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Synaptic plasticity

Koch, 2004
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Synaptic plasticity

“When an axon of cell A is near enough to excite a cell B and repeatedly

or persistently takes part in firing it, some growth process or metabolic

change takes place in one or both cells such that A's efficiency, as one of

the cells firing B, is increased” (Hebb, 1949).

Cells that fire together wire together

Cells out of sync lose their link



Long-term potentiation (LTP)
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Bliss and Lømo, 1973

• ‘Synaptic plasticity’ (Konorski, 1948)
• ‘Hebbian’ plasticity (Hebb, 1949)

• Post-tetanic potentiation (PTP)

• Higher stimulation (Lømo 1966)

• Long-term potentiation (Bliss and Lømo, 

1970, 1973)



Long-term depression (LTD)
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• Long-term depression (Dunwiddie and 
Lynch, 1978)

• Durable LTD (Dudek and Bear, 1992)

• Graded bidirectional synaptic 

modifiability (Dudek and Bear, 1993)

Dudek and Bear, 1993



Experimental protocols
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• High-frequency stimulation (e.g. 100Hz for 1s) -> LTP

• Prolonged low-frequency stimulation (e.g. 900 stimuli at 1Hz) -> LTD

• Extracellular presynaptic stimulation at different frequencies

Clopath (2015)

Fix stimulus duration



Experimental protocols
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Low-frequency stimulation + postsynaptic depolarization

(2 Hz, 50 sec)

Ngezahayo et al., 2000



Experimental protocols
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Spike-time dependent plasticity (STDP)

Clopath (2015)



Experimental protocols
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Cooke and Bliss, 2006

• Plasticity has similar mechanisms in vivo and 

in vitro

• Evidence for long-term plasticity in humans



Dendritic spines
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Spruston, 2008

Different Types of Neurons. A. Purkinje cell B. Granule cell C. Motor 
neuron D. Tripolar neuron E. Pyramidal Cell F. Chandelier cell G. Spindle 
neuron H. Stellate cell (Credit: Ferris Jabr; based on reconstructions and 

drawings by Cajal)

Neuron types 
by Santiago Ramón y Cajal (1887)
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Citri and Malenka, 2008



LTP
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Induction

• It depends on NMDAR, increase in Ca2+

• Calcium/calmodulin (CaM)-dependent protein 
kinase II (CaMKII) undergoes 

autophosphorylation

Expression

• Early phase or E-LTP (30 – 60 min)

• Recycling endosomes contain AMPARs are 
mobilized via a process that requires the 

GTP-binding protein Rab11a

• New AMPARs are added in the postsynaptic 
density (PSD)

Citri and Malenka, 2008



LTP
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Maintenance

• Late phase or L-LTP (> 1 – 2 hrs)

• Local dendritic synthesis (AMPAR, 
CAMKII…)

• Transcription on the nucleus

Citri and Malenka, 2008



LTD
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Induction

• It depends on NMDAR, modest increase in 

Ca2+

• Calcium/calmodulin-dependent phosphatase 

calcineurin, protein phosphatase 1 (PP1)…

Expression

• Activity-dependent endocytosis of synaptic 
AMPARs

Citri and Malenka, 2008



Presynaptic LTP
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Prototype: plasticity at Mossy fibers (DG-CA3)

Induction

• increase in Ca2+ in presynaptic terminal, voltage-dependent calcium channels (VDCC)

• Calcium/calmodulin-dependent adenylyl cyclase

• increase in presynaptic cAMP and activation of Protein kinase A (PKA)

Expression

• Enhancement in transmitter release



Endocannabinoid-mediated LTD
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• Endogenous cannabinoids 
(neuromodulators)

• Retrograde messengers

• Strong depolarization and/or activation of G-

protein-coupled receptors (e.g., mGluRs and 

muscarinic receptors)

• Activation of presynaptic CB1 receptors

• Inhibit transmitter release

Citri and Malenka, 2008



Backpropagating action potential (BPAP)
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• An action potential (generated in soma or 
AIS) propagates backwards in the dendrites

• Ion channel composition affects how reliable 
the BPAP is transmitted

• BPAP can release the Mg2+-block necessary 

to induce an NMDAR-mediated plasticity

Spruston, 2008



Dendritic spikes
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• Na+ spikes. Brief events

• Ca2+ spikes. Larger and broader events

• NMDA spikes. Due to release of Mg2+. They 
remain where glutamate release occurs

• Backpropagation-activated Ca2+ spike (BAC 
spike). Synaptic stimulation + BPAP (figure)

• Dendritically initiated spikes are required for 
LTP or LTD induction in response to strong 

synaptic stimulation or during pairing of 
EPSPs with postsynaptic bursts

Spruston, 2008



Summary 1
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• Long-term plasticity can be induced by several protocols

• There are several forms of plasticity in the brain

• Long-term plasticity includes phenomena at different spatial and temporal 
scales

• Hippocampal plasticity is the prototype of many forms of plasticity

• Plasticity has similar mechanisms in vivo and in vitro

• Evidence for long-term plasticity in humans

• Dendrites are highly non linear
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Different approaches
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• There are a multitude of models

• Each model can reproduce a subset of experiments and is suitable to 
mimic certain forms of plasticity

• Models different from the variable that decides how the weights are 

updated

• Historically, the starting point is the Hebbian rule



Different approaches
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• Rate based models

• Spike timing based models

• Voltage based

• Calcium based

• Subcellular models



Rate based models: Hebbian rule
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a is learning rate. a=1 in the simplest expression of the Hebbian rule. In many 
models, a << 1 to guarantee a small change over time

A simple rule as above can lead to uncontrolled growth of weights.

A more general expression is:

The rate of pre and postsynaptic firing measured over some time period, determines the sign and 
magnitude of synaptic plasticity

y

xi
wi



Rate based models: Linsker (1986)
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x0 and y0 are the average activity

The weights can be augmented and reduced

Covariance of the two neurons



Rate based models: Oja’s rule (1982)
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Forgetting 
term 

The squared output y2 guarantees that the larger the output of the neuron becomes, the stronger is 
this balancing effect.



Rate based models: BCM rule (Bienenstock, Cooper, and Munro 1982)
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−ϵwi uniform weight decay
θM modification threshold
E[] average over all input patterns

p exponent
y0 constant

θM depends on the history of the cell

Lower rates of y leads to a decrease of w, higher rates to an increase of w



Spike timing based models
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Clopath (2015)

ӯ is an abstract variable which could reflect 
Ca, endocannabinoids, BPAP

xi could represent glutamate bound to postsynaptic
receptors or the number of NMDA receptors activated

𝑥̅
𝑋

𝑌

%𝑦



Voltage based models: Clopath et al., 2010
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( )+ indicates rectification, that is, any value <0 does not lead to a change

pre post



Voltage based models
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• The voltage based models can potentially integrate the non linearity of the 

dendrites (e.g. BPAP, dendritic spikes)

• They are closer to the biophysics

• They are more general and can explain more experiments



Calcium based models: Shouval et al., 2002
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Calcium based models: Shouval et al., 2002
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• Calcium influx from NMDAR

• The model can be expanded with voltage-dependent Ca2+ channels and 
release from intercellular stores

• Bidirectional synaptic plasticity

• Pairing Presynaptic Stimulation with Postsynaptic Voltage Clamp

• Varying the Rate of Presynaptic Stimulation

• Varying Spike Timing (STDP)



Subcellular models: Groupner and Brunel, 2007
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• Two stable states of the CaMKII phosphorylation level exist at resting intracellular 
calcium concentration, and high calcium transients can switch the system from the 

weakly phosphorylated (DOWN) to the highly phosphorylated (UP) state of the CaMKII 

(similar to a LTP event). We show here that increased CaMKII dephosphorylation 

activity at intermediate Ca2+ concentrations can lead to switching from the UP to the 

DOWN state (similar to a LTD event).

• It includes model postsynaptic calcium and postsynaptic membrane potential 

dynamics induced by presynaptic and postsynaptic spikes

• The model reproduces STDP and presynaptic stimulation protocols



Subcellular models: Groupner and Brunel, 2007
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CaMKII

Ca2+-
calmodulin 
complex

Dephosphorylated 
subunit

Phosphorylated 
subunit

Stimulation
Inhibition



Subcellular models
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Manninen et al. (2010) reviewed 

117 models which are biophysical 
and have postsynaptic 

mechanisms
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Summary 2
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• There are multiple forms of plasticity and plasticity is a complex 

phenomenon

• This can explain the multitude of existing models

• Calcium is the fundamental element that triggers plasticity

• In principle, all the models could work with large networks of multi-
compartmental models of single neurons

• Calcium based models are the most suitable since they are close to the 
biophysics of the synapses but remain relatively simple compared to the 

subcellular models
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• SSCx microcircuit (Markram et al., 

2015)

• Connections between L5_TTPCs

• Excitatory synapses are made 

principally on dendritic spines 

• Calcium-based model

• Calcium enters via VDCC and 
NMDAR

Chindemi et al., 2022
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• Ca2+ decays exponentially after the 

input

• Pre events open NMDARs

• Post events open VDCCs

• The interplay produce the non 
linearity seen in STDP

• Pre-post causes larger calcium 
transient

• Post-pre causes smaller transient

Chindemi et al., 2022



Chindemi et al., 2022
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Δ of free [Ca2+]i
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• Introduced a longer calcium integration 
time constants to explain plasticity (c*)

• It could arise from the interplay of fast 

and a slow buffers in the spine head, 

involving for example calmodulin

• To model persistent changes, the 

“synaptic efficacy”, ρ, is driven by the 

integrated calcium concentration, and 

exhibiting bistable dynamics

Chindemi et al., 2022
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Chindemi et al., 2022

At t=0, c*=0
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Chindemi et al., 2022 Dynamics of the synaptic efficacy
in the absence of pre- and postsynaptic activity
Two stable state: 0 and 1
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Chindemi et al., 2022
theta_d < c* < theta_p
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Chindemi et al., 2022
c* > theta_p
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Chindemi et al., 2022
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• The model uses a postsynaptic mechanism to 
change presynaptic release probability

• This could be interpreted as having a 
retrograde messanger (e.g. 
endocannabinoids)

• Change of (presynaptic) release probability 
and (postsynaptic) AMPAR conductance have 
the same time course

• The relative contribution of the two 
mechanisms may be adjusted using a different 
set of parameters
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Chindemi et al., 2022
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Chindemi et al., 2022
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Chindemi et al., 2022
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Chindemi et al., 2022



Summary 3
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• Chindemi’s model preserves some biophysical details

• Variables that chance with different time constants represent the different 
cascade of events acting at different scales

• The model is suitable for biophysically-detailed neuronal networks

• The simulation cost is still relatively high considering the fitting and the 
simulations of several minutes typical of long-term plasticity experiments

• The same model can be generalized to other connections

• The different behaviors of other connections arise from the differences in the 
pathways and do not require model reparameterization



Lecture Summary
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• Different experimental protocols, different mechanisms and a multitude of 

models

• Despite this complexity, some ideas are recurrent (e.g., Hebbian rules, 

bistable variables, depression and potentiation thresholds…)

• Calcium based models are a preferred choice to work with biophysical 
network models

• The use of these models is still relatively limited due to the computational 
cost



What you have learnt
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• Different types of long-term plasticity, experimental methods, molecular 

mechanisms

• Different types of modeling approaches

• General understanding of the different equations. No need to memorize the 

details.


