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plan

Une usine bio-chimique, pourquoi l’étudier?

Introduction à la neurobiologie

Focus sur la synapse excitatrice

Modèles de plasticité, notre point de vue
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introduction à la neurobiologie



différentes échelles

Figure 1: Picture from N.Brunel

1011 neurones, connectés par 1015 synapses. Nombre de cellules Gliales plus
controversé
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anatomie d’un neurone

Oublions la propagation de l’ information pour le moment...
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arbre dendritique

Figure 2: Photomicrographs of Golgi-stained mouse cortical neurons from slices. (a)
Scale = 50 µm. (b) Scale = 10 µm. (c) Scale = 5 µm
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les neurones ne flottent pas dans le vide

Figure 3: axons (Ax) synaptic contacts (Sy) dendritic shafts (D) spines (S) astrocytes (Ap). Fine
Structure of the Nervous System: Neurons and Their Supporting Cells

Échelle ∼ 100nm pour PSD
7



la version 3d

MCell movie, J.Kinney, T. Bartol etal - Waltz through hippocampal neuropil
(Youtube).

[Kim-etal:2016]
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l’épine dendritique

Elle est dynamique...

http://www.sciencephoto.com/media/796648/view/dendritic-spine-with-excitatory-
synapse-tem 9



ondes électriques dans un neurone

Axon

Dendrites

Axon hillock

Soma

Axon

Synaptic
  cleft

dendrite

   Axon
terminaison

Dendrites

Neuron
j

Neuron
i

propagation delay

Simplified 
 dendrite

synapse
A1

A2

A3

A4

effective delay

10



focus sur la synapse excitatrice



la transmission synaptique chimique (cas excitateur)

INTRODUCTION PRÉSENTATION DE LA MISE EN PLACE DE LA PLASTICITÉ À LONG TERME 
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mécanismes pre-synaptique

MCell movie, Thomas Bartol - How to build a synapse from molecules,
membranes, and Monte Carlo methods (2012) (Youtube)
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le récepteur ampa, un modèle markovien

Rb = 13 � 106M�1s�1 Rd = 900s�1 Rr = 64s�1 Ro = 2.7 � 103s�1

Rc = 200s�1

0mV

B(V ) =
1

1 + exp(�0.062V )[Mg]/3.57

1. 2 molecules de glutamate sont nécessaires pour ouvrir le canal
2. Nombre fluctuant (10-100) de canaux attachés au PSD
3. États ”D” (Desensitised) qui saturent la réponse→ dépression

Le courant ionique passant dans le canal ouvert est souvent modélisé
simplement (ou aussi avec une double-exponentielle):

IAMPA(t) = g0e−t/τAMPA


≈0mV︷ ︸︸ ︷
VrevAMPA −Vmem

Heaviside(t),

τAMPA ≈ 1− 5ms
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le récepteur nmda ou la coïcidence, 1/2

Isyn = ḡNMDAO(t)B(V) · (V− VNMDA)

1. Échelles de temps (un peu) plus longues que pour AMPAr
2. Nombre (fluctuant?) dans la synapse 0-20
3. Récepteur partiellement bloqué par un ion Mg, requiert de la
dépolarisation pour s’ouvrir

4. Détecteur de Coïncidence

On peut modéliser ce canal avec [Jahr-Stevens:90]: B(V) = 1
1+e−(V−VT)/16.13

VT = 16.13 ln [Mg2+]
3.57
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le récepteur nmda ou la coïcidence, 2/2

[Jahr-Stevens:90] Courbe courant - potentiel de membrane

A B

A

5.8 Σψναπτιχ Χονδυχτανχεσ 183
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[Μγ2+]

Φιγυρε 5.16 ∆επενδενχε οφ τηε ΝΜ∆Α χονδυχτανχε ον τηε µεµβρανε ποτεντιαλ
ανδ εξτραχελλυλαρ Μγ2+ χονχεντρατιον. Νορµαλ εξτραχελλυλαρ Μγ2+ χονχεντρατιονσ
αρε ιν τηε ρανγε οφ 1 το 2 µΜ. Τηε σολιδ λινεσ αρε τηε φαχτορσ ΓΝΜ∆Α οφ εθυα−
τιον 5.36 φορ διφφερεντ ϖαλυεσ οφ [Μγ2+], ανδ τηε σψµβολσ ινδιχατε τηε δατα ποιντσ.
(Αδαπτεδ φροµ ϑαηρ ανδ Στεϖενσ, 1990.)

φορ αν ισολατεδ πρεσψναπτιχ ρελεασε τηατ οχχυρσ ατ τιµε τ = 0. Τηισ εξπρεσ−
σιον, χαλλεδ αν αλπηα φυνχτιον, σταρτσ ατ 0, ρεαχηεσ ιτσ πεακ ϖαλυε ατ τ = !σ, αλπηα φυνχτιον
ανδ τηεν δεχαψσ ωιτη α τιµε χονσταντ !σ.

Ωε µεντιονεδ εαρλιερ ιν τηισ χηαπτερ τηατ ΝΜ∆Α ρεχεπτορ χονδυχτανχε
ηασ αν αδδιτιοναλ δεπενδενχε ον τηε ποστσψναπτιχ ποτεντιαλ νοτ νορµαλλψ ΝΜ∆Α ρεχεπτορ
σεεν ιν οτηερ χονδυχτανχεσ. Το ινχορπορατε τηισ δεπενδενχε, τηε χυρρεντ
δυε το τηε ΝΜ∆Α ρεχεπτορ χαν βε δεσχριβεδ υσινγ αν αδδιτιοναλ φαχτορ
τηατ δεπενδσ ον τηε ποστσψναπτιχ ποτεντιαλ, ς. Τηε ΝΜ∆Α χυρρεντ ισ ωριτ−
τεν ασ γΝΜ∆ΑΓΝΜ∆Α(ς)Π(ς ! ΕΝΜ∆Α). Π ισ τηε υσυαλ οπεν προβαβιλιτψ
φαχτορ. Τηε φαχτορ ΓΝΜ∆Α(ς) δεσχριβεσ αν εξτρα ϖολταγε δεπενδενχε δυε
το τηε φαχτ τηατ ωηεν τηε ποστσψναπτιχ νευρον ισ νεαρ ιτσ ρεστινγ ποτεντιαλ,
ΝΜ∆Α ρεχεπτορσ αρε βλοχκεδ βψ Μγ2+ ιονσ. Το αχτιϖατε τηε χονδυχτανχε,
τηε ποστσψναπτιχ νευρον µυστ βε δεπολαριζεδ το κνοχκ ουτ τηε βλοχκινγ
ιονσ. ϑαηρ ανδ Στεϖενσ (1990) ηαϖε ⇒ττεδ τηισ δεπενδενχε βψ (⇒γυρε 5.16)

ΓΝΜ∆Α =
!

1+ [Μγ2+]
3.57 µΜ εξπ(!ς/16.13 µς)

"!1

. (5.36)

ΝΜ∆Α ρεχεπτορσ χονδυχτ Χα2+ ιονσ ασ ωελλ ασ µονοϖαλεντ χατιονσ.
Εντρψ οφ Χα2+ ιονσ τηρουγη ΝΜ∆Α ρεχεπτορσ ισ α χριτιχαλ εϖεντ φορ
λονγ−τερµ µοδι⇒χατιον οφ σψναπτιχ στρενγτη. Τηε φαχτ τηατ τηε οπενινγ
οφ ΝΜ∆Α χηαννελσ ρεθυιρεσ βοτη πρε− ανδ ποστσψναπτιχ δεπολαριζατιον
µεανσ ΝΜ∆Α ρεχεπτορσ χαν αχτ ασ χοινχιδενχε δετεχτορσ οφ σιµυλτανεουσ χοινχιδενχε

δετεχτιονπρε− ανδ ποστσψναπτιχ αχτιϖιτψ. Τηισ πλαψσ αν ιµπορταντ ρολε ιν χοννεχτιον
ωιτη τηε Ηεββ ρυλε φορ σψναπτιχ µοδι⇒χατιον δισχυσσεδ ιν χηαπτερ 8.
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courants post-synaptiques moyens
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la transmission synaptique, reprenons...Glutamate (Glu) receptors

I Two major types of Glu receptor: AMPA and NMDA

I Binding of Glu receptors opens AMPA ion channels leading to
depolarization

I Binding of Glu + su�cient depolarization opens NMDA ion
channels leading to influx of calcium

Paul C Bresslo↵ Mathematical models of protein tra�cking in neurons

1. Liaison avec Glu ouvre les AMPAr provoquant une dépolarisation
2. Liaison avec Glu + dépolarisation suffisante ouvre NMDAr provoquant
un influx de Calcium (entre autres)

▶ Et après? A quoi sert le Calcium?
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ampa trafficking

Diffusion on the post-synaptic membrane Imaging of two single
fluorescently tagged AMPA receptors (red), one immobile and co-localized
with a synapse, the other freely moving in the extrasynaptic membrane.
Green = presynaptic tag.
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la densite post-synaptique (psd)

receptors (Tardin et al., 2003; Ashby et al., 2006). Finally, it is im-
portant to consider that the size of the illumination spot in FRAP
experiments is typically larger than the synapse, which prohibits
an unequivocal distinction between synaptic or extrasynaptic re-
ceptor exchange.

Single-particle tracking (SPT) is a powerful technique to track
the movement of individual receptors in real time with high tem-
poral and spatial resolution. Unlike FRAP (or the complementary
technique of photoactivation using photoswitchable fluorescent
proteins), which measures the bulk exchange of a population
of molecules, SPT can be used to measure the diffusion of indi-
vidual receptors, or at least that of individual probes bound to
diffusing receptors. Fluorescently coupled antibodies directed
against extracellular receptor epitopes allow the visualization
and mapping of receptor trajectories. Diffusion coefficients can
be derived by plotting the receptor mean square displacement
(MSD) over time, which can also distinguish free versus confined
diffusion. In the case of Brownian or free diffusion, the MSD plot
over time appears linear, whereas for confined receptor move-
ment the MSD plot will curve to a quasi-maximum (Qian et al.,
1991; Kusumi et al., 1993; Saxton, 1993) (Figures 1A and 1B).
As receptors move between different membrane microdomains,
they can undergo alternating periods of free and confined diffu-

sion. Several different types of physical barriers could confine
receptor movements. In the case of receptor ‘‘corralling,’’ rapidly
moving receptors will diffuse in a semiconfined space, an effect
that does not necessarily lead to changes in the instantaneous
diffusion coefficient. However, confined receptors that undergo
a local decrease in the diffusion coefficient indicate the presence
of either reversible biochemical interactions (e.g., receptor-PSD
protein interactions) or nonchemical interactions arising from
molecular crowding and collisions with other molecules in
or near the membrane. SPT also allows quantification of receptor
exchange rates between distinct compartments and, con-
versely, dwell times, providing important information on the equi-
libria between receptor populations, which define their statistical
thermodynamic distribution within the plasma membrane.

Initial SPT experiments in neurons utilized 500 nm antibody-
coated latex beads that were directed against subunits of gly-
cine receptors or AMPA receptors (Meier et al., 2001; Borgdorff
and Choquet, 2002) and provided a first glimpse of individual
glutamate receptor mobility in the extrasynaptic neuronal mem-
brane. An improvement over latex bead tracking was the use
of antibodies conjugated to organic dyes (e.g., Cy3, Cy5). The
smaller antibody-receptor complex allows for optical tracking
of receptor movement within more spatially restricted domains,

Figure 1. Nanoarchitecture of the PSD and
Single-Particle Tracking of AMPA
Receptors in Synaptic and Extrasynaptic
Compartments
(A) AMPA receptor trajectories within synaptic and
extrasynaptic compartments. As a control, immo-
bilized Cy5-anti-GluR2 was fixed onto a coverslip
(1). Examples 2–5 are trajectories from tracking
of single Cy5-anti-GluR2 bound to AMPA recep-
tors on living dendrites. The trajectories recorded
in synaptic and extrasynaptic regions are shown
in green and red, respectively. Examples 2 and
3 remained within synaptic sites, example 4
remained in the extrasynaptic membrane, and
example 5 began in the extrasynaptic region and
entered into a synaptic site.
(B) Plots of the mean square displacement (MSD)
versus time corresponding to the examples shown
in (A). Trajectories 2 and 3 remaining in synaptic
regions had varying degrees of confinement and
were less mobile than trajectory 4. Error bars are
equal to the SEM.
(A) and (B) are adapted from Tardin et al. (2003);
reprinted with permission from Nature Publishing
Group, copyright 2003.
(C) Individual GluR1-QDs are restricted to subdo-
mains within active synapses. Five individual syn-
aptic regions defined as a set of connected pixels
are indicated. Individual pixels divided into
0.0016 mm2 subdomains were coded based on
the presence (pink) or absence (white) of
a GluR1-QD residing in that location at any time
during the imaging period as defined by the cen-
troid of a 2D Gaussian function fit to the GluR1-
QD fluorescent signal. Scale bar, 200 nm. Adapted
from Ehlers et al. (2007); reprinted with permission
from Elsevier, copyright 2007.

(D) CaMKII immunogold labeling (white dots) on the cytoplasmic surface of a biochemically isolated PSD. Shown is the cytoplasmic surface of the PSD. A mem-
brane patch is indicated by the arrowhead. Scale bar, 100 nm. Adapted from Petersen et al. (2003); reprinted with permission from the Society for Neuroscience,
copyright 2003.
(E) AMPA receptor distribution at synapses (colored in red) in the molecular layer of the cerebellum shown by SDS-digested freeze-fracture replica labeling. Intra-
membrane particles are shown on the E face of the PSD and contain dark immunogold particles for pan-AMPA receptors (GluR1-4). Scale bar, 100 nm. Adapted
from Masugi-Tokita et al. (2007); reprinted with permission from the Society for Neuroscience, copyright 2007.

474 Neuron 58, May 22, 2008 ª2008 Elsevier Inc.

Neuron

Review

Scale bar 100nm.

Blanc = CamKII.

Droite: points = AMPAr
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la plasticité synaptique

Définition
Le poids synaptique est l’amplitude maximale du potentiel de membrane
post-synaptique.

Il est affecté par des changements

1. de la probabilité de libération des neurotransmetteurs (⇝ STP)
2. du nombre de sites de libération
3. de la conductance maximale des AMPAr (⇝ LTP)
4. du nombre de AMPAr (⇝ LTP)

Cette modification du poids synaptique est appelée plasticité synaptique.
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la plasticité synaptique

Définition
Le poids synaptique est l’amplitude maximale du potentiel de membrane
post-synaptique.

Il est affecté par des changements

1. de la probabilité de libération des neurotransmetteurs (⇝ STP)
2. du nombre de sites de libération
3. de la conductance maximale des AMPAr (⇝ LTP)
4. du nombre de AMPAr (⇝ LTP)

La réponse de la synapse présente une:

1. facilitation: accroissement progressif du poids (dure qq secondes)
2. potentiation: comme la facilitation, plus lent à se développer mais
dure plus longtemps que le stimulus

3. dépression: opposé de la potentiation

Cette modification du poids synaptique est appelée plasticité synaptique.
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apprentissage hebbien

Il s’agit d’un mécanisme de base pour la plasticité synaptique qui dépend
de l’activité des neurones (donc du réseau). Il a été en premier lieu postulé
formellement.

Réglé de Hebb (1949)
”When an axon of cell A is near enough to excite cell B or repeatedly or
persistently takes part in firing it, some growth process ormetabolic change
takes place in one or both cells such that A’s efficiency, as one of the cells
firing B, is increased.”

Dit simplement, quand deux cellules pre-synaptique / post-synaptique sont
actives ensemble, l’efficacité de la transmission synaptique entre elles
augmente.

22



ltp and ltd

Review de Fleming-England:10. Découverte expérimentale en 1973 par Bliss
et Lømo.

90 NATURE CHEMICAL BIOLOGY | VOL 6 | FEBRUARY 2010 | www.nature.com/naturechemicalbiology

REVIEW ARTICLE NATURE CHEMICAL BIOLOGY DOI: 10.1038/NCHEMBIO.298

Synaptic plasticity is primarily mediated by two subtypes of 
glutamate-gated ion channels concentrated at postsynaptic 
sites: AMPA and NMDA receptors4,88. AMPA receptors mediate 
the majority of fast excitatory synaptic transmission by ensur-
ing rapid responses to synaptically released glutamate. NMDA 
receptors are blocked at normal resting membrane potentials 
by Mg+2, but open when su!cient numbers of AMPA receptors 
are activated to depolarize the membrane potential from resting 
to positive potentials, which relieves the magnesium blockade. 
Once opened, NMDA receptors allow calcium to "ow into the 
neurons. Intracellular calcium in turn triggers various signaling 
cascades that regulate the tra!cking of AMPA receptors (see refs. 
4 and 88 for a detailed explanation of the role of NMDA recep-
tors in the induction of synaptic plasticity). Kainate receptors, 
another family of glutamate-gated ion channels found at excita-
tory synapses, may play a role in synaptic plasticity, though their 
precise function remains largely unknown89,90. Depending on the 

frequency of the synaptic activity, AMPA receptors are either 
inserted or removed from synapses, resulting in the potentiation 
or depression of synaptic transmission, respectively (Fig. 1). In 
particular, high-frequency stimulation (HFS) of synaptic activity 
(for example, stimulating a population of presynaptic axons 100 
times over one second) triggers the insertion of AMPA recep-
tors into synapses, and low-frequency stimulation (LFS) (for 
example, stimulating 900 times over 15 min) leads to the removal 
of AMPA receptors. Once initiated, these activity-dependent 
changes in the strength of synaptic transmission are persistent, 
and have thus been termed long-term potentiation (LTP) and 
long-term depression (LTD) (Fig. 1). LTP and LTD are among 
the most intensively investigated forms of synaptic plasticity and 
have been the most thoroughly characterized in regions of the 
hippocampus (for example, CA1 synapses), though frequency-
dependent changes in synaptic transmission occur at synapses 
throughout the nervous system.

Box 1 | LTP and LTD 
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Figure 1 | LTP and LTD. (a) LTP and LTD trigger the insertion and removal, respectively, of AMPA receptors at synapses. (b) The animal (typically a 
rat or mouse) is euthanized, the brain region of interest is isolated and sliced into ~500- m sections, and the resulting brain slices are placed in an 
oxygenated chamber. Hippocampal brain slices are typically prepared in ~10 min and are useful for experiments for ~6–8 h. (c) Hippocampal brain slices 
are a highly organized, densely packed collection of neurons, with the cell bodies, axons and dendrites each lying in stereotyped regions. A stimulating 
electrode is placed in the region of axons and is used to activate synapses. A recording electrode is placed in a field of activated synapses and measures 
a drop in voltage due to the flow of ions away from the electrode into the cell through open ion channels (colloquially referred to as a “field recording”). 
Alternatively, the recording electrode may be directly inserted into a postsynaptic neuron to measure the amount of current needed to maintain the cell 
at a fixed membrane potential as ions flow into the cell through open ion channels. (d) Examples of field excitatory postsynaptic potentials (fEPSPs), 
measured from synapses under (i) basal, (ii) depressed and (iii) potentiated conditions (see e). (e) Examples of typical LTP (closed circles) and LTD 
(open circles) experiments induced following brief periods of HFS and LFS, respectively. The amplitude or slope of the fEPSP (circles, see d) is measured 
once every minute. 
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▶ Poids synaptique wij ∝ #AMPA

▶ Poids synaptique wij ∝ ḡAMPA Comment ces changements sont-ils induits?
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spike time dependant plasticity

Aussi appelée STDP, [Markram-etal:97]

EPSPs was also dependent on the frequency
of AP-EPSP pairs in the train, with a sharp
onset at 10 Hz (Fig. 2C). Although APs
paired with EPSPs reliably induced an in-

crease in EPSP amplitude, pairing of sus-
tained depolarization of the postsynaptic
neuron to below the threshold for AP ini-
tiation or to between 230 and 210 mV (in

the absence of AP initiation) with a high-
frequency train of EPSPs failed to cause a
significant change in EPSP amplitudes (Fig.
2D) (10), which suggests that initiation of
postsynaptic APs and their coincidence
with EPSPs was required to induce persis-
tent changes in active synapses. Because
most synaptic contacts were located on
dendrites around 100 mm away from the
cell body (Fig. 1A) (7), the coincidence of
the back-propagating AP with active syn-
apses (11) seems to be a critical step for
induction of changes in EPSPs. The persis-
tent increase in EPSPs caused by pairing of
individual APs and EPSPs was prevented
when N-methyl-D-aspartate (NMDA) re-
ceptors were blocked (12), which suggests
that the back-propagating AP interacts
with activated NMDA receptors to trigger
the synaptic modification, for example,
through Ca21 inflow.

The limits of the time window for AP-
EPSP interaction were investigated in uni-
and bidirectionally connected neurons (13).
When postsynaptic APs preceded EPSPs by
100 ms (Fig. 3, A and C) or followed the last
EPSP in a burst by 100 ms (Fig. 3, A and C),
no effect on EPSP amplitudes was observed,
which suggests that APs and EPSPs must
coincide within 100 ms in order to induce
changes in EPSPs. To determine the limits of
the AP-EPSP coincidence window, the ef-
fect of an AP initiated shortly before or
shortly after the onset of an EPSP was tested
simultaneously in bidirectionally connected
neurons (Fig. 3B). A burst of APs was trig-
gered at a frequency of 10 Hz in one cell;
with a 10-ms delay, an identical burst was
triggered in the other cell. This ensured that
each postsynaptic AP in the burst occurred

Fig. 2. AP-EPSP coinci-
dence requirement. (A)
Synchronization of indi-
vidual postsynaptic APs
with EPSPs. Two APs,
separated by 50 ms,
were evoked in a presyn-
aptic neuron (Pre. APs),
which elicited unitary
EPSPs in the postsynap-
tic neuron (Post. EPSPs).
Postsynaptic APs (Post.
APs) were synchronized
with each EPSP by injec-
tion of current pulses
into the postsynaptic
neuron (approximately 5
ms after the presynaptic
AP). APs were evoked
by injection of 5-ms,
1-nA current pulses into
cell bodies (lm). (B) AP-
EPSP coincidence. Three
stimulation protocols
were used. (i) Two, 5, or
10 EPSPs and postsyn-
aptic APs at 20 Hz,
paired 10 times every 4 s
(n 5 21; solid squares); (ii) 5 or 10 postsynaptic APs alone at 20 Hz (n 5 5; open diamonds); and (iii) 5
or 10 EPSPs alone at 20 Hz (n 5 5; solid diamonds). Time axes are normalized to the onset of the pairing
(arrow at time 0). (C) Frequency dependence. Five EPSPs and postsynaptic APs at 2 (n 5 2), 5 (n 5 5),
10 (n 5 9), 20 (n 5 11), 30 (n 5 3), and 40 Hz (n 5 4) were synchronized in bursts and repeated 10 times
every 4 s. (D) Sustained postsynaptic depolarization. Two stimulation protocols were used. (i) Circles
represent eight experiments in which bursts of 5 to 10 EPSPs (at 20 to 40 Hz, repeated 10 times every
4 or 20 s) were synchronized with sustained depolarization to below the AP threshold (200 to 500 ms;
250 mV ). (ii) Squares represent six experiments in which similar bursts were synchronized with
depolarizations to between 230 and 210 mV in neurons loaded with Lidocaine [N-ethylbromide
quaternary salt (QX-314, 5 mM; RBI, Bethesda, Maryland)].

Fig. 3. Interaction and coincidence intervals. (A) Interaction interval. Bursts of
postsynaptic APs were evoked in two bidirectionally coupled cells 100 ms
apart, thus the interval of 1100 ms and 2100 ms between EPSPs and
postsynaptic APs was investigated in the same slice and at the same time.
The EPSPs are represented by the vertically expanded traces between the
time points indicated by the arrows. Vertically expanded EPSPs of cell 1 were
corrected for the skewed baseline. (B) Coincidence interval. A 10-Hz train of
5 APs in cell 1 (only first AP shown) was shifted by 10 ms in cell 2. An AP was
thus triggered in cell 1 10 ms before an AP in cell 2 in a bidirectionally

connected pair of neurons. This resulted in the postsynaptic APs occurring
about 10 ms before the onset of the EPSP in cell 1 [210 ms; solid squares in
(C)] and about 10 ms after the onset of EPSPs in cell 2 [110 ms; open
squares in (C)]. This pattern was evoked in a burst of five such temporally
shifted APs, at 10 Hz, and repeated 10 to 15 times every 4 s. (C) Interaction
and coincidence intervals. Coincidence interval is represented by data from
six bidirectionally coupled neurons. The averaged data when EPSPs and
postsynaptic APs were 100 ms apart are also represented (1100 ms, open
circles, n 5 6; 2100 ms, closed circles, n 5 4).

SCIENCE z VOL. 275 z 10 JANUARY 1997214

Souvent mal modélisée par:

∆wij =
{

A+e−dt/τ+ , dt > 0
−A+edt/τ− , dt < 0

, dt = tpre − tpost

▶ Quid de la fréquence, des résultats in-vivo, le bAP n’est-il pas
nécessaire...?

▶ C’est une description statique, modèle dynamique?
24



résumé de quelques résultats importants de plasticité synaptique

[Shouval-etal:10]

Frontiers in Computational Neuroscience www.frontiersin.org July 2010 | Volume 4 | Article 19 | 3

Shouval et al. STDP, a consequence
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FIGURE 1 | Classical induction protocols for synaptic plasticity. (A) Changing 
the stimulation frequency of robust extracellular stimulation affects the sign and 
magnitude of synaptic plasticity. Left: high-frequency stimulation results in LTP 
whereas low-frequency stimulation produces LTD. Right: frequency vs. plasticity 
curve (from O’Connor et al., 2005a). (B) Low-frequency stimulation paired with 
voltage clamping of the postsynaptic cell can also result in LTP or LTD depending 
on the postsynaptic voltage. Left: moderate depolarization produces LTD where 
as large depolarization produces LTP. Right: depolarization vs. plasticity curve 

(from Ngezahayo et al., 2000). (C) Theta-burst stimulation tries to mimic more 
naturalistic conditions. In the hippocampus of awake behaving animals there is a 
strong theta-frequency oscillation (right). Left: In a theta-burst induction protocol, 
short high-frequency bursts are delivered each 200 ms, or at a frequency of 5 Hz, 
within the theta range (from Hirase et al., 1999). (D) STDP protocols are induced 
by precisely stimulating the presynaptic afferents at a specific time ( t) before or 
after a postsynaptic spike. Right: The precise t determines the sign and 
magnitude of synaptic plasticity (from Bi and Poo, 1998).

Frontiers in Computational Neuroscience www.frontiersin.org July 2010 | Volume 4 | Article 19 | 3

Shouval et al. STDP, a consequence

Theta-burst stimulation (LTP)

Presynaptic stimulation:

Postsynaptic activity:

100 Hz bursts
at 5 Hz

not controlled, not measured

Theta oscillation

Timed-spike stimulation

Presynaptic stimulation:

Postsynaptic activity:
t

High-frequency stimulation (LTP)

Presynaptic stimulation:

Postsynaptic activity: not controlled, not measured

100 Hz, 1 s

Low-frequency stimulation (LTD)

Presynaptic stimulation:

Postsynaptic activity:

1 Hz,  900 s

not controlled, not measured

A

C

D

Strong depolarization (LTP)

Presynaptic stimulation:

Postsynaptic activity:

Weak depolarization (LTD)

Presynaptic stimulation:

Postsynaptic activity:

B

-70 mV
0 mV

-70 mV
-30 mV

1 Hz, 100 s

1 Hz, 100 s

200 ms

CA1 spikes

FIGURE 1 | Classical induction protocols for synaptic plasticity. (A) Changing 
the stimulation frequency of robust extracellular stimulation affects the sign and 
magnitude of synaptic plasticity. Left: high-frequency stimulation results in LTP 
whereas low-frequency stimulation produces LTD. Right: frequency vs. plasticity 
curve (from O’Connor et al., 2005a). (B) Low-frequency stimulation paired with 
voltage clamping of the postsynaptic cell can also result in LTP or LTD depending 
on the postsynaptic voltage. Left: moderate depolarization produces LTD where 
as large depolarization produces LTP. Right: depolarization vs. plasticity curve 

(from Ngezahayo et al., 2000). (C) Theta-burst stimulation tries to mimic more 
naturalistic conditions. In the hippocampus of awake behaving animals there is a 
strong theta-frequency oscillation (right). Left: In a theta-burst induction protocol, 
short high-frequency bursts are delivered each 200 ms, or at a frequency of 5 Hz, 
within the theta range (from Hirase et al., 1999). (D) STDP protocols are induced 
by precisely stimulating the presynaptic afferents at a specific time ( t) before or 
after a postsynaptic spike. Right: The precise t determines the sign and 
magnitude of synaptic plasticity (from Bi and Poo, 1998).
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mecanismes de la ltp

[Kotaleski-etal:10]
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contributions to, this field. Finally, we review some key 
computational models of the molecular mechanisms 
underlying synaptic plasticity that represent the diver-
sity of simulation approaches, brain regions, molecular 
pathways and emergent information processing proper-
ties. Importantly, the models we describe were selected 
to highlight the discoveries that resulted from simula-
tions, some of which have subsequently been confirmed 
in empirical experiments.

Molecular mechanisms of synaptic plasticity
The specific types of neuronal and synaptic activity that 
are required for the induction of long-term potentia-
tion (LTP) and long-term depression (LTD) are diverse 
and depend on the brain region and cell type. Excellent 
reviews of these different forms of synaptic plasticity 
have been published elsewhere4,5. In general, the two 
main features of most induction protocols at excita-
tory, glutamatergic synapses are the presynaptic release 
of glutamate and postsynaptic depolarization4, which 
together lead to an increase in the intracellular Ca2+ 
concentration in the postsynaptic cell through several 
mechanisms (FIG. 1a).

The increase in postsynaptic Ca2+ concentration, 
which is crucial for the induction of both LTP and 
LTD6,7, leads to activation of many molecule species 
that are implicated in synaptic plasticity (FIG. 1b). In some 
systems, the magnitude of the Ca2+ elevation predicts 
whether an induction paradigm will produce potentia-
tion or depression, with a large Ca2+ increase producing 
potentiation and a small increase producing depres-
sion8,9. Nonetheless, the Ca2+ concentration by itself is 
not always sufficient to predict the direction of plastic-
ity10,11. In some cell types, the source of the Ca2+ influx 
influences whether LTD or LTP develops; for example, 
LTD requires activation of either metabotropic glutamate 
receptors (mGluRs) or L-type Ca2+ channels, whereas 
LTP is usually NMDA (N-methyl-!-aspartate) receptor 
dependent5,12. Furthermore, the nonlinear interactions 
between different sources of Ca2+ and its multiple target 
molecules make it difficult to predict the consequences 
of neural activity.

Several protein kinases and phosphatases, activated 
through transmembrane receptors, are implicated in 
either the induction or the maintenance of synaptic 
plasticity (FIG. 1b). Induction includes events during 
the stimulation protocol that lead to plasticity, whereas 
maintenance involves events that occur after plasticity 
has been induced. Maintenance events can be blocked by 
the application of drugs tens of minutes after induction. 
Ca2+–calmodulin-dependent protein kinase 2 (CAMK2) 
— activated by Ca2+-bound calmodulin — is required 
for hippocampal and neocortical LTP. Protein kinase A  
(PKA) is required for the induction of LTP in the stria-
tum, and for the induction of a long-lasting form of 
NMDA-dependent LTP in the hippocampus (known as 
late-phase LTP)13. Protein kinase C (PKC) is required for 
the induction of LTD in the cerebellum and of mGluR-
dependent LTP in the hippocampus5. In addition, atypi-
cal forms of PKC, such as protein kinase M" (PKM"), 
although not required for induction, have a role in the 

Figure 1 | Signalling pathways underlying synaptic plasticity. a | Presynaptic 
glutamate release and depolarization of the postsynaptic neuron leads to Ca2+ elevation 
in the postsynaptic cell. Glutamate is required for activation of NMDARs (N-methyl--
aspartate receptors) and metabotropic glutamate receptors (mGluRs), and depolarization 
is required for activation of NMDARs106 and voltage-dependent Ca2+ channels (VDCCs)107. 
The particular mechanism employed depends on the cell type. b | Signalling pathways 
leading to kinase activation and AMPAR (#-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate receptor) phosphorylation. Only a subset of the known pathways is shown 
here, and not all of the pathways shown in this figure are involved in all neurons.  
Ca2+ activates Ca2+–calmodulin-dependent protein kinase 2 (CAMK2), which 
phosphorylates the AMPAR GluR1 subunit, leading to increased numbers of functional 
AMPARs. CAMK2 can be persistently activated by autophosphorylation108,109, which 
occurs when two adjacent subunits are bound to Ca2+–calmodulin. This persistently active 
form of CAMK2 is most strongly implicated in hippocampal long-term potentiation (LTP). 
Dopamine D1 receptors (D1Rs), $-adrenergic receptors ($Rs)110,111 and the adenosine type 
2A receptor (A2AR), coupled to the stimulatory G protein (G

S
)

 
or olfactory G protein (G

olf
), 

contribute to LTP by activating adenylyl cyclase, whereas other dopamine D2 receptors 
(D2Rs) and muscarinic acetylcholine receptors (M2R and M4R) inhibit adenylyl cyclase. 
The cyclic AMP produced by adenylyl cyclase activates protein kinase A (PKA), which 
subsequently phosphorylates AMPAR GluR1 subunits and either protein phosphatase 1 
regulatory subunit 1B (PPP1R1B; also known as DARPP32) or inhibitor-1 (REFS 112,113). 
These decrease phosphatase activity, allowing the persistence or enhancement of both 
AMPAR phosphorylation and insertion of AMPAR in the membrane. Some types of 
muscarinic acetylcholine receptors (M1Rs) and mGluRs are coupled to phospholipase C 
(PLC), which produces diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (Ins(1,4,5)P

3
). 

Typical forms of PKC are activated by binding to both Ca2+ and DAG. MAPK2–3 
(mitogen-activated protein kinase 2–3; also known as ERK1–ERK2) is activated through a 
pathway involving receptor tyrosine kinases (RTKs) via the RAS–RAF–MEK (MAPK–ERK 
kinase) pathway, and is necessary for the gene transcription and protein translation that 
underlies persistent forms of synaptic plasticity. In addition, MAPK2–3 can be indirectly 
activated by PKC, RAP guanine nucleotide exchange factor 3 (RAPGEF3; also known as 
EPAC), Ca2+ and PKA. c | For late-phase LTP and memory storage, a combination of 
synaptic inputs and neuronal activity leads to AMPAR phosphorylation and membrane 
insertion, gene transcription and protein translation. G#

i
, #-subunit of the inhibitory G 

protein; PDE, phosphodiesterase; PP, protein phosphatase .
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• Induite par entrée de Calcium (NMDA/VDCC)
• Cascade de réactions qui affectent le PSD
• Modification ḡAMPA (Phosphorylation)
• Ajoute/Enlève des récepteurs AMPA du PSD
• Changement structuraux de la taille de
l’épine (qq sec.)

Protéines impliquées: Ca→ CaM→ · · ·

• Kinases (CaMKII,PKA,...)
• Phosphatases (calcineurin, PP1,...) 26



camkii, qui croit en dieu?

Holoenzyme, 12 bras indépendant, critique pour LTP/LTD

Figure 2. Domain Architecture of the Dodecameric CaMKII Holoenzyme
The holoenzyme assembly comprises kinase domains tightly arranged about the central hub domain. Each kinase domain occupies a position between two hub

domain subunits, with its active site pointed toward the center of the assembly. The arrangement forms two separate hexameric rings of kinase ‘‘petals’’ that fold

against the central hub. See also Figure S2 and Figure S3.

Cell 146, 732–745, September 2, 2011 ª2011 Elsevier Inc. 735
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Holoenzyme, 12 bras indépendants, critique pour LTP/LTD

Figure 2. Domain Architecture of the Dodecameric CaMKII Holoenzyme
The holoenzyme assembly comprises kinase domains tightly arranged about the central hub domain. Each kinase domain occupies a position between two hub

domain subunits, with its active site pointed toward the center of the assembly. The arrangement forms two separate hexameric rings of kinase ‘‘petals’’ that fold

against the central hub. See also Figure S2 and Figure S3.
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modèles de plasticité, notre point de
vue
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shouval’s model - heuristic derivation

Idée basique:

• faible niveau [Ca] donne de la LTD
• faible niveau [Ca] donne de la LTP

On écrit
Ẇ = Ω([Ca])
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shouval’s model - heuristic derivation

Idée basique:

• faible niveau [Ca] donne de la LTD
• faible niveau [Ca] donne de la LTP

On écrit
Ẇ = Ω([Ca])

Mais ca diverge, d’où
Ẇ = Ω([Ca])− λW

Mais W retournerait à sa valeur de base, alors on ralenti:

Ẇ =
1

τ ([Ca]) (Ω ([Ca])− λW)

▶ Cette équation est issue de l’hypothèse Calcium control hypothesis

˙[Ca] = INMDA − τ−1
Ca [Ca]

31



shouval’s model [2002] - heuristique

The Calcium hypothesis: mène à la plupart des modèles de synapse en
conjonction avec un modèle multistable de CamKII.

modification occurs. If !d ! [Ca]j ! !p, Wj is depressed, and for
[Ca]j " !p, the synaptic strength is potentiated (Fig. 1A).

According to Eq. 1, for a sustained elevated level of calcium, the
synaptic weight would either increase or decrease indefinitely—a
problem that might be solved, for example, by adding upper and
lower bounds to synaptic weight strength. Alternatively, a weight
decay term can be added. This term helps stabilize synaptic growth
without imposing a saturation limit, and results in the following
equation:

Ẇj " ##$#%Ca&j' $ %Wj', [2]

where % represents a decay constant. In contrast to Eq. 1, Eq. 2 has
a fixed point for a given calcium level and does not usually converge
to the upper or lower saturation bounds.

An unwanted consequence of the decay term, however, is that the
synaptic weights rapidly converge back to their initial values when
calcium returns to the basal level. In addition, equal learning rates
for potentiation and depression can lead to unwanted oscillations in
synaptic weight. Both problems can be avoided if the learning rate,
#, is assumed to be calcium dependent and to increase monoton-
ically with calcium levels (Fig. 1B). Thus we write:

Ẇj " ##%Ca&j'#$#%Ca&j' $ Wj'. [3]

The learning rate # is inversely proportional to the learning time
constant &. In Eq. 3, we set % ( 1 without loss of generality.

Eq. 3 contains a dependence on the total level of calcium through
the $ function (Fig. 1A) as well as on the temporal pattern of
calcium through a variable learning rate (Fig. 1B). This equation
also can be derived from a biophysical model that accounts for
phosphorylation and dephosphorylation of the '-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors in response to
NMDAR activation (19, 44). For such a biochemical process, a
natural consequence is that # is calcium dependent. We designate
the principles embodied by Eq. 3 the calcium control hypothesis.

Assumption 2: NMDARs Are the Primary Source of Calcium. It has been
shown recently that NMDARs are the major source of calcium
influx into postsynaptic dendritic spines when presynaptic activity is
paired with postsynaptic depolarization (21). This finding is con-
sistent with the large body of evidence showing that NMDAR
activation is crucial for synaptic induction of many forms of
calcium-dependent LTP and LTD (22).

To calculate the change in postsynaptic calcium concentration
caused by NMDAR activation in our model, we use a standard set
of assumptions about NMDAR voltage dependence, ligand-
binding kinetics, and calcium dynamics. The calcium current
through NMDAR is assumed to have the form:

INMDA#ti' " P0GNMDA%If!#t'e)t!&f ( Is!#t'e)t!&s&H#V', [4]

where H(V) summarizes the voltage dependence as described by
Jahr and Stevens (23), P0 ( 0.5 is the fraction of NMDARs in the
closed state that shift to the open state after each presynaptic spike
(see Simulation Details and Methods, which is published as support-
ing information on the PNAS web site, www.pnas.org), and !(t) is
the zero if t ! 0 and one if t ) 0. The temporal dynamics are
assumed to be the sum of a fast (&f ( 50 ms) and a slow (&s ( 200
ms) exponential (24). Unless stated otherwise, we assume an equal
magnitude for the fast and slow components. Calcium dynamics are
described by a first-order linear differential equation of the form:

d%Ca#t'&
dt " INMDA#t' $ #1!&Ca'%Ca#t'&, [5]

with a time constant &ca ( 50 ms, chosen as an intermediate value
between different published results (21, 25).

We assume throughout this paper that the primary source of
Ca2* is the NMDAR. Although the NMDAR is a major source
of Ca2* influx (21), other calcium sources, such as voltage-
dependent Ca2* and release from intercellular stores, would add
details to our model.

Assumption 3: Back-Propagating Spikes That Contribute to STDP Have
a Slow After-Depolarizing Tail. STDP produces LTP if a postsynaptic
spike occurs within a certain time window after a presynaptic spike
(we define this condition as pre-post) and produces LTD if a
postsynaptic spike comes before a presynaptic spike (post-pre; refs.
7 and 8). If we accept the calcium control hypothesis (assumption
1), then the post-pre stimulation must produce a modest elevation
in calcium (above !d), and pre-post stimulation must produce a
larger elevation of the calcium level (above !p). One way in which
information about spiking of the postsynaptic cell can be conveyed
back to the synapse is through a BPAP. If we accept assumption 2
above, then the only way the BPAP can influence the sign of
synaptic plasticity is by altering the Ca2* flux through the NMDAR,
and this must be accomplished by changing the postsynaptic voltage
when glutamate is bound to the receptor.

If the BPAP duration is short (say 3 ms; ref. 26), the pre-post
procedure would elevate calcium levels over those obtained with
presynaptic stimulation alone (Fig. 2A 5 and 6); however, the effect
would be small because the short duration of the spike only briefly
relieves the Mg2* block of the NMDAR. Worse, the post-pre
stimulation procedure (Fig. 2A 3 and 4) would produce calcium
levels that are essentially identical to those produced by presynaptic
stimulation alone (Fig. 2A 1 and 2).

These problems can be overcome by assuming that the BPAP has
a wide after-depolarizing tail in the dendrites. Therefore, we
propose a BPAP composed of two components: a fast spike (with
time constant &f

bs ( 3 ms) followed by a slower (and much smaller)
after-depolarizing potential (ADP; with a time constant &s

bs ( 25
ms). We have chosen the simple functional form:

BPAP#t' " 100!%#If
bsexp#)t!&f

bs' ( Is
bsexp#)t!&s

bs''&, [6]

where 100 is the maximal depolarization due to the BPAP, and If
bs

and Is
bs are the relative magnitudes of the fast and slow component

of the back spike, respectively, that sum to one. The width and
relative magnitude of the ADP component we have assumed is
consistent with measurements in dendrites (27, 28). In comparing
this assumption with experimental measurement, it should be noted
that measurements of half-width at half-height of the full BPAP are
nearly independent of the ADP, provided it has a small enough
magnitude.

Under this assumption, a post-pre stimulus (Fig. 2B 3 and 4)
results in a significantly elevated calcium level when compared with
presynaptic stimulation alone (Fig. 2B 1 and 2). Further, the
pre-post stimulation results in a much larger calcium increase (Fig.
2B 5 and 6). Notice that because of the form of the calcium transient

Fig. 1. The calcium control hypothesis. (A) The $ function: when [Ca]I ! !d, the
synaptic weight vector stays at the basal level; when !d ! [Ca]i ! !p, the synaptic
weight is reduced (LTD); for [Ca]i " !p, the synaptic weight is increased (LTP). (B)
The learning rate # as a function of intracellular calcium.

10832 " www.pnas.org!cgi!doi!10.1073!pnas.152343099 Shouval et al.

Problèmes:

⇒ Et le bruit?

⇒ Niveau absolu de Calcium seul?

⇒ Quel est ce niveau (Buffer...) ?
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et le bruit dans tout ca?

Nombre petit de molécules:

• 0–20 NMDAr,
• 0–200 AMPAr
• CaMKII: 80 ± 40
• 100 µM dans un cube de côté 100nm ≈ 60 ions

⇒ Quels composants sont le moins bruités?
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mais... [fujii-etal:2013] 1/2

• L’activation de CaMKII dure 1mn
• La dynamique de [Glu] est sélective
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mais... [fujii-etal:2013] 2/2

association with specific postsynaptic density scaffolds, given
that a minor fraction of CaMKIIa has been suggested to bind
to NMDA receptors and retain autonomous activity (Bayer
et al., 2001; Feng et al., 2011).

Spatially, however, we found that the activation domains of
CaMKIIa and calcineurin were clearly separated. If CaMKIIa and
calcineurinwere interferingwitheachotherduringspineplasticity,
the larger spatial spread of calcineurin during high-frequency
stimulation might dominate and constrain CaMKIIa-mediated
spine morphological plasticity. However, this was unlikely for
three reasons. First, our measurements showed that spine
CaMKIIa activity was uncorrelated from spine CaN activity during
maximal activity (Figure 2C). Second, inhibition of calcineurin with
FK506hadnoeffect on input-stimulatedCaMKIIaactivity (Figures
2A and 2B). Third, previous reports showed a minimal effect on
long-term potentiation induction in various calcineurin and
inhibitor-1 knockout mouse lines (Zhuo et al., 1999; Allen et al.,
2000; Zeng et al., 2001). In keeping with this independence,
CaMKIIa and calcineurin were shown to distinctively associate

A

B D

C E

Figure 4. CaMKIIa Functions as a Decoder
for Both High-Frequency and High-Num-
ber-of-Input Events via Supralinear Signal
Integration
(A) A response matrix for RS-TN-XL and RY-K2a

obtained with a 6 3 3 photostimulation matrix.

Each trace represents an averaged dual FRET

signal obtained from the soma of cultured hip-

pocampal neurons with multiple randomized

stimulation regimens (n = 12 neurons).

(BandC)Response surfaces for theamplitudeand

integral of RS-TN-XL (B) and RY-K2a (C) signals.

Black circles and bars indicate mean ± SEM for

each stimulation parameter (n = 12 neurons).

(D) A comparison of an experimentally deter-

mined averaged response for RY-K2a obtained

with 20 photostimulations (PS) at a frequency of

20 Hz (red) with a simulated linear arithmetic sum

(gray) that is based on an averaged response

trace obtained with 10 photostimulations at 20 Hz

(black).

(E) A nonlinear index map for RY-K2a plotted

against photostimulation frequency and pulse

number.

See also Figure S4.

with either a GluN2B complex or an
AKAP150 complex in the spines. Alto-
gether, these results indicated that
CaMKIIa and calcineurin might indepen-
dently process neuronal input patterns.

Combinatorial Representation of
Neuronal Input Information on a
Ca2+-CaMKIIa-Calcineurin Activity
Space May Provide a Substrate for
Determining Input-Dependent
Plasticity
We found that that spines executed
structural plasticity in a frequency-

dependent manner on the basis of CaMKIIa’s activation-
frequency-tuning properties, in keeping with the previous results
that CaMKII is involved in the morphological changes of spines
(Matsuzaki et al., 2004; Lee et al., 2009). In contrast, we were
unable to find spine morphological alteration that was specif-
ically associated with the frequency dependence of calcineurin
activation. However, given that calcineurin activation was
observed during chemical induction of long-term depression
(H.F. and H.B., unpublished data), calcineurin might potentially
be involved in other forms of functional remodeling of synapses.
If we assume that information about neuronal input parame-

ters can be decoded as the relative ratio of these enzyme activ-
ities and that the activation of CaMKIIa and of calcineurin
proceed independently but should be functionally coordinated
to optimize the separability of the activation threshold, our
measured data can be readily accommodated into a unified
input-response surface that is reminiscent of a Bienenstock-
Cooper-Munro (BCM)-type plasticity implementation curve
(Bienenstock et al., 1982) (Figure 5G). In our model, a BCM-like

984 Cell Reports 3, 978–987, April 25, 2013 ª2013 The Authors
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Figure 5. Calcineurin Functions as an Input Number
Counter Tuned to Lower-Input Frequencies and
Numbers and Implements Biochemical Information
Processing of Low-Frequency Events via Sublinear
Signal Integration
(A) A response matrix for RS-TN-XL and RY-CaN obtained

with a 63 3 photostimulationmatrix. Each trace represents an

averaged dual FRET signal obtained from the soma of

cultured hippocampal neurons with multiple randomized

stimulation regimens (n = 9 neurons).

(B and C) Response surfaces for the amplitude and integral of

RS-TN-XL (B) and RY-CaN (C) signals. Black circles and bars

indicate mean ± SEM for each stimulation parameter (n = 9

neurons).

(D) A comparison of an experimentally determined averaged

response for RY-CaN obtained with 20 photostimulations (PS)

at 20 Hz (red) to a simulated linear arithmetic sum (gray) that is

based on an averaged response trace obtained with 10 pho-

tostimulations at 20 Hz (black).

(E) A nonlinear index map for RY-CaN plotted against pho-

tostimulation frequency and number.

(F) An integrative model of biochemical Ca2+ signal summa-

tion based on dFOMA data; color-coded isoactivity maps for

Ca2+ (top panels), CaMKIIa (bottom left), and calcineurin

(bottom right) are shown as a function of glutamatergic input

number and frequency (real data obtained from amplitude and

integrals of FRET ratio transients were interpolated).

(G) A three-dimensional representation of combinatorial Ca2+

signal processing operated by CaMKIIa and calcineurin. We

generally assume that CaMKIIa and calcineurin activities

mediate distinct cellular outcomes in neurons; however, for

clarity, we represent them in opposite polarity on the same

z axis as functions of input number (y axis) and frequency

(x axis). A relative map of summated CaMKIIa and calcineurin

activities was drawn only on the basis of the assumption that

the integrals of the two enzyme activities are balanced at

20 photostimulations at 10 Hz. An oblique three-dimensional

rendering reveals that a BCM-like curve becomes apparent in

the x-z plane at an input number of 30.

See also Figure S5.
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• L’activation de CaMKII dure 1mn
• La dynamique de [Glu] est sélective
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stdp protocole [tigaret-etal:2016], 1/2

Neurons	used	:	Mature	hippocampal	Schaffer	
collateral	Mellor	and	STDP	 What	Mellor	says	

•  EPSCaT	amplitude	does	not	predict	plas%city	(2Pre	protocol	produces	the	largest	EPSCaT	but	no	
plas%city	mechanism	is	set	into	mo%on),	as	well	as	EPSCaT	dura%on.	Instead,	coordinated	
ac%va%on	of	dis%nct	Ca	sources	encodes	STDP	

Causal	/	an%causal	pairing	lead	to	(more	or	less)	the	same	amounts	of	Ca	whereas	only	causal	pairing	
leads	to	tLTP	(b,c).	2Pre-10	(e)	leads	to	the	highest	amount	of	Ca,	without	any	plas%city	set	
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stdp protocole [tigaret-etal:2016], 2/2

Neurons	used	:	Mature	hippocampal	Schaffer	
collateral	Mellor	and	STDP	 What	Mellor	says	

•  EPSCaT	amplitude	does	not	predict	plas%city	(2Pre	protocol	produces	the	largest	EPSCaT	but	no	
plas%city	mechanism	is	set	into	mo%on),	as	well	as	EPSCaT	dura%on.	Instead,	coordinated	
ac%va%on	of	dis%nct	Ca	sources	encodes	STDP	

Causal	/	an%causal	pairing	lead	to	(more	or	less)	the	same	amounts	of	Ca	whereas	only	causal	pairing	
leads	to	tLTP	(b,c).	2Pre-10	(e)	leads	to	the	highest	amount	of	Ca,	without	any	plas%city	set	
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un modèle avec des pdmps

• Na AMPAr, 2-states Markov Model
• Nn NMDAr, 2-states Markov Model
• VGCC, 3-states Markov Model

⇒ donne les équations suivantes

Csp
dVsp
dt = γa(Erev − Vsp) · OAMPA︸ ︷︷ ︸

IAMPA

+

γn(Erev − Vsp) · ONMDA · B(Vsp, [Mg])︸ ︷︷ ︸
INMDA

+

gleak,sp(Eleak,sp − Vsp) + gn(Vd − Vsp)

⇒ On a des équations pour le Calcium, Calcineurin et CaMKII.

Plasticite: activation relative de la Calcineurin et CaMKII.
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premiers résultats, comparaison avec [fujii-etal:2013]

association with specific postsynaptic density scaffolds, given
that a minor fraction of CaMKIIa has been suggested to bind
to NMDA receptors and retain autonomous activity (Bayer
et al., 2001; Feng et al., 2011).

Spatially, however, we found that the activation domains of
CaMKIIa and calcineurin were clearly separated. If CaMKIIa and
calcineurinwere interferingwitheachotherduringspineplasticity,
the larger spatial spread of calcineurin during high-frequency
stimulation might dominate and constrain CaMKIIa-mediated
spine morphological plasticity. However, this was unlikely for
three reasons. First, our measurements showed that spine
CaMKIIa activity was uncorrelated from spine CaN activity during
maximal activity (Figure 2C). Second, inhibition of calcineurin with
FK506hadnoeffect on input-stimulatedCaMKIIaactivity (Figures
2A and 2B). Third, previous reports showed a minimal effect on
long-term potentiation induction in various calcineurin and
inhibitor-1 knockout mouse lines (Zhuo et al., 1999; Allen et al.,
2000; Zeng et al., 2001). In keeping with this independence,
CaMKIIa and calcineurin were shown to distinctively associate

A

B D

C E

Figure 4. CaMKIIa Functions as a Decoder
for Both High-Frequency and High-Num-
ber-of-Input Events via Supralinear Signal
Integration
(A) A response matrix for RS-TN-XL and RY-K2a

obtained with a 6 3 3 photostimulation matrix.

Each trace represents an averaged dual FRET

signal obtained from the soma of cultured hip-

pocampal neurons with multiple randomized

stimulation regimens (n = 12 neurons).

(BandC)Response surfaces for theamplitudeand

integral of RS-TN-XL (B) and RY-K2a (C) signals.

Black circles and bars indicate mean ± SEM for

each stimulation parameter (n = 12 neurons).

(D) A comparison of an experimentally deter-

mined averaged response for RY-K2a obtained

with 20 photostimulations (PS) at a frequency of

20 Hz (red) with a simulated linear arithmetic sum

(gray) that is based on an averaged response

trace obtained with 10 photostimulations at 20 Hz

(black).

(E) A nonlinear index map for RY-K2a plotted

against photostimulation frequency and pulse

number.

See also Figure S4.

with either a GluN2B complex or an
AKAP150 complex in the spines. Alto-
gether, these results indicated that
CaMKIIa and calcineurin might indepen-
dently process neuronal input patterns.

Combinatorial Representation of
Neuronal Input Information on a
Ca2+-CaMKIIa-Calcineurin Activity
Space May Provide a Substrate for
Determining Input-Dependent
Plasticity
We found that that spines executed
structural plasticity in a frequency-

dependent manner on the basis of CaMKIIa’s activation-
frequency-tuning properties, in keeping with the previous results
that CaMKII is involved in the morphological changes of spines
(Matsuzaki et al., 2004; Lee et al., 2009). In contrast, we were
unable to find spine morphological alteration that was specif-
ically associated with the frequency dependence of calcineurin
activation. However, given that calcineurin activation was
observed during chemical induction of long-term depression
(H.F. and H.B., unpublished data), calcineurin might potentially
be involved in other forms of functional remodeling of synapses.
If we assume that information about neuronal input parame-

ters can be decoded as the relative ratio of these enzyme activ-
ities and that the activation of CaMKIIa and of calcineurin
proceed independently but should be functionally coordinated
to optimize the separability of the activation threshold, our
measured data can be readily accommodated into a unified
input-response surface that is reminiscent of a Bienenstock-
Cooper-Munro (BCM)-type plasticity implementation curve
(Bienenstock et al., 1982) (Figure 5G). In our model, a BCM-like
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Figure 5. Calcineurin Functions as an Input Number
Counter Tuned to Lower-Input Frequencies and
Numbers and Implements Biochemical Information
Processing of Low-Frequency Events via Sublinear
Signal Integration
(A) A response matrix for RS-TN-XL and RY-CaN obtained

with a 63 3 photostimulationmatrix. Each trace represents an

averaged dual FRET signal obtained from the soma of

cultured hippocampal neurons with multiple randomized

stimulation regimens (n = 9 neurons).

(B and C) Response surfaces for the amplitude and integral of

RS-TN-XL (B) and RY-CaN (C) signals. Black circles and bars

indicate mean ± SEM for each stimulation parameter (n = 9

neurons).

(D) A comparison of an experimentally determined averaged

response for RY-CaN obtained with 20 photostimulations (PS)

at 20 Hz (red) to a simulated linear arithmetic sum (gray) that is

based on an averaged response trace obtained with 10 pho-

tostimulations at 20 Hz (black).

(E) A nonlinear index map for RY-CaN plotted against pho-

tostimulation frequency and number.

(F) An integrative model of biochemical Ca2+ signal summa-

tion based on dFOMA data; color-coded isoactivity maps for

Ca2+ (top panels), CaMKIIa (bottom left), and calcineurin

(bottom right) are shown as a function of glutamatergic input

number and frequency (real data obtained from amplitude and

integrals of FRET ratio transients were interpolated).

(G) A three-dimensional representation of combinatorial Ca2+

signal processing operated by CaMKIIa and calcineurin. We

generally assume that CaMKIIa and calcineurin activities

mediate distinct cellular outcomes in neurons; however, for

clarity, we represent them in opposite polarity on the same

z axis as functions of input number (y axis) and frequency

(x axis). A relative map of summated CaMKIIa and calcineurin

activities was drawn only on the basis of the assumption that

the integrals of the two enzyme activities are balanced at

20 photostimulations at 10 Hz. An oblique three-dimensional

rendering reveals that a BCM-like curve becomes apparent in

the x-z plane at an input number of 30.

See also Figure S5.
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conclusions

Présentation du sujet de thèse (une partie) de Yuri Rodrigues en co-encadré
avec Helene Marie (IPMC). On veut

• avoir un modèle simple de synapse excitatrice en lien avec la
biophysique

• valider le modèle en reproduisant des expériences récentes
• effectuer une analyse mathématique du modèle en vue de le simplifier
• le modifier pour prendre en compte des peptides impliquées dans la
maladie d’Alzheimer

• intégrer le modèle dans un arbre dendritique
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merci pour votre attention
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