmeasurementsuchaspositions,velocities,shapechangesetc. which
canbe comparedo experimentalvalues,helpingvalidationof results.We useB10L 0GO to generateC++ extensiongor the
morphogenesisimulationengineCompPUCELL 3D (Cickovski etal., 2005;lzaguirreetal., 2004),andtestBioL oGo through

two previously studied biologically relevantveri cation simulationsyalidatingour resultsthroughcomparisons:

1. A 3D simulationof avian limb bud gronth (Newman& Frisch,1979),(Cickovski et al., 2005).Cells secretea chemical
bronectin uponexposureto a high activatorchemicalconcentrationandsubsequentlynoveto bronectin peaksthrough

haptotaxis.

3 http://www.w3.org/Math
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2. A two-dimensionakimulationof in vitro blood vesselgrowth (Merks et al., 2004), an in silico model of the widely
usedHUVEC (humanumbilical vascularendothelialcells) in vitro assayfor angiogenesig¢blood vesselgrowth). These
endotheliakells (the cellslining theinnerwalls of blood vesselsthemotacticallyaggreyateandorganizeinto a vascular

network.

2 SYSTEM AND METHODS

2.1 CPM: Cell Clustering

The CPM mapsbiological cells onto a two- or three-dimensiondattice of integernumberswhich uniquelyidentify cells. A
patchof sitesof the sameintegernumberrepresent®necell, andthe modelusesa generalizedtell with index O to describe
thesurroundingextracellularmatrix (ECM). The CPM operatesinderthe principle of enegy minimization,with theideathat
the simulationwill graduallytendtowardsa stateof lower generalizeceffective enegy. Effective enegy is a physicalterm
andis not relatedto “real” enengy, but ratherexpresseshe stateof the systemasa deviation from a relaxed state.Validity of
this approactresultsfrom the highly viscousECM which produceshigh damping,resultingin an ervironmentwhereforce
(proportionalto effective enegy gradients)ecomegproportionalto velocity ratherthanaccelerationn accordancavith the
overdampedorce-\elocity responsgMerks & Glazier,2005). This allows us to introducebehaiors which correspondo
relationsbetweencellular velocitiesand scalarsas effective enegy termswhich involve thesescalars CPM effective enegy
includestermswhich represenbothactualenegieslik e cell-cell adhesionandalsotermswhich mimic enegiessuchasacell
reactingto a chemicalgradientvia chemotaxisCPM effective enegy canbe representedsa multi-term Hamiltonianshavn

in Equation(1), with eachtermcorrespondingo a cellularbehaior includedin the simulation:

E = Econtact * Evolume * Echemical : (1)
Detailsof the CPM canbefoundin Graner& Glazier(1992).

2.2 Reaction-Diffusion Partial Differ ential Equations

Theeffective enegy termshavn in Equation(3) modelscell chemotaxigo externalchemicalgradientsin modelingchemota-
xis, we make thesimpleassumptiorthatthevelocity of acell is proportionalto theconcentratiorC(x; y; z) of amorphogen,

andthatthe chemotacticstrengthis controlledby afactor .

X
Echemical = (*)C(X; t): (2

%

In the CPM we cansubsequentlgescribeananalogougnegy change:
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Echemicat =  oC(%;1) Cx:1) ©))

Theabove methodrepresentachangen chemicalkenegy resultingfrom pointx ipping from to © andwill enegetically
favor ips which directcells towardshigh concentrationef C by setting  to benegativefor 6 0. Alternatively, onecan
alsousethechemotaxischementroducediy Savill & Hogawveg (1997).In thiscaseacell will alsobemorelikely to movetoa
spacex with higherconcentratiorC (x) comparedo a spacewith lower concentrationbut thedependencis on concentration
gradients or relative concentrationstatherthanabsoluteconcentrationsRatherthanusea full Hamiltonianrepresentation,

they allow for anextraenegy dropata ip attempt:

Echemical = [C(%selectedst)  C(*candidate ; t)]; 4)

wherexgeected 1S the selectedPottslattice pixel andxcangidate 1S the candidatepixel for ipping.
The concentratiorgradientC(x;t) canbe populatedusing reaction-difusion (RD) partial differential equations(PDES)
(Turing, 1952).Multiple chemical elds canbe superimposeth a simulation,anddifferentchemicalsystemsaisedifferentRD

PDEs.

2.3 Differentiation

Differentiationinvolvescell transitionsbetweerdifferenttypesdependingn internalor externalconditions A Cell TypeMap
(CTM) modelsdifferentiation.CTMs are nite-state automatacontainingtypesandrulesfor type transitions.A CTM is a
modelwhich associatemternalstatevariableswith eachcell. An instructionsetinitializesandupdateshe CTM basecbn the
cell'sinternalstateandsignalsfrom neighboringcells. The setof statevariablesandrulesfor initializing andupdatingshould

bebasedn experimentallyobsenedcell behaior andknowledgeof geneticregulation.

3 ALGORITHM

TheC++framework ComPUCEL L 3D (Cickovskietal., 2005)(availableonlineathttp://compucell.sourceforge.net

integratesamultiple modelsto simulate3D morphogenesist includeshe CPM, PDE solversto modelreaction-difusionof che-
mical signals,andCTMsto modeldifferentiation.CompPUCELL 3D hasheencarefullydesignedo addresspeedandmemory
consumptiorconcernsvhenrunningsimulationson large 3D lattices,while maintainingextensibility for featureadditionand
removal. To accomplishthis, the designappliesseveral designpatterns(Gammaet al., 1995).A designpatternis a software
designtechniquewhich is reusableacrossmultiple software applications,often independentf the applicationdomain. For
example,one commonlyusedpatternis the plugin pattern(Fowler, 2002). The ideabehindpluginsis to encapsulateach

optionalfunctionalityfor a programinto a uniqueclasswhichis compiledinto independenlibrariesloadedat runtime,andan
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applicationcanhave multiple plugins.In this way pluginsenableruntimecon guration of a softwareapplication,allowing a
userto pick-and-choos®hich setof functionalityto include,perhapshrougha con guration le. This strateyy provedhighly
usefulfor ComPUCEL L 3D, asdifferentsimulationsrequireddifferenteffective enegy equationsCTMs, etc.All of thesewere
madeinto individual plugins.Sometime®bject-orientediesignpatternscanintroducemultiple levels of indirectionresulting
in a performancepenalty but plugin functionality is still invokablethroughonly onelevel of indirection, yielding a perfor
mancecostis similarto invokingvirtual ~ functionsof C++ objects(Stroustrup,1997).Pluginsalsomadeit easietto extend
the framework, becausenew featurescould be developedinto a new plugin, requiringno modi cation of arny core CoMmPuU-
CELL3D classesHowever, extendingthe framework for anonprogrammeis dauntingbecaus€++will notbefamiliar, much
lessdesignpatterndik e plugins. For example,addinga new CPM effective enegy term still requiresadding ve C++ les.
Worse,addinga CTM requiresadding ve C++ les plusone le for eachdestinatiortype,sothe designgrowsin compleity
with cell type count.Superimpose@hemical elds requireproperreferencingandinitialization. New C++ les mustalsobe
compiledandlinkedwith the CompPuCEL L 3D framework. Thusfor auserwithout C++ experiencghesechallengegssentially
renderCoMPUCEL L 3D non-etensible gventhoughfrom a softwaredesignperspectie mary measuresveretakento ensure
extensibility.

BioLoGo extendsCompPUCEL L 3D by providing abiologicaldomain-speci danguageBi1oL 0Go translateshe DSL script
into C++ classeswvhich implementfunctionality for new effective enegy terms, CTMs, and superimpose@hemical elds.
Generatedodetakestheform of CompPUCEL L 3D pluginsanddoesnot changecorefunctionalityof ComPUCELL3D suchas
the CPMalgorithmimplementationthecell lattice, ip acceptancéunctions,etc. Thus,auserneedsun BioLoGo only once
per extensionset, becausehesefeaturesremainwithin local ComPuCELL3D plugin librariesoncegeneratedBIOL OGO is
thusanupperlevel moduleof the ComPUCELL 3D ProblemSolvingEnvironmeni{PSE) PSEsaresoftwareenvironmentshat
attempto shortertheoverheadequiredfor codeandalgorithmicdevelopmenthroughalayereddesignwheremuchof thelow-
levelimplementatiordetailis hidden,anduserscanformulatetheir problemsat ahigh level of abstractior{Merksetal., 2006).
Similarly, the separatiorof high-level modelingin BioLoGo from the core ComPUCELL3D framewnork implementation
provides e xibility for thesoftware,asthecentralCPMimplementatiordoesnot needto changeasfeaturesareaddedhrough
BioLoGo. Programmergan extend ComPUCELL3D andtake advantageof the full computationapower offeredby C++,
while nonprogrammersanbuild new modelsinto CompPUCELL3D at the domainlevel throughBioLoGo. In addition, this

alsoallows BioL oGo-generatedgourcecodeto bene t from the highly ef cient ComPUCELL3D design.
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4 VERIFICATION SIMULATIONS

We now presenBi1oL 0Go implementation®f theveri cation simulationsdescribedn theintroduction,andshawv theresults
of running BioL oco-extendedCoMPUCEL L 3D for thesesimulations.We usethe fastthree-dimensionalendererOgle* to

visualizeresults.

4.1 Avian Limb with Domain Growth

This examplereproducesesultsof the ComPUCELL3D veri cation simulationin Cickovski etal. (2005),modeling3D avian
limb bud growth.

BioLoGo usersmay specify a cell model, which implementsa CTM; ary chemical elds used;how elds areupdated
(solvers)andthein uence of elds onthe cellulardynamics(Hamiltonians)Thisis shovn schematicallyn Figurel.

For this simulation,we usedBI0oL 0G0 to adda haptotaxisffective enegy term,anda Cell Type Map.

4.1.1 Differentiation The avian limb bud CTM containstwo cell types, NonCondensingnd Condensing the latter of
which aremoreadhesie. A cell differentiatedo Condensingiponexposureto an activator concentratiorabove a threshold,
andto NonCondensingvhenexposedo a concentratiorbelow this threshold The CTM is representetly the type automaton
shawvn in Figure2, whereNC = NonCondensing , C = Condensing , M = Medium, A+ is the activator thresholdfrom
the LimbChemicalHamiltonian (which we de ne later), and C(X; y; z) is the activator concentratiorat a location (x; y; z)
within the cell. Programl(a) createsthis CTM in BioL0oGo. The useplugin tag includesthe LimbChemicalHamiltonian,
enablingaccesdo its inputsand elds usingthe*. " operatorlIn this case we referenceghe LimbChemical.activatoreld and
the LimbChemical. Theshold Eachcell typeis speci ed andincludesa updatecelltypesmodulefor specifyingcondition(s)
for cell differentiationto this type. For NonCondensingthe conditionis that the currenttype is Condensingand activator

concentrations below LimbChemical. Theshold andvice-versafor CondensingPrograml(b) instantiateghis CTM in the

CoMPUCELL3D con guration le.

4.1.2 Haptotaxis The haptotaxismodelincludestwo superimposedhemical elds. The rst representsn activator che-
mical andis populatedoy RD equationsolversof the activatorinhibitor modelof Hentschelet al. (2004) usedin theinitial
veri cation simulationof CompPUCELL3D. They useanRD PDE systento modelthetransforminggrowth factorbeta(TGF-
) which hasbeenshovn (Miura & Shiota,2000)to actasan activator moleculein patternformationmechanismsThe RD
equationgeneratestripe-like patterndik e thoseobsened duringavian limb chondrogenesisn this modelTGF- stimulates

cellsto secretebronectin, a glycoproteinwhich cells secretdn responseo a high activatorconcentratiorthat provideslocal

4 http://www.cora.nwra.com/Ogle
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< cellmodel name="Chick" >

<!l Weinclude this plugin to access its inputs and fields. - >
< useplugin name="LimbChemicdl />

<!-- NonCondensing cell type (nonadhesive). - >
< celltype name="NonCondensirig>
< updatecelltypes

< changeif currenttype=" Condensing
condition=" LimbChemical.activator[pt.x][pt.y][pt.z]lessLimbChemical. Theshold />
< /updatecelltypes ) ) o
< [celltype> <! Plugin instantiation. - >
< Plugin Name="Chick" = >
<!--  Condensing cell type (adhesive). - >

< celltype name="Condensin{j>
< updatecelltypes

< changeif currenttype=" NonCondensinyg
condition=" LimbChemical.activator[pt.x][pt.y][pt.zbreaterLimbChemical. Theshold />
< /updatecelltypes
< [celltype>
< /cellmodeb (b)
(@)

Program 1: (a). CTM for the avian limb bud. There are two cell types Condensing and NonCondensing , and
Condensing cellsaremoreadhesie. (b). Instantiationof theavian limb CTM in the ComPUCELL3D con guration le.

stickiness(Frenzet al., 1989)which allows for cell clusteringinto patterns,or mesenkhymal condensationFibronectinis
containedn the secondeld. The effective enegy termfor haptotaxisreproduce€quation(3) using bronectin concentra-
tion asC. Haptotaxisrequiresthatonly activecells, or thoseat a high activator concentrationreactto the chemical.We add
this functionality throughthe BioLoGo Hamiltonian in Program2(a). The userspeci esinputsfor an activator Threshold
whichif exceededstimulatesbronectin secretionthe scalingfactorMu from Equation(3), anda rate FibroRateof secretion.
The ConcentationHle is abinary le of oating point valueswith x astheinnermostioop, populatingthe activator chemi-
cal eld. Program2(b) addsthe haptotaxisextensionto a simulationin the CompPUCELL3D con guration le, specifyingall
inputvalues.The Hamiltonianstepmodulespeci eschemicalsecretiorandresorptionmodifying anassociatedrield. In this
casewe secreteghe quantityFibroRateinto br onectinif the correspondingctivatorconcentrations above or equalto Thres-
hold. The effective enegy Equation takesa sumover all grid locationspt (prede ned),andonly Condensingells contritute.
Condensings a cell typeincludedin thelimb CTM.

Using theseextensionswe successfullyduplicatedthe resultsof the avian limb bud growth simulationfrom Figure 10(a) of

Cickovski etal. (2005),shavn againin Figure3(a).

4.2 In Vitro Capillary Development
During the rst stepsof embryonicvasculardevelopment,endothelialcells (EC; the cells lining the inner walls of blood
vessels)organizeinto polygonalpatternf cellularcordswhichlaterform alumen.Thisinitial vasculanetwork thendevelops

into the vascularsystemasnew bloodvesseldorm throughsproutingandsplitting of existing vessels.
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< Hamiltonian name="LimbChemical>

<!l Inputs to be specified by the user -- >
< Input name="Threshold type=" doublé¢ />

< Input name="Mu" type=" int" />

< Input name="FibroRaté¢ type=" doubl¢ />

< Input name="ConcentationFle" type=" le" />

<!--  Superimposed chemical fields - >
< Field name=" bronectii type=" oat" /> <!-- Plugin instantiation. ke
< Field name="activator' type=" oat" filename=" ConcentationFile" /> <!- Input values specified here. - >
< Plugin Name="LimbChemical>
<l- Cells secrete fibronectin at the user-specified rate. - > < Threshold> 0.7 < /Threshold-
<l- They are stimulated by a high activator  concentration. - > <Mu>-10 </Mu>
< Step> < FibroRate> 0.01< /FibroRate>
< secete field="  bronectii location=" pt' amount=" FibroRate < ConcentrationFile>
condition="activator[pt.x][pt.y][pt.z] greateequalThreshold /> bnewSys123 _71x31x281.dat
< IStep> < /ConcentrationFile>
< /Plugin>
<!--  CPMenergy contribution. - >
<!--  Dependent upon fibronectin concentration. - >
< Equation>
< pixelsum exp=" Mu* br onectin[pt.x][pt.y][pt.z]"
condition=" " sigma.typequal'Condensing" /> (b)

< /Equation>

< /Hamiltonian>

(@)

Program 2: (a). LimbChemicalHamiltonian for the avian limb bud growth simulation. This containstwo chemical
elds: activator (populatedthrougha ConcentationFle) and br onectin (secretion)superimposean the CPM grid. (b).
Exampleinstantiationof the BioLoGo-generated.imbChemicalplugin in a ComPUuCELL3D con guration le. The le

bnenSys12371x31x281.dapopulatesactivator.

A previous cellular Pottsmodel (Merks et al., 2004)—dewing from a partial differential equationmodel (Gambaet al.,
2003)-reproducethe ECs' organizatiorinto a polygonalvasculampattern,althoughit failedto capturethesepatterns'typical
temporalevolution asobsenedin cell cultures.Newer CPM modelssuggesthatthe patterns'temporalevolution dependon
theendotheliakells' shapgMerksetal., in press).

In their modelMerks et al. assumedhat ECsi) secretea morphogenHelmlingeret al., 2000)which extracellularmatrix
(ECM) inactivatesiii) preferentiallyextend lopodia up morphogergradientgGerhardtet al., 2003)andiii) stronglyadhere
to eachotherwith cellular adhesiomrmoleculesincluding VE-cadherin(Gory-Fauf€ et al., 1999). Here we useBioLogo to

reproduceghe modelresultspresentedn Merksetal. (2004).

4.2.1 Chemotaxis In themodelof Merksetal, endotheliakellssecretea chemoattractant

%: w0 (I 0)c+Dr (6)

where is acell secretiorrate,and is anECM resorptiorrate. .o is 1 for cellsandO for the medium.Hencec diffuses
anddecaysin the extracellularmatrix. D is a diffusion constant.BioL 0G0 acceptsa differentialequation(or setof diffe-
rential equationsandgenerates correspondingwo-dimensionalnite differencePDE solver asa CoMmPUCELL3D plugin,

inheriting from an abstractevolver interfacebuilt into the software. A full nite differencesolver hasnot beenincorporated

10
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into the ComPUCELL3D framavork becausét is not known in advancewhich typesof reaction-difusion systemswill be
used.Insteadthe userspeci esthe setof PDEsin BIoL0GO, which thentransparentlycorvertsto a C++ plugin.. Program
3(a)shavsthevasculogenesismodelin BioL oGo. DiffEq tagsrepreseneachPDE,andeachevolvesone eld with time. An

equationspeci eseachuniquetermseparatelyor corvenienceve usea coupleof prede nedterms.Kroneder is equivalent
to ( (X;y;2);0) whichis 1 if point (x,y,z) correspondso a mediumpoint andO if a biological cell, and Laplacianwhich
correspondso takingthe gradientof the passedeld twice. BioL0GO alsoglobally de nesthe cell lattice potts.cell eld, and
eachevolver prede nesuserinputsfor thetimestepof andnumberof stepsfor nite differenceThesealongwith , andD

areinstantiatedn the ComPUCELL3D con guration le asshavnin Program3(b).

Merksetal. simulatedchemotaxisisingthe methodby Savill & Hogewveg (1997)from Equation(4) andthechemoattractant
castheconcentratiomgradient.Thisequatiorrequiresanenegy dropat thetimeof copying Thereforewe couldnotimplement
it usingthecurrentversionof BioL 0Go. Insteadve implementedhtrivial extensionto the ComPUCELL3D framework, which
involvesaslightmodi cation to the existing chemotaxigplugin. Thevalueof ¢ from this nev GambaSerinPDE solver plugin
extensionwas subsequentlyncorporatednto this modi ed plugin asthe value of C in Equation(4). In future versionsof
BioLoGo we will introduce“hooks” that will allow usersto insert extra codethat can be executedat speci ¢ times, for
exampleat every copying attempt,at every successfutopying, etc. This featurewould in particularprovide the necessary

compatibilityto implementthis chemotaxisnodelin BioL 0Go.

<!l- This wil generate a PDE solver using finite difference. - >
< PDESoler name="GambasSeriri>
<l--  User-defined inputs. - >
<Input name="alphd' type=" oat" /> <!-- Plugin instantiation. - >
< Input name="epsilo' type=" oat" /> < Plugin name="GambaSerini>
< Input name="DiffConst type=" oat" /> < Step> 20 < /Step>
<DT> .2 </DT>
<!l-- Field to evolve. --> <DX> 1 </DX>
< Field name="C" type=" oat" /> <alpha> 0.01 < /alpha>
< epsilor> 0.05 < /epsilor>
<!--  PDE description. - > < DiffConst> 1 < /DiffConst>
< DiffEq fieldname=" C"> < Plugin>
< Term exp=" (1-Kronedker)*alpha- epsilon*C*Kroneder + DiffConst*Laplacian(C)
condition=" true" />
< /DiffEq> (b)
< /PDESoher>
@)

Program 3: (a). Partial differentialequatiorreactiondiffusionmodelof Merksetal. (2004),derivedfrom Gamba-SerinPDEs
(Gambaet al., 2003),implementedn BioL oGO asan evolver of chemical elds. This modelsdiffusionandbreak-davn of
thechemoattractarandthusdoesnotautonomouslyrive cell patterningbut patternform dueto closeinterplaybetweercell
migrationandchemoattractargecretioranddecay (b). Instantiationof this evolverin the ComPUCELL3D con guration le,
with valuesfor all inputsplusnumberof stepstimestepandspacestefor the nite differencemethod.
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We wereableto achieve outputsimilar to Merks et al. (2004)asshawn in Figure 3(b). For this simulationwe usedhighly
adhestecells,settingJcelrm edium t030andJdceic e 021, whichyieldsa = Jceim edium  Jcelic el =2 valueof 19.5

producinghighly adhesie networks. Thesecellsorganizeinto afully connectedrasculametwork.
5 DISCUSSION

We have presentedBioL 0Go andits usefor extendingthe 3D morphogenesisimulationengineComPUCELL3D. Theapplica-
bility of BioL oGo to modelingmorphogenesisasheenestablishedhroughtwo biologically relevantveri cation simulations.
BioLoGo allows a userto de ne a cell model(including cell typesand transitions)for modelingdifferentiation,chemical
elds andPDE solversthat evolve these elds throughouta simulation,the ability for cellsto secreteandabsorbchemicals,
andarbitrary Hamiltoniantermsthat establishthe in uence of superimposecdelds on the cellular dynamics.ThroughBio-
LoGco we addeda CPM effective enegy termto CompPUCELL3D alongwith an appropriateCell Type Map for the avian
limb. In addition,theability to simulateavian limb bud growth usingactivatorand bronectin externalchemicalsddemonstrates
BioLoGO's ability to createand referencemultiple superimposed@hemical elds which the migrating CPM cells dynami-
cally change Finally, we addedan RD PDE solver usingBi1oL 0Go, demonstratingts ability to evolve chemical elds. The
CoMPUCELL3D extensiongjeneratedy BioL 0Go shouldallow usto studyabnormalitieor geneticdefectssuchaspolydac-
tyly in theavianlimb bud whichresultsin four ngers forminginsteadof threeasshawvn in our results modeledn Chatunedi
etal. (2005).Thereis anenormouscodesizeburdensavingsfor theuser asninelinesof the BioLoco GambaSerinevolver
generated32 lines for the C++ plugin, part of the high level of abstractiorthat DSLs tendto provide. This coupledwith
simplersyntaxbetterenablesisersto generatenenv modelsalongwith testcasedor them.

As afutureextensionto BioL oo wewouldliketo prede nemorefunctionalityfor RD PDEs.LaplacianandKroneder are
indeeda startingpoint, but otherfunctionalitywould beusefulfor encapsulatingeny models.For example Maréeetal. (1999)
provideda highly usefulandintriguing modelof motionandthermotaxisn the slime mould DictyosteliumDiscoideunmusing
Fitzhugh-Nagumaequationswith piecevise Puschindkinetics(Pan lov & Perts@, 1984)establishingchemotactichemical
gradients However, thesePDEsrequireadditional,piecavise functionsdescribingchemoattractardynamics,andalsothere
is a higherlevel of couplingto the CPM becaus¢he PDEsthemselesareonly solvedwithin Dictyosteliumcells,while in the
mediumthereis only diffusion.We planto allow usersto de ne piecaviselinearfunctionsasXML blockswithin anevolverto
beinvokedanywherein the Term expressionThisis analogouso theapproachakenby Vercruyss& Kuiper(2004)whoused
alanguagdo modelgenetidnteractionsasswitcheshroughsetsof conditionalblocks,althoughourfunctionswill operateata
lower modelinglevel andwill returnvalues We canaddresshe secondssueby allowing for conditionalblockswhich enclose
different< Equation> blocks,suchthatoneof multiple possibleequationsanbe solveddependingn conditionalstatements.
The conditionalclausescanbe assimpleasallowing differentsetsof equationdor insidevs. outsidecell boundariespr as

comple asarbitrarynumbersof equationsdependingon multiple simulationparameterskinally, we hopeto introduceother
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possibilitiesfor modelingreaction-difusion,including ODEsor Booleannetworks which could for examplebe applicableto
modelingintracellulardynamicsusinggeneralizednassactionmodelsor rateequationgWolkenhaueet al., 2004).We also
planto generatehree-dimensiond?DE solvers,andto provide choiceshetweerdifferentmethodsor solvingRD differential
equationdesidesnite difference.

BioLoGoO ts nicelyinto thelayeredarchitectureof the CompPuCELL3D ProblemSolvingEnvironment(PSE).Thelayered
architectureallows for more e xibility amongusers asexperiencediserscaneasilyextendthe softwarewith C++, andnon-
experiencediserscanrepresenhen phenomenatthe modelinglevel throughBioL oGo. This wasillustratedin particularin
thesecondveri cation simulation,wherewe implementeca PDE solver at the modelinglevel but the Savill-Hogeweg (Savill
& Hogeweg, 1997)chemotaxischemeasa ComPUCELL3D C++ plugin extension.Otherimportantgoalsof morphogenesis
PSEsasidefrom providing theinfrastructurao implementoehaiors andentity interactionsare(1) theability for auserto run
interactve simulationsg.g. changingparameterandviewing results,and(2) theability to transparenthgsetup simulationson
parallelarchitecturegMerksetal., 2006).We planto considemethoddo make bothof thesegoalspossiblefor BioLoGo and
CoMPUCELL3D. Finally, we would like to make BioLoGo completelytypelesssuchthata userneedsnot de ne datatypes
for inputs, elds, etc.but they canbeinferredby thetranslator Thiswill requiremoresophisticatedexical analysisincluding

parsellookaheado determinedatatypesbasecdbn syntaxcontext.
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cellmodel (1)
* Included field plugins
* Cell type 1
* transitions

* Cell type 2
* transitions

* Other cell types

Hamiltonian (*)
*Inputs
* Fields
* Step
* secretion/resorption term
* Energy equation

PDESolver (*)

* Inputs

* Fields

* Differential equation

Fig. 1. Skeletonfor a BioL0oGo program.A usercanhave at mostone (1) cell modelwhich speci es the setof possiblecell typesfor
differentiationmodelingandrulesfor transitioningbetweertypes.A usercanthende ne mary (*) Hamiltonianswhich specifyCPM enegy
equationsandalsoary superimposedhemical elds onwhich theseequationgdependandsecretion/resorptioaquationdor these elds.
Finally, ausercande ne PDESoherswhichevolve achemical eld usingpartialdifferentialequationsanalogougo Turing's PDEapproach
to modelingreaction-difusion (Turing, 1952).Eachof thesemodulesgeneratea C++ plugin extensionfor CoMPUCELL3D.

Clx, v, 2) <A Cxy.2)> A

Cxy.z)> A ﬂ

N ) (e @
Cx,y,2) <A

Fig. 2. CTM for the avian limb simulation.NC = NonCondensingell type, C = CondensingandM = Medium. The Medium cell never
changegype, a NonCondensingell becomesCondensingvhenexposedto an activator concentratiorC(x, y, z) above a threshold,anda
Condensingell becomesNonCondensingvhenexposedo anactivator concentratiorbelav athreshold.
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Fig. 3. Outputof bothveri cation simulationsyisualizedwith Ogle.(a) Seriesof imageshroughoutheavianlimb bud growth simulation,
taken at the samestepsas Cickovski et al. (2005). (b) Outputof in vitro capillary developmentafter 5000 steps,shaving the capillary
networksfoundin Merksetal. (2004).
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