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3L-EBI Neuronal transmission
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WBL-EBI Neuronal transmission

- TTTN——
electrical signal
—
Cnmpl:rla!fnnf _T*.JE jt_,

Neufobiology



“l-!ﬂl Neuronal transmission

I
chemical signal

W R
N
SN VL
L )
%
g s
/;/{7 \’\\\:,
7 7AADN
N

LCi ﬂmpﬁtatfunaf
Neufobiology




Neuronal transmission
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Integration
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Neuronal transmission
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MBL-EBI the Medium Spiny Neuron of the striatum
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A spiny dendrite




L-EBI Dendritic spine
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Signalling at the dendritic spine
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Signalling at the dendritic spine
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Signalling at the dendritic spine
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Signalling at the dendritic spine
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Signalling at the dendritic spine
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NBL-EBI Diversity of questions and methods
TN

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

- eftc.
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NBL-EBI Diversity of questions and methods
B

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

- eftc.

'_

Computational
Neufobiology



Multiple afferent signals

Cerebral cortex
(glutamate)

Medium spiny neurons

(GABA) > f - -

Substantia nigra
(dopamine)

Large aspiny neurons
(acetylcholine)
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MBL-EBI Biological model of DARPP-32 regulation
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MBL-EBI Negative loops: “russian dolls”
TN
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NBL-EBI All the cybernetics in one system
T
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3L-EBI All the cybernetics in one system
T
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WBL-EBI All the cybernetics in one system
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MBL-EBI All the cybernetics in one system
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Chemical model of DARPP-32 regulation
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3L-EBI Chemical model of DARPP-32 regulation

- (T
*D + CDK5 < D_CDK5 — D75 + CDK5
« D75 + PP2A < D75_PP2A — D + PP2A 79 species, 156 reactions
* D75 + PP2ACa < D75_PP2ACa — D + PP2ACa
* D75 + PP2AP < D75_PP2AP — D + PP2AP
* D75 + PP2APCa < D75_PP2APCa — D + PP2APCa D + PKA < D PKA — D34 + PKA
* D137 + CDK5 < D137_CDK5 — D75-137 + CDK5 e D34 + PP2B < D34 PP2B — D + PP2B
*D75-137 + PP2A <& D75-137_PP2A — D137 + PP2A « D75 + PKA < D75 PKA — D34-75 + PKA
* D75-137 + PP2ACa < D75-137_PP2ACa — D137 + PP2ACa « D34-75 + PPIB < D34-75 PP2B — DI5 + PP2B
* D75-137 + PP2AP <> D75-137_PP2AP — D137 + PP2AP D137 + PKA < D137 PKA — D34-137 + PKA
*D75-137 + PP2APCa < D75-137_PP2APCE3 — D137 + PP2APCa *D34-137 + PP2B & D_34-135 PP2B — D137 + PP2B
* D34 + CDK5 < D34_CDK5 — D34-75 + CDK5 * D75-137 + PKA < D75-137_PKA — D34-75-137 + PKA
*D34-75 + PP2A < D34-75_PP2A — D34 + PP2A * D34-75-137 + PP2B < D34-75-135_PP2B — D75-137 + PP2B
* D34-75 + PP2ACa < D34-75_PP2ACa — D34 + PP2ACa « PP2A + PKA < PP2A PKA — PP2AP + PKA
* D34-75 + PP2AP < D34-75_PP2AP — D34 + PP2AP e PP2ACa + PKA < PP2ACa PKA — PP2APCa + PKA
* D34-75 + PP2APCa <> D34-75_PP2APCa — D34 + PP2APCa g ¢ B
* D34-137 + CDKS5 <> D34-137_CDK5 — D34-75_137 + CDK5 - g
* D34-75-137 + PP2A <> D34-75-137_PP2A — D34-137 + PP2A « PP2Bi + 2Ca < PP2Bi Ca2
* D34-75-137 + PP2ACa < D34-75-137_PP2ACa — D34-137 + PP2ACa  « pp2Bi Ca + 2Ca < PP2B
* D34-75-137 + PP2AP < D34-75-137_PP2AP — D34-137 + PP2AP « PP2A + Ca < PP2ACa
* D34-75-137 + PP2APCa < D34-75-137_PP2APCa — D34-137 + PP2APCa « ppoAP + Ca <> PP2APCa
*D + CK1 < D_CK1 — D137 + CK1 * R2_PKA2 + CAMP < cAMP_R2_PKA2
* D137 + PP2C < D137_PP2C — D + PP2C « CAMP_R2_PKA2 + CAMP < CAMP2_R2_PKA2
* D75 + CK1 < D75_CK1 — D75-137 + CK1 * CAMP2_R2_PKA2 + cAMP < cAMP3_R2_PKA2
* D75-137 + PP2C < D75-137_PP2C — D75 + PP2C « CAMP3 R2 PKA2 + CAMP < cAMP4 R2 PKA2
* D34 + CK1 & D34_CK1 — D34-137 + CK1 « CAMP4 R2 PKA2 <> CAMP4 R2 PKA + PKA
* D34-75 + PP2C < D34-75_PP2C — D75 + PP2C « CAMP4 R2 PKA <> cAMP4 R2 + PKA
* D34-75 + CK1 < D34-75_CK1 — D34-75-137 + CK1 « PKA + PDE < PKA PDE — PKA + PDEP
* D34-75-137 + PP2C < D34-75-137 _PP2C — D34-75 + PP2C * cAMP + PDE < CA_IVIP PDE — AMP + PDE
= * CK1 + CK1 < CK1_CK1 — CK1P + CK1 * CAMP + PDEP < cAMP_PDEP — AMP + PDEP
St + CK1P + PP2B < CK1P_PP2B — CK1 + PP2B B mrents SIEHEE fo
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.m"“' Mathematical model

k

1

Kk
D+CDK5 k<:’ D CDK5 2 —» D-75P+CDK5

2

d[D}/dt = - k,[CDK5][D] + k,[D CDK5]

d[D-75P)/dt = + k,[D CDK5]
d[CDK5]/dt = - k,[CDK51[D] + k,[D CDK5] + k,[D CDK5]
d[D_CDK5]/dt = + k,[CDK5][S] - k,[D CDK5] - k,[D CDK5]

[X]

@ t

Co mﬂl:u’! ational

e - ': o
Neufobiology ﬂﬂjt ':ll




MBL-EBI Dynamic simulations of DARPP-32 function
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wl'iﬂl Varying parameters of the simulation
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On small numbers
I

Substrate

1015 litres

. 10-16 |itres
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The Answer
 TTI—.—

Stochastic Simulation
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Combinatorial explosion
©

II N NMDA + CaMKIl <=> NMDA-CaMKIl
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wl*“' Combinatorial explosion

II ssmmmmm NMDA + CaMKIl <=> NMDA-CaMKi|
NMDAC + CaMKllc <=> NMDAc-CaMKllc
II I I WSS NMDAO + CaMKllc <=> NMDAc-CaMKllc
- NMDAc + CaMKllo <=> NMDAc-CaMKIllo

NMDAo + CaMKIllo <=> NMDAc-CaMKllo
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MBL-EBI Combinatorial explosion

B
II ssmmmmm NMDA + CaMKIl <=> NMDA-CaMKI|
NMDAC + CaMKllc <=> NMDAc-CaMKIIc
II I I WSS NMDAO + CaMKllc <=> NMDAc-CaMKllc
- NMDAc + CaMKllo <=> NMDAc-CaMKIllo

NMDAo + CaMKIllo <=> NMDAc-CaMKllo

NMDAc + CaMKllc <=> NMDAc-CaMKllc
NMDAo + CaMKllc <=> NMDAc-CaMKlic
NMDAc + CaMKllo <=> NMDAc-CaMKIllo
e NMDAo + CaMKllo <=> NMDAc-CaMKllo
PNMDAc + CaMKllc <=> pNMDAc-CaMKlic
II I I PNMDAo + CaMKllc <=> pNMDAc-CaMKlic
— PNMDAc + CaMKllo <=> pNMDAc-CaMKllo
PNMDAo + CaMKIllo <=> pNMDAc-CaMKIllo
NMDAc + pCaMKllc <=> NMDAc-pCaMKIlc
I I NS P \MDAo + pCaMKIic <=> NMDAc-pCaMKIlc
m NMDAc + pCaMKllo <=> NMDAc-pCaMKllo
NMDAo + pCaMKIllo <=> NMDAc-pCaMKIllo
PNMDAc + pCaMKllc <=> pNMDAc-pCaMKIlc
PNMDAo + pCaMKIllc <=> pNMDAc-pCaMKIlic
PNMDAc + pCaMKllo <=> pNMDAc-pCaMKIllo
PNMDAo + pCaMKllo <=> pNMDAc-pCaMKIlo
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MBL-EBI Combinatorial explosion

B
II ssmmmmm NMDA + CaMKIl <=> NMDA-CaMKI|
NMDAC + CaMKllc <=> NMDAc-CaMKIIc
II I I WSS NMDAO + CaMKllc <=> NMDAc-CaMKllc
- NMDAc + CaMKllo <=> NMDAc-CaMKIllo

NMDAo + CaMKIllo <=> NMDAc-CaMKllo

NMDAc + CaMKllc <=> NMDAc-CaMKllc
NMDAo + CaMKllc <=> NMDAc-CaMKlic
NMDAc + CaMKllo <=> NMDAc-CaMKIllo
e NMDAo + CaMKllo <=> NMDAc-CaMKllo
PNMDAc + CaMKllc <=> pNMDAc-CaMKlic
II I I PNMDAo + CaMKllc <=> pNMDAc-CaMKlic
— PNMDAc + CaMKllo <=> pNMDAc-CaMKllo
PNMDAo + CaMKIllo <=> pNMDAc-CaMKIllo
NMDAc + pCaMKllc <=> NMDAc-pCaMKIlc
I I NS P \MDAo + pCaMKIic <=> NMDAc-pCaMKIlc
m NMDAc + pCaMKllo <=> NMDAc-pCaMKllo
NMDAo + pCaMKIllo <=> NMDAc-pCaMKIllo
PNMDAc + pCaMKllc <=> pNMDAc-pCaMKIlc

ATP CaM PNMDAo + pCaMKIllc <=> pNMDAc-pCaMKIlic
_ PNMDAc + pCaMKllo <=> pNMDAc-pCaMKIllo
NMDAo + pCaMKllo <=> pNMDAc-pCaMKllo
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MBL-EBI Combinatorial explosion
- TTN——

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
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MBL-EBI Multistate reactions
B

base

(???70727?7?) > (?77?1777)

P XPp
(0220777) —— % (0?7177?)

pbase X preI(O,l)
.

(1?27207?7?7?) (1?717?27?7?)

'?' Flags do not affect the reaction

only 4 species are needed instead of 128
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JBL-EBI The Answer
T

Single-particle simulation
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L-EBI

Complex post-synaptic machinery
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MBL-EBI
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Active synapse

Silent synapse

Equilibrium

LTF Induction
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Receptors for neurotransmitters are moving

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

Choquet & Triller (2003)
Nat Rev Neurosci, 4: 251-265
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The Answer
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Accurate representation of space
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Need another paradigm of simulation

B
Population-based simulation Particle-based simulation
Continuous representation of populations - Discrete representation of molecules
Generally deterministic algorithms to - Generally stochastic algorithms (but
simulate the evolution of populations not always: deterministic automata)

(but not always: Gillespie) .
Generally location of molecules (but

Generally no representation of space not always: StochSim v1)

(but not always: finite elements) _
Representation of the movements of

No movements (but not always: PDE or (some) molecules

reaction-diffusion) . .
Possibility of multistates molecules

Molecules under different states are
represented by different pools
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NBL-EBI The mesoscopic scale
B

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)
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MBL-EBI Molecule diffusion
IS

Different diffusion spaces:

- Static; Free diffusion; Membrane diffusion; Above membrane; Below membrane
Two types of motion:

- Translational r_2=2DTt=2kat

- Rotational éZ:ZDRt:2kbRt
random walk algorithm

| X

X, t)= exp— : : o' =2Dt
pl )m p 1Di gaussian with
- Translational Alx,y,z)=\2D,tX gaussRand
V2D, t
- Rotational Af= X gaussRand

r

Two types of diffusion equations:

- unrestricted brownian motion — Low Trans/Rot

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

'_
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WBL-EBI Molecule diffusion
- TIN——

Unrestricted brownian motion — Low Translation/Rotational

l 1 b, 4,

b, =—— b
! 6ur .

Sur’ b, 3

Intra-membrane diffusion (Saffman and Delbruck 1975)
High Translational/Rotational
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RMS displacement for free diffusion
~ I
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wl'iﬂl RMS displacement for membrane diffusion
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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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Reactions and complex formation
I
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ABL-EBI Reactions and complex formation
N
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Reactions and complex formation
I
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Reactions and complex formation
©
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