
Systems Biology of Neuronal signalling
Nicolas Le Novère, EMBL-EBI, Hinxton (Cambridge), UK



Neuronal transmissionNeuronal transmission

axons

dendrites

soma

synapses



Neuronal transmissionNeuronal transmission

electrical signal



Neuronal transmissionNeuronal transmission

chemical signal



Neuronal transmissionNeuronal transmission

Integration



Neuronal transmissionNeuronal transmission

Decision and
Transmission



Neuronal transmissionNeuronal transmission

decoding



the Medium Spiny Neuron of the striatumthe Medium Spiny Neuron of the striatum



A spiny dendriteA spiny dendrite



Dendritic spineDendritic spine



Signalling at the dendritic spineSignalling at the dendritic spine



Signalling at the dendritic spineSignalling at the dendritic spine



Signalling at the dendritic spineSignalling at the dendritic spine



Signalling at the dendritic spineSignalling at the dendritic spine



Signalling at the dendritic spineSignalling at the dendritic spine



• 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

– chemical kinetics

– reaction-diffusion

– single particle dynamics

– etc.

Diversity of questions and methodsDiversity of questions and methods



Simulation in NeurobiologySimulation in Neurobiology

• 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

• [NEURON] Hines
 "A program for simulation of nerve equations with branching geometries". 
   Int J Biomed Comput 1989, 24:55-68

• [GENESIS]  Wilson, Bhalla, Uhley, Bower
  “GENESIS : A system for simulating neural networks.” Advances in neural information
    processing systems. Touretzky, D. ed, 1989, pp. 485-492

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

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

• Bhalla US, Iyengar R. 
“Emergent properties of networks of biological signaling pathways. Science 1999 283: 381-387”

• Kotter R, Schirok D
“Towards an integration of biochemical and biophysical models of neuronal information 
processing: a case study in the nigro-striatal system.” Rev Neurosci 1999, 10: 247-266



Compartmental modelsCompartmental models

De Schuter and Bower (1994)  J Neurophysio, 71: 375-419



Signalling pathways & compartment modelsSignalling pathways & compartment models

Upinder Bhalla (personal communication)



Models repositories for modelling neuronsModels repositories for modelling neurons

•                       Bangalore, IN [GENESIS]

•                      of SenseLab, USA [NEURON, GENESIS ...]

 

•                      models repository, NZ [CellML]

• JWS online    ZA/NL/UK [SBML, Pysces]      

•               BioModels Database, EU/USA [CellML, SBML]

For more -> Jacky Snoep, Friday 9:00-10:00



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





SBML is not limited to biochemistry!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

Systems Biology is scale-independent!  



Integration of Dopamine and 
Glutamate signals by DARPP-32

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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Chemical modelChemical model of DARPP-32 regulation 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 
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EP E+P  catalysis irreversible
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ksd
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before rebinding

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

S P

E

steady-state

E+S ES
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EP E+P
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d[P]       
         = kdp[EP] - kap[E][P]
 dt  
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[E]=[E
0
]-[ES]

steady-state!!!



          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]

D_CDK5
k3

k1

k2

D+CDK5 D-75P+CDK5

t

[x]

MathematicalMathematical model model



Dynamic simulations of DARPP-32 functionDynamic simulations of DARPP-32 function

350 400 450 500 550 600 650 700 750
0

600

1200

1800

2400

20

40

60

80

Time (s)

P
ho

sp
ho

ry
la

tio
n 

(%
)

cAMP calcium

Thr34

Thr75

Ser137



Some parameters are sensitiveSome parameters are sensitive



Some parameters are robustSome parameters are robust
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DARPP-32 as a coincidence detectorDARPP-32 as a coincidence detector
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Am I happy?



NO



The three curses of signallingThe three curses of signalling

• Stochasticity
• Combinatorial explosion
• Space and geometry



Stochasticity



Different modelling approachesDifferent modelling approaches

Grand Probability function: P(X,t)
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Different modelling approachesDifferent 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)



On small numbersOn small numbers
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Substrate

Product
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X            Y1           Y2             Zdeterministic result

stochastic result

On determinism and reproducibilityOn determinism and reproducibility



““Pathologic” behaviourPathologic” behaviour



Small numbers in the dendritic spineSmall 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
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Combinatorial explosionCombinatorial explosion
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Combinatorial explosionCombinatorial explosion
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Combinatorial explosionCombinatorial explosion

5x12 state variables=

1 152 900 000 000 000 000 states
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Additional reactionsAdditional reactions

CaM

286 286 286 305306

305306

P
305306
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trans trans
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P P

P PPPP



Space and geometrySpace and geometry

Space and 
         geometry



Complex post-synaptic machineryComplex post-synaptic machinery

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



Spatial hysteresisSpatial hysteresis

CaMKII
P286

P306

P306

P305

Cytoplasm

PSD

membrane

PP1

PP2A

P286



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

Receptors for neurotransmitters are movingReceptors for neurotransmitters are moving

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



Need another paradigm of simulationNeed 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 automataStochSim: 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 algorithmStochSim algorithm

B

B
A

A A

A

B

B

B

B

B

Time 1 2 Time 1 2 33

B

B
A

A
A

A

B

B

B

B

BAB AB



500

600

700

800

0 1 2

Time ( sec)

N
u

m
b

er
 o

f 
A

B
 M

o
le

cu
le

s

Time 1 2 3

B

B

A

A

A

B

B

B
B

AB

AB

StochSim algorithmStochSim algorithm



Multistate reactionsMultistate reactions

(???0???) (???1???)
p

base

(0??0???) (0??1???)

(1??0???) (1??1???)

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



Stochastic simulation of multistate complexesStochastic simulation of multistate complexes
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The mesoscopic scaleThe mesoscopic scale

• molecule abstracted ⇒ macroscopic scale

• atomic details ⇒ microscopic scale

• Abstracted but realistic geometry ⇒ mesoscopic scale 

• Relative size of object respected

• Differential location of binding sites

• realistic movements (velocity and topology)



Existing softwareExisting software

• Population based (“spatial Gillespie”)

– SmartCell, Mesord

– finite elements (voxels), no individual molecules

 

• Single-particle based

– MCell: individual small molecules, ray-tracing. Immobile reactive surfaces. no 
interactions between mobile molecules

– Smoldyn: individual small molecules,  reactions between them

– Meredys: Everything plus topology of molecules 



The position of receptors affects the signalThe position of receptors affects the signal

Franks et al. (2003) J Neurosci, 23: 3186-3195



Meredys: Particles, Objects and ClustersMeredys: Particles, Objects and Clusters

Particles carry binding sites

Cluster class allows recording of Center Of Mass, radius, RMS displacement; 
possibility of cluster 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 diffusionMolecule 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 diffusionMolecule diffusion
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Reactions and complex formation Reactions and complex formation 



Reactions and complex formation Reactions and complex formation 



Reactions and complex formation Reactions and complex formation 



Reactions and complex formation Reactions and complex formation 





That's better...
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