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« Je tiens impossible de connaître les parties sans 
connaître le tout, non plus que de connaître le tout sans 
connaître particulièrement les parties »   Blaise Pascal, 
Pensées, 1660. 
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What is Systems Biology

For us and for today ...

Systems Biology is the study of a biological systems 
taking into account all its constituents, their relationships, 
and their evolution

Computational Systems Biology is the construction of 
quantitative models that describe the behaviour of a 
system, on its own, or in response to its environment



What is a model

A model is a mathematical description of the components 
of a system, their relationships, and the  evolution of both.

ordinary differential equations (system evolution) dX/dt = f(X)

partial differential equation (system description) X = g(X)

algebraic equations (conservation laws) h(X) = 0

probability distributions PX = i(X)

master equation dPX/dt = j(PX)

cell automata/finite elements

...



One would like to be able to follow this more general process 
mathematically also. The difficulties are, however, such that one 
cannot hope to have any very embracing theory of such processes, 
beyond the statement of the equations. It might be possible, 
however, to treat a few particular cases in detail with the aid of a 
digital computer. This method has the advantage that it is not so 
necessary to make simplifying assumptions as it is when doing a 
more theoretical type of analysis.

Computer simulations Vs. mathematical models



One would like to be able to follow this more general process 
mathematically also. The difficulties are, however, such that one 
cannot hope to have any very embracing theory of such processes, 
beyond the statement of the equations. It might be possible, 
however, to treat a few particular cases in detail with the aid of a 
digital computer. This method has the advantage that it is not so 
necessary to make simplifying assumptions as it is when doing a 
more theoretical type of analysis.

A.M. Turing (1952). The chemical basis of morphogenesis. Phyl Trans 
Roy Soc Lond B237: 37-72

[About the development from one developmental pattern to another, 
a non-linear process] 

Computer simulations Vs. mathematical models



What is a simulation

A simulation is the instantiation of a model over time, using 
a given algorithmic approach, and a particular software: A 
model can beget simulations giving different results!

Logical (boolean or discrete) approach

Deterministic approach

Stochastic approach

Fixed timesteps

Adaptative timesteps

...

Plus ... range of simulations

parameter scan

parameter search/optimisation

phase-plane analysis

bifurcation analysis 

...



Simulation in Neurobiology: electrical

Hodgkin and Huxley
 "A Quantitative Description of Membrane Current and its Application to Conduction and
  Excitation in Nerve". J Physiol 1952, 117: 500-544

Rall
 “Branching dendritic trees and motoneuron membrane resistivity". Exp Neurol 1959, 1: 491-527

Shepherd and Brayton 
“Computer simulation of a dendrodendritic synaptic circuit for self- and lateral-inhibition in the 
olfactory bulb”. Brain Res 1979, 175: 377–382

Traub and Wong
“Cellular mechanism of neuronal synchronisation in epilepsy”. Science  1982, 216: 745–747

De Schutter and Bower
“An Active Membrane Model of the Cerebellar Purkinje Cell”. J Neurophysiol 1994, 71: 375-419
(1 neuron, 1600 compartments)

Traub et al
“Single-Column Thalamocortical Network Model Exhibiting Gamma Oscillations, Sleep Spindles, 
and Epileptogenic Bursts”. J Neurophysiol 2005, 93: 2194-2232.
(3650 neurons, ~100 compartments)



Simulation in Neurobiology: chemical

chemical kinetics (population-based)

Justice, Nicolaysen, Michael
“Modeling the dopaminergic nerve terminal”. J Neurosci Meth 1988, 22: 239-252

Kötter 
“Postsynaptic integration of glutamatergic and dopaminergic signals in the striatum”. Prog 
Neurobiol 1994, 44: 163-196.

Bhalla, Iyengar 
“Emergent properties of networks of biological signaling pathways”. Science 1999, 283: 381-3

mesoscopic (agent-based)

Land, Salpeter, Salpeter
 "Kinetic parameters for acetylcholine interaction in intact neuromuscular junction". 
   Proc Natl Acad Sci USA 1981, 78:7200-7204 

Bartol, Land, Salpeter, Salpeter
 “Monte Carlo simulation of miniature endplate current generation in the vertebrate
   neuromuscular junction”. Biophys J 1991, 59: 1290-1307

Coggan et al
“Evidence for Ectopic Neurotransmission at a Neuronal Synapse”. Science 2005, 309: 446–451



Basal ganglia
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Atlas of ultrastructural neurocytology (http://synapse-web.org/)
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The research of the “compneur” group



The research of the “compneur” group

Fernandez E, Schiappa R, Girault JA, Le Novère N (2006) 
DARPP-32 is a robust integrator of dopamine and glutamate signals. 
PLoS Computational Biology, 2(12): e176.
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Choose the right formalism

E+S ES
kcatkds

kas

kap

kdp
EP E+P  catalysis irreversible

ES
kcatksa

ksd
E+S E+P product is consumed 

before rebinding

d[P]            [E] kcat
         = 
 dt                      Km 
                   1 +
                           [S]

S P

E

steady-state

E+S ES
kcatkds

kas

kap

kdp
EP E+P

kcat'

d[P]       
         = kdp[EP] - kap[E][P]
 dt  



Chemical model of DARPP-32 regulation

● D + PKA  D_PKA  D34 + PKA
● D34 + PP2B  D34_PP2B  D + PP2B
● D75 + PKA  D75_PKA  D34-75 + PKA
● D34-75 + PP2B  D34-75_PP2B  D75 + PP2B
● D137 + PKA  D137_PKA  D34-137 + PKA
● D34-137 + PP2B  D34-135_PP2B  D137 + PP2B
● D75-137 + PKA  D75-137_PKA  D34-75-137 + PKA
● D34-75-137 + PP2B  D34-75-135_PP2B  D75-137 + PP2B
● PP2A + PKA  PP2A_PKA  PP2AP + PKA
● PP2ACa + PKA  PP2ACa_PKA  PP2APCa + PKA
● Ø  Ca2+

●  Ca2+  Ø
● PP2Bi + 2Ca   PP2Bi_Ca2
● PP2Bi_Ca + 2Ca   PP2B
● PP2A + Ca   PP2ACa
● PP2AP + Ca   PP2APCa

● R2_PKA2 + cAMP  cAMP_R2_PKA2
● cAMP_R2_PKA2 + cAMP  cAMP2_R2_PKA2
● cAMP2_R2_PKA2 + cAMP  cAMP3_R2_PKA2
● cAMP3_R2_PKA2 + cAMP  cAMP4_R2_PKA2
● cAMP4_R2_PKA2  cAMP4_R2_PKA + PKA
● cAMP4_R2_PKA  cAMP4_R2 + PKA
● PKA + PDE  PKA_PDE  PKA + PDEP
● cAMP + PDE  cAMP_PDE  AMP + PDE
● cAMP + PDEP  cAMP_PDEP  AMP + PDEP

79 species, 151 reactions
● D + CDK5  D_CDK5  D75 + CDK5
● D75 + PP2A  D75_PP2A  D + PP2A
● D75 + PP2ACa  D75_PP2ACa  D + PP2ACa
● D75 + PP2AP  D75_PP2AP  D + PP2AP
● D75 + PP2APCa  D75_PP2APCa  D + PP2APCa
● D137 + CDK5  D137_CDK5  D75-137 + CDK5
● D75-137 + PP2A  D75-137_PP2A  D137 + PP2A
● D75-137 + PP2ACa  D75-137_PP2ACa  D137 + PP2ACa
● D75-137 + PP2AP  D75-137_PP2AP  D137 + PP2AP
● D75-137 + PP2APCa  D75-137_PP2APCa  D137 + PP2APCa
● D34 + CDK5  D34_CDK5  D34-75 + CDK5
● D34-75 + PP2A  D34-75_PP2A  D34 + PP2A
● D34-75 + PP2ACa  D34-75_PP2ACa  D34 + PP2ACa
● D34-75 + PP2AP  D34-75_PP2AP  D34 + PP2AP
● D34-75 + PP2APCa  D34-75_PP2APCa  D34 + PP2APCa
● D34-137 + CDK5  D34-137_CDK5  D34-75_137 + CDK5
● D34-75-137 + PP2A  D34-75-137_PP2A  D34-137 + PP2A
● D34-75-137 + PP2ACa  D34-75-137_PP2ACa  D34-137 + PP2ACa
● D34-75-137 + PP2AP  D34-75-137_PP2AP  D34-137 + PP2AP
● D34-75-137 + PP2APCa  D34-75-137_PP2APCa  D34-137 + PP2APCa

● D + CK1  D_CK1  D137 + CK1
● D137 + PP2C  D137_PP2C  D + PP2C
● D75 + CK1  D75_CK1  D75-137 + CK1
● D75-137 + PP2C  D75-137_PP2C  D75 + PP2C
● D34 + CK1  D34_CK1  D34-137 + CK1
● D34-75 + PP2C  D34-75_PP2C  D75 + PP2C
● D34-75 + CK1  D34-75_CK1  D34-75-137 + CK1
● D34-75-137 + PP2C  D34-75-137_PP2C  D34-75 + PP2C
● CK1 + CK1  CK1_CK1  CK1P + CK1
● CK1P + PP2B  CK1P_PP2B  CK1 + PP2B 



Different modelling approaches

Grand Probability function: P(X,t) typologic view of the world: (X)=f(t)

stochastic approach: P(X,t)/(X',t-1) deterministic approach: (X,t)=f(X',t-1)



Dynamic simulations of DARPP-32 function
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Some parameters are sensitive



Some parameters are robust
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Mutation in silico
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Mutation in silico

350 450 550 650 750 850 950

0

500

1000

1500

2000

2500

3000
# 

D
34

* 
m

ol
ec

ul
e

s

time (s)

WTWT

Ser137P

WT

Ser137Ser137



Past

 Thr34

 Ser137

 Thr75

Ser102 DARPP­32

PP­2BCK1

PP­2A CDK5

PP­2CCK2

PKA

cAMP

Ca2+

PDE3/4



Present

PP­1

 Thr34

 Ser137

 Thr75

Ser102 DARPP­32

PP­2BCK1

PP­2A CDK5

PP­2CCK2

PKA

cAMP

Ca2+

PDE3/4 CaM

CaMKII

PDE1

&

ACVIII



Future

PP­1

 Thr34

 Ser137

 Thr75

Ser102 DARPP­32

PP­2BCK1

PP­2A CDK5

PP­2CCK2

PKA

cAMP

Ca2+

 D1
 NMDA  AMPA

PDE3/4 CaM

CaMKII

PDE1

Raf

MEK

ERK

STEP

&

ACVIII

&

Regulation of gene expression
dendritic remodelling 

Collaboration 
Jean-Antoine Girault,  Paris

 VOC

Regulation of 
gene expression 



PP­1

 Thr34

 Ser137

 Thr75

Ser102 DARPP­32

PP­2BCK1

PP­2A CDK5

PP­2CCK2

PKA

cAMP

Ca2+

 D1
 NMDA  AMPA

PDE3/4 CaM

CaMKII

PDE1

Raf

MEK

ERK

STEP

&

ACVIII

&

TrkB

Regulation of gene expression
dendritic remodelling 

Raf

PLC

IP3

DAG

PKC
&

mGluR VOC

Regulation of 
gene expression 

Collaboration 
Liliana Minichiello, Monterotondo

Future



PP­1

 Thr34

 Ser137

 Thr75

Ser102 DARPP­32

PP­2BCK1

PP­2A CDK5

PP­2CCK2

PKA

cAMP

Ca2+

 D1
 NMDA  AMPA

PDE3/4 CaM

CaMKII

PDE1

Raf

MEK

ERK

STEP

&

ACVIII

&

TrkB

Regulation of gene expression
dendritic remodelling 

Raf

PLC

IP3

DAG

PKC
&

mGluR VOC

Regulation of 
gene expression 

Collaboration 
Liliana Minichiello, Monterotondo

Future

Post-Doc position available:

Duration: 3 years 
Funding: level of EMBO long-term fellowship
Mostly modelling, with participation to
some experimental work
Co-supervision EBI (Cambridge) 
and Monterotondo (Rome)

contact: http://www.embl.org/eipod



The three curses of modelling signalling

Small numbers

Combinatorial
        Explosion

Space and 
         geometry



On small numbers
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Small numbers in the dendritic spine

 In a system with n components, the noise increases according 
to 

number of AMPA receptors in a PSD: 50-100

most kinases and phosphatases ∝ 100

number of free calcium ions per spine at resting state: 5-50

  Impact of the noise (random fluctuations) is significant!

n



Multiple state-variables

ATP
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Calmodulin
binding site



Polymeric assemblies



Combinatorial explosion
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Complex post-synaptic machinery

Husi & Grant (2001) TINS, 24: 259-266



Barry and Ziff. (2002)
Curr Opin Neurobiol, 12: 279-286

Receptors for neurotransmitters are moving

Choquet & Triller (2003) 
Nat Rev Neurosci, 4: 251-265



Need for another paradigm of simulation

Continuous representation of populations

Generally deterministic algorithms to 
simulate the evolution of populations 
(but not always: Gillespie)

Generally no representation of space 
(but not always: finite elements)

No movements (but not always: PDE or 
reaction-diffussion) 

Molecules under different states are 
represented by different pools

Discrete representation of molecules

Generally stochastic algorithms (but 
not always: deterministic automata)

Generally location of molecules (but 
not always: StochSim v1) 

Representation of the movements of 
(some) molecules

Possibility of multistates molecules

Population-based simulation Agent-based simulation



StochSim: Stochastic cellular automata

Morton-Firth,  Bray. Predicting temporal fluctuations in an 
intracellular signalling pathway. J Theor Biol 1998, 192: 
117–128.

Le Novère, Shimizu. StochSim: modelling of stochastic 
biomolecular processes. Bioinformatics 2001, 17: 575-
576

Particle-based stochastic simulations

Possibility of multistate complexes

Rapid equilibria to reduce stiffness problems

2D lattices of various geometry



Kinetic constant to probability

d[A]/dt = -k[A][B]

d[A]/dt = -k[A]

          k n(n+n0)∆t
P = 
                2VNA

          k n(n+n0)∆t
P = 
                 n0

n: # molecules in the system
n0: # pseudomolecules in the system
V: volume of the system
NA: Avogadro constant
 



Multistate reactions
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Multistate reactions

???0???
p

base

p
base

 x p
rel(0,0)

p
base

 x p
rel(0,1)

'?' Flags do not affect the reaction

only 4 species are needed instead of 128

only 2 reactions are needed instead of 64

???1???

0??0???

1??0???

0??1???

1??1???



Simulation of ca/calmoduline kinase II
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Meredys: Mesoscopic reaction-diffusion

Tolle and Le Novère (2006) Particle-based Stochastic 
Simulation in  Systems Biology. Current Bioinformatics, 1: 
315-320

Agent-based stochastic simulations

Possibility of transient complexes

Multistate entities

Diffusion in real space



Meredys: Particles, Objects and Clusters

Particles carry binding surfaces
Cluster and object classes allows recording of Center Of Mass, radius, RMS 

displacement, state
Clusters are dynamically created and destroyed – transient



Different diffusion spaces:

Static; Free diffusion; Membrane diffusion; Above membrane; 
Below membrane

Two types of motion:

Translational 

Rotational

random walk algorithm

                                            gaussian with

Translational 

Rotational

Two types of diffusion equations:

unrestricted brownian motion – Low Trans/Rot

intra-membrane diffusion (Saffman and Delbrück 1975) – 
High Trans/Rot

Molecule diffusion

r 2
=2DT t=2kbT t

DR t=2kbR t2=2

p x , t = 1
4 Dt

exp− x2

4Dt
Dt2

=2

x , y , z =2DT t×gaussRand

2DR t

r
×gaussRand=



Unrestricted brownian motion – Low Translation/Rotational

Intra-membrane diffusion (Saffman and Delbrück 1975)
High Translational/Rotational

Molecule diffusion
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Reactions and complex formation 



Mesoscopic simulations of receptor diffusion
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(i,j)(i,j)

Integration

Encapsulation





Communication

Standards of representation
(SBML, BioPAX, MAGE-ML, PSI-MI etc.)

Interfaces 
(MIRIAM, OBI, FuGE)

Data resources
(...)

How to address them





What is SBML?

"The goal of SBML is to help people to disagree as precisely as 
possible". Ed Franck, Argonne National Laboratory



What is SBML?

SBML is a computer readable format for representing models 
describing the dynamical behaviour of biological entities 



<?xml version="1.0" encoding="UTF­8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”B” />
        </listOfProducts>
        <kineticLaw>
          <math xmlns=”http://www.w3.org/1998/Math/MathML”>
            <apply>
              <times />
              <ci>kon</ci>
              <ci>A</ci>
              <ci>cell</ci>
            </apply>
          </math>
        </kineticLaw>
      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B

http://www.sbml.org/sbml/level2
http://www.w3.org/1998/Math/MathML


A more realistic example ...

<species 
    id=”A” 
    name=”­tubulin”
    compartment=”cell”
    initialAmount=”1000”
    substanceUnits=”item”
    hasOnlySubstanceUnits=”true”
    boundaryCondition=”true”
    constant=”false”
    charge=”0”
    metaid=”PX” >
  <notes>
    <body xmlns=”http://www.w3.org/1999/xhtml”>
      <p>One of the components of microtubule</p>
    </body>
  </notes>
  <annotation>
    <rdf:RDF 
        xmlns:bqbiol="http://biomodels.net/biology­qualifiers/" 
        xmlns:bqmodel="http://biomodels.net/model­qualifiers/"
        xmlns:rdf="http://www.w3.org/1999/02/22­rdf­syntax­ns#">
      <rdf:Description rdf:about="#PX">
        <bqbiol:is>
          <rdf:Bag>
            <rdf:li rdf:resource="http://www.uniprot.org/#P68370"/>
            <rdf:li rdf:resource=”http://www.geneontology.org/#GO:0045298”/>
          </rdf:Bag>
        </bqbiol:is>
      </rdf:Description>
    </rdf:RDF>
  </annotation>
</species>

http://www.w3.org/1999/xhtml
http://biomodels.net/model-qualifiers/
http://www.uniprot.org/#P68370


SBMLeditor

http://www.ebi.ac.uk/compneur-srv/...
http:/www.ebi.ac.uk/compneur-srv/



SBML is not limited to biochemistry!

Rate Rules can describe the temporal evolution of any 
quantitative parameter, e.g. transmembrane voltage;

Events can describe any discontinuous change, e.g. 
neurotransmitter release;

A species is an entity participating to a reaction, not 
always a chemical entity:

It can be a molecule

It can be a cell

It can be an organ

It can be an organism

Remember, Systems Biology is scale-free!  



New: SBML Level 2 Version 3

Released on June 16th 2007

Simpler and cleaner (units ...)

Generic entities (compartmentType, speciesType)
path to generalised reactions

Constraints and initialAssignments

Controlled annotations (MIRIAM + SBO)

Backward compatible with Level 2 Version 1

More detailed and bug-free  specification ... 164 pages, 
10pt, small margin! 

Hucka M, Finney AM, Hoops S, Keating SM, Le Novère N (2007) 
Systems Biology Markup Language (SBML) Level 2:
Structures and Facilities for Model Definitions. 



BioModels Database

Store and serve quantitative models of biomedical interest

Only models described in the peer-reviewed scientific 
literature.

Models are curated: computer software check the syntax, 
while human curators check the semantics.

Models are simulated to check the reference correspondence

Model components are annotated, to improve identification 
and retrieval. 

Models are accepted in several formats, and served in 
several others.

Aims to be the “UniProt” of quantitative modelling.



Curation Annotation Public

Consistency
Check

MIRIAM
Curation

Non-curated 
Models

Curated 
Models

Non-curated
Models

Curated
Models

Annotations Annotations

Production pipeline

distribution

Submission



http://www.ebi.ac.uk/biomodels/









Different views of a model



Kholodenko 2000



BioModels DB and interoperability in CSB

BioPAX

Level 1 Version 1
Level 1 Version 2
Level 2 Version 1

Level 2 Version 1

Version 1.0
Version 1.1

Version 1.1

XPP-Aut
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The “compneur” group

Daniel McGreal

Lu Li Stuart Edelstein

Melanie Stefan
Dominic Tolle

Anika Oellrich

Antonia Mayer Christian Knuepfer

Nicolas Rodriguez

Chen Li

Camille Laibe

Melanie Courtot

Enuo He

Eric Fernandez



Collaboration on model development

E-cell developers
(Institute of Advanced Biosciences, 
Tsuruoka)

Kouichi Takahashi 

Kazunari Kaizu

Gabor Bereczki

Experimental collaborators
(INSERM U536, Paris)

Jean-Antoine Girault

Denis Herve

StochSim developers
(Cambridge University)

Carl Morton Firth 

Tom Shimizu

(Yale University)

Thierry Emonet

(Argonne National Laboratory)

Michael North



Collaboration on standards and resources

EBI

Nicolas Le Novère
Marco Donizelli
Chen Li
Mélanie Courtot
Lu Li
Camille Laibe
Arnaud Henry
Enuo He
Nicolas Rodriguez
Alexander Broicher

SBML team

Michael Hucka
Andrew Finney
Bruce Shapiro
Benjamin Borstein
Maria Schilstra
Sarah Keating
Harish Dharuri

Journals supporting BioModels Database

Molecular Systems Biology
PLoS Journals
BioMedCentral Journals

Programs used for curation

CellDesigner/SBMLodeSolver
COPASI
Jarnac/JDesigner
MathSBML
SBMLeditor
XPP-Aut

NCBS

Upinder Bhalla
Harsha Rani

Keck Graduate Institute

Herbert Sauro

Vienna TBI

Rainer Machne

Systems Biology Institute

Hiroaki Kitano
Akira Funahashi

JWS Online

Jacky Snoep
Hans Westerhoff

The community of Systems Biology for 
their contributions of models and comments.


