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the Medium Spiny Neuron of the striatum



Multiple afferent signals



Multiple afferent signals



A spiny dendrite

Atlas of ultrastructural neurocytology (http://synapse-web.org/)



The spine as a “mini-cell”

Atlas of ultrastructural neurocytology (http://synapse-web.org/)



Signalling at the dendritic spine

AMPAR NMDAR

GPCRs

ER

neck



Signalling at the dendritic spine

AMPAR NMDAR

GPCRs

ER

neck



Signalling at the dendritic spine

AMPAR NMDAR

GPCRs

ER

neck



Signalling at the dendritic spine

AMPAR NMDAR

GPCRs

ER

neck



Signalling at the dendritic spine

AMPAR NMDAR

GPCRs

ER

neck



Three types of information conveyed:

Propagation of electrical signals (leave the spine)

Diffusion of chemical signals (leave the spine) 

Transitions between “states” (conformation, covalent 
modifications,  density etc.)

Diversity of modelling approaches:

electrical modelling (neural-network, cable approximation)

chemical kinetics (deterministic, stochastic ...)

reaction-diffusion (PDE, finite elements ...)

single particle dynamics

etc.

Diversity of questions and methods
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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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What is the questionmark?

Nishi et al. (2002). J Neurochem, 82: 832-841
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Chemical model of DARPP-32 regulation
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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 



E-Cell3, a multi-algorithm simulator
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          d[D]/dt =  - k1[CDK5][D] + k2[D_CDK5]  
   d[D-75P]/dt =                                               + k3[D_CDK5]
    d[CDK5]/dt =  - k1[CDK5][D] + k2[D_CDK5] + k3[D_CDK5]
d[D_CDK5]/dt = + k1[CDK5][S] -  k2[D_CDK5]  -  k3[D_CDK5]
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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)



          d[D]/dt =  - k1[CDK5][D] + k2[D_CDK5]  
   d[D-75P]/dt =                                               + k3[D_CDK5]
    d[CDK5]/dt =  - k1[CDK5][D] + k2[D_CDK5] + k3[D_CDK5]
d[D_CDK5]/dt = + k1[CDK5][S] -  k2[D_CDK5]  -  k3[D_CDK5]
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Dynamic simulations of DARPP-32 function
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Some parameters are sensitive



Some parameters are robust



Optimality
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Mutation in silico
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Mutation in silico
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DARPP-32 as a coincidence detector
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What's next?
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Am I happy?



NO



Stochasticity



On small numbers
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Product

10-16 litres

10-15 litres



X            Y1           Y2             Zdeterministic result

stochastic result

On determinism and reproducibility



“Pathologic” behaviour



Small numbers in the dendritic spine

number of AMPA receptors in a PSD: 50-100

most kinases and phosphatases ∝ 100

number of free calcium ions at rest state: 3-5



Combinatorial
        Explosion



Combinatorial explosion

NMDA + CaMKII <=> NMDA-CaMKII
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Combinatorial explosion
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1 152 900 000 000 000 000 states

(1 billion of billion)



Space and geometry

Space and 
         geometry



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 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 Particle-based simulation



StochSim: Stochastic cellular automata

Particle-based stochastic simulations

Possibility of multistate complexes

Rapid equilibria to reduce stiffness problems

2D lattices of various geometry

Morton-Firth CJ,  Bray D (1998)  J. Theor. Biol. 192: 117–128.

Le Novère N, Shimizu TS (2001) Bioinformatics 17: 575-576



StochSim algorithm
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Multistate reactions

???0???
p

base

'?' Flags do not affect the reaction
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Multistate reactions

???0???
p

base

p
base

 x p
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base
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'?' Flags do not affect the reaction

only 4 species are needed instead of 128

only 2 reactions are needed instead of 64
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1??0???

0??1???

1??1???
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Meredys: Particles, Objects and Clusters

Tolle D, Le Novere N (2006)
Particle-based stochastic simulation in systems biology 
Current Bioinformatics 1 (3): 315-320 

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

bT=
1

6 r
bR=

1
8 r 3

bT

bR
=

4
3 r 2

bT=
1

4 h
 log h

' r
− 


bR=

1
4 r 2 h




 bT

bR

=log  h
' r

− ×r 2






Reactions and complex formation 



Reactions and complex formation 



Reactions and complex formation 



Reactions and complex formation 



Mesoscopic simulations of receptor diffusion



Mesoscopic simulations of receptor diffusion



Had enough?



Single-particle model



25

Whole-cell model



25

Tissue model



Technical bottlenecks



Technical bottlenecks
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Integration
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f(x,y)f(x,y)

h(x,y)g(x,y)

u(x,y)

f(x,y)f(x,y)

h(x,y)g(x,y)

u(x,y)

(i,j)

(i,j)(i,j)

Integration

Encapsulation





Communication

Standards of representation

Interfaces (ontologies)

Data resources

Technical bottlenecks



Systems Biology Markup Language (SBML) and associated tools 
(e.g. SBMLeditor)
Hucka et al. (2003). The Systems Biology Markup Language (SBML): A Medium for 
Representation and Exchange of Biochemical Network Models. Bioinformatics, 19: 524-531.
Rodriguez et al. (2007) SBMLeditor: effective creation of models in the Systems Biology 
Markup Language (SBML). BMC Bioinformatics, 8:79 

Systems Biology Graphical Notation (SBGN)

Ontologies: the Systems Biology Ontology (SBO), the 
TErminology to Describe Dynamics (TEDDY)
Le Novère N. (2006) Model storage, exchange and integration BMC Neuroscience, 7: S11.  

Minimal Information Requested In the Annotation of Models
Le Novere et al (2005) Nature Biotechnology, 
Le Novère et al. (2005) Minimum Information Requested In the Annotation of biochemical 
Models (MIRIAM) Nature Biotechnology, 23: 1509-1515.

BioModels Database
Le Novère et al. (2006) BioModels Database: A Free, Centralized Database of Curated, 
Published, Quantitative Kinetic Models of Biochemical and Cellular Systems Nucleic Acids 
Research, 34: D689-D691.

Community activities of compneur





<?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


MIRIAM

Proposed guidelines for 
curation of quantitative models

Specifically about encoding & 
annotation 

Limited to models that can be 
simulated

Effort arose from a meeting 
organized by Andrew Finney 
during ICSB 2004

Not specific to SBML; 
applicable to any structured 
model format



MIRIAM

requirements for
reference correspondence

scheme for
encoding annotations

model attribution 
and generation

annotation of
model components

MIRIAM guidelinesMIRIAM guidelines



MIRIAM

requirements for
reference correspondence

scheme for
encoding annotations

model attribution 
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MIRIAM annotation

<reaction id="r3b" 
  name="phosphorylation of MAPKK"
  metaid="_506913">
  <annotation>
    <rdf:RDF 
      xmlns:rdf="http://www.w3.org/1999/02/22­rd ... 
      xmlns:bqbiol="http://biomodels.net/biology ... 
      xmlns:bqmodel="http://biomodels.net/model­ ...
      <rdf:Description rdf:about="#_506913">
        <bqbiol:isVersionOf>
          <rdf:Bag>
<rdf:li 
  rdf:resource="http://www.ec­code.org/#2.7.11.25"/>
          </rdf:Bag>
        </bqbiol:isVersionOf> 



\http://www.ebi.ac.uk/sbo/



BioModels Database

http://www.ebi.ac.uk/biomodels/
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Collaboration on model development
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An international collaboration
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