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(1)-The phenomenology

ƒ(x)dx∫
Inputoutput

Snapshot of the system          ⇒        Abstraction

Classical approaches in theoretical biology
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(2)-The reductionism

Classical approaches in theoretical biology
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Systems Biology

• Reconstruction of dynamic systems from the properties of their 
elementary building blocks

• Made possible by large-scale data production 
& improvements of computing power and technologies

• Cybernetics properties are conserved across systems
(control theory: feedback, feedforward, robustness...)
Relationships between building blocks are more important than 
their elementary properties.
The theoretical treatment is already available.

• A New Era:
Pre-molecular Biology was descriptive
Molecular Biology made Biology explicative
Systems Biology makes Biology predictive
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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 pattern to another, a non-
linear process] 

Why computational modelling?
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Why computer simulations in Biology

• Complexity of biological systems

– Structural complexity: molecular and cellular levels

– Functional complexity: network of relations, non-boolean relations
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Why computer simulations in Biology

Experiment

Analysis of 
results

Model refinement

Design of new 
hypothesis/experiments

• Complexity of biological systems

– Structural complexity: molecular and cellular levels

– Functional complexity: network of relations, non-boolean relations

• Limitations of analytical approaches

– Intractable system of equations

– Existence of chaotic behaviours

– Experiments often provides snapshots of processes

• Faster and cheaper computers

• Computing can complement experimental investigations by:

– Storage, retrieval and analysis of data

– Making predictions about 
future experiments
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Why computer simulations in Biology

Experiment

Analysis of 
results

Model refinement

Design of new 
hypothesis/experiments

• Complexity of biological systems

– Structural complexity: molecular and cellular levels

– Functional complexity: network of relations, non-boolean relations

• Limitations of analytical approaches

– Intractable system of equations

– Existence of chaotic behaviours

– Experiments often provides snapshots of processes

• Faster and cheaper computers

• Computing can complement experimental investigations by:

– Storage, retrieval and analysis of data

– Making predictions about 
future experiments

– Virtual experiments, not feasible in reality
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Modelling is at the core of biology

• Computational modelling in biology is a mature and complex field

– Constellation of different approaches and algorithms
signalling pathway: 

● graph/topology  – flux analysis – kinetic simulation

● discrete – continuous

● ODE - PDE

– Alternative models to describe the same phenomena
Bacterial chemotaxis, Cell cycle, MAPK, EGFR signalling,  

– Being not omniscient, one has to leverage on each other expertise

• Computational modelling at the core of modern biology

➢ Rise of functional genomics and systems biology
Modern data are: high throughput, quantitative, quality-controlled

– Number of models increasing exponentially

– Size of the models is increasing with the data availability

– “biologists” are more and more interested in challenging 
and using computer models
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Simulation 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”. Biophy 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
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the Medium Spiny Neuron of the striatum
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Multiple afferent signals

Fundamental Neuroscience
Squire et al. 2nd  ed(2003)
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Biological model of DARPP-32 regulation
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 Negative loops: “russian dolls”
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All the cybernetics in one system

PP-2B

Ca2+

PP-1

CK1

 Thr34

 Ser137

PP-2C

DARPP-32

GluR

CaMKII

 Thr75
PKA

PP-2B CDK5

?

positive feedback

++



La biologie après le séquençage des génomes. Société de Biologie. 15 décembre 2005

All the cybernetics in one system
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All the cybernetics in one system
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All the cybernetics in one system
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Choose the right formalism
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Chemical model of DARPP-32 regulation
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Chemical model of DARPP-32 regulation

● D + CDK5  D_CDK5  D75 + CDK5
● D75 + PP2A  D75_PP2A  D + PP2A
● D75 + PP2AP  D75_PP2AP  D + PP2AP
● D137 + CDK5  D137_CDK5  D75-137 + CDK5
● D75-137 + PP2A  D75-137_PP2A  D137 + PP2A
● D75-137 + PP2AP  D75-137_PP2AP  D137 + PP2AP
● D34 + CDK5  D34_CDK5  D34-75 + CDK5
● D34-75 + PP2A  D34-75_PP2A  D34 + PP2A
● D34-75 + PP2AP  D34-75_PP2AP  D34 + PP2AP
● D34-137 + CDK5  D34-137_CDK5  D34-75_137 + CDK5
● D34-75-137 + PP2A  D34-75-137_PP2A  D34-137 + PP2A
● D34-75-137 + PP2AP  D34-75-137_PP2AP  D34-137 + PP2AP

● 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 

● 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
● Ø  Ca +2

● Ca +2   Ø
● PP2Bi + 2Ca   PP2Bi_Ca2
● PP2Bi_Ca + 2Ca   PP2B

● 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

68 species, 124 reactions
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Grand Probability function: P(X,t)

deterministic approach: (X,t+∆t)=f(X',t)

stochastic approach: P(X,t+∆t)/(X',t)

Mathematical model
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Deterministic view: ODEs  

  d[S]/dt = k2[ES]-k1[E][S]
  d[P]/dt = k3[ES]
  d[E]/dt = k3[ES]
d[ES]/dt = k1[E][S]-k2[ES]-k3[ES]

ES
k3

k1

k2

E+S E+P

t

[x]

Stochastic view: probabilities

   P
1
/dt = k

1
nEnS/NA

V

   P
2
/dt = k

2
nES 

   P
3
/dt = k

3
nES

Mathematical model
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  [P]
t+∆t

 = [P]
t
 + k3[ES]

t
 . ∆t 

  [E]
t+∆t

 = [E]
t
 + k3[ES]

t
 . ∆t 
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t
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t
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t
) . ∆t 
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t
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t
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t
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Euler method:
d[x]/dt  ([x]

t+∆t
 – [x]

t 
) / ∆t

  [x]
t+∆t

  [x]
t
 + d[x]/dt . ∆t 

Computational model
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Varying parameters of the simulation
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Sensitivity analysis

model A

model B
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if (remaining_time > 10 min){
next;

} else {
skip(12);
next; 

}
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On small numbers
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10-17 litres
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Product

10-16 litres
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Number of calcium ions in a dendritic spine = 3-5 ...
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Combinatorial explosion

NMDAc + CaMKIIc <=> NMDAc-CaMKIIc
NMDAo + CaMKIIc <=> NMDAc-CaMKIIc
NMDAc + CaMKIIo <=> NMDAc-CaMKIIo
NMDAo + CaMKIIo <=> NMDAc-CaMKIIo
pNMDAc + CaMKIIc <=> pNMDAc-CaMKIIc
pNMDAo + CaMKIIc <=> pNMDAc-CaMKIIc
pNMDAc + CaMKIIo <=> pNMDAc-CaMKIIo
pNMDAo + CaMKIIo <=> pNMDAc-CaMKIIo
NMDAc + pCaMKIIc <=> NMDAc-pCaMKIIc
NMDAo + pCaMKIIc <=> NMDAc-pCaMKIIc
NMDAc + pCaMKIIo <=> NMDAc-pCaMKIIo
NMDAo + pCaMKIIo <=> NMDAc-pCaMKIIo
pNMDAc + pCaMKIIc <=> pNMDAc-pCaMKIIc
pNMDAo + pCaMKIIc <=> pNMDAc-pCaMKIIc
pNMDAc + pCaMKIIo <=> pNMDAc-pCaMKIIo
pNMDAo + pCaMKIIo <=> pNMDAc-pCaMKIIo

P P

P

P

NMDAc + CaMKIIc <=> NMDAc-CaMKIIc
NMDAo + CaMKIIc <=> NMDAc-CaMKIIc
NMDAc + CaMKIIo <=> NMDAc-CaMKIIo
NMDAo + CaMKIIo <=> NMDAc-CaMKIIo

NMDA + CaMKII <=> NMDA-CaMKII

PP P

ATP CaM
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Combinatorial explosion

• 10 states reacting with 10 states = 262144 reactions 
combinations. However, all the states do not affect all 
the reactions: 
           Useless computation

• 10 states reacting with 10 states = 1536 pools. 
One glutamatergique synapse ~ 60-100 receptors
Often more pools than molecules
           Useless computation



La biologie après le séquençage des génomes. Société de Biologie. 15 décembre 2005

Complex post-synaptic machinery

Husi & Grant (2001) TINS, 24: 259-266
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Barry and Ziff. (2002)
Curr Opin Neurobiol, 12: 279-286

Receptors for neurotransmitters are moving

Choquet & Triller (2003) 
Nat Rev Neurosci, 4: 251-265
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APS: the 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 (speed and topology)
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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.
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• 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

r2=2 DT t=2 kbT t

DR t=2 kbR t2=2

p x , t =
1

4 Dt
exp−

x2

4 Dt
Dt2=2

x , y , z=2 DT t×gaussRand

2 DR t

r
×gaussRand=
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• 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 r3
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3

r2
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4 h
 log
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

 bT

bR

= log
h

' r
− ×r 2






La biologie après le séquençage des génomes. Société de Biologie. 15 décembre 2005



La biologie après le séquençage des génomes. Société de Biologie. 15 décembre 2005

This is particularly true in Neurobiology   

The limited factor in kinetic modelling is 
the experimental quantitative data
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Hypothesis-driven Vs. systematic

• Most of the quantitative data available in Neurobiology 
was generated by hypothesis-driven experiments:

– Tailored to answer a particular question

– Valid in very specific experimental conditions

– Minimum degrees of freedom: parameter set incomplete

– Relative values rather than absolute (normalised data; mutant 
Vs. wild-type etc. )

• We need comprehensive data-set

– Quantitative

– Atomic

– Statistically supported  
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SYNTAXE
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Minimum Information Requested In 
the Annotation of biochemical Models 

(MIRIAM)

Le Novère N., Finney A., Hucka M., Bhalla U., Campagne F., Collado-Vides J., 
Crampin E., Halstead M., Klipp E., Mendes P., Nielsen P., Sauro H., Shapiro 

B., Snoep J.L., Spence H.D., Wanner B.L. 
Nature Biotechnology (2005), 23: 1509-1515 

SÉMANTIQUE
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