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Synapse
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• Definition: the point at which one neuron communicates with another (Charles 

Sherrington)

• Two types of synapses: electrical and chemical

Principles of Neural Science, Kandel et al.

Neuroscience, Purves et al.
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Electrical synapse

Kandel et al.

• Cytoplasmic continuity

• Through gap junction channels

• Faster

• Bidirectional

• ‘simpler’

• Fast motor responses or 

population activity 

synchronization
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• No cytoplasmic continuity

• Through presynaptic vesicles, active zones 

and postsynaptic receptors

• Slower               

• Unidirectional

• ‘more complex’

Chemical synapse

• They can produce 

changes in the 

postsynaptic cell

Two types of receptors:

- Ionotropic

- Metabotropic
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Kandel et al.

Chemical synapse: ionotropic receptors

• Direct gating

• Fast synaptic actions (ms)

• Circuits that mediate rapid 

behaviors as stretch receptor 

reflex
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Kandel et al.

Chemical synapse: metabotropic receptors

• Indirect gating

• Slow synaptic actions (sec to 

min)

• Channel activation through 

intracellular cascade

• Can modulate the strength of the 

synapse

• In circuits related to learning
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Kandel et al.

• José del Castillo and Bernard Katz 

studied the neuromuscular junction

• Their results can be generalized to 

the other synapses in the CNS

• Each motor neuron makes several 

contacts (boutons) on the muscle

Example: the neuromuscular junction
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Kandel et al.

• Each bouton forms a synapse

• Both pre- and post-synaptic 

membranes are specialized 

structures

• Vesicles are released at the 

level of active zones

Neuromuscular junction: one bouton
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Neuromuscular junction: receptors

nicotinic acetylcholine 

receptors (nAChRs) are 

stochastic

Kandel et al.
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Neuromuscular junction: receptors

nicotinic acetylcholine 

receptors (nAChRs) are 

stochastic

Kandel et al.
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Kandel et al.

Neuromuscular junction: I-V curve

The current has a linear relationship with voltage
The channel behaves 

as a simple resistor

Ohm’s law

𝑖𝐸𝑃𝑆𝑃 = 𝛾𝐸𝑃𝑆𝑃𝑥(𝑉𝑚 − 𝐸𝐸𝑃𝑆𝑃)
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Neuromuscular junction: many channels

While each receptor is stochastic, 

the average current through many 

channels in response to a pulse of 

acetylcholine has a consistent 

shape

Kandel et al.



Neuromuscular junction: one active zone
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Kandel et al.

• nAChRs allow the entrance of 

Na+ and the exit of K+

• At the resting membrane 

potential, the net current tends 

to depolarize the membrane

• If the depolarization is sufficient, 

it can trigger an action potential 

via voltage-gated sodium 

channels
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Kandel et al.

Chemical synapses in CNS

• In the CNS, we have two major 

types of chemical synapses: 

excitatory and inhibitory

• Excitatory synapses generate 

excitatory post-synaptic 

potentials (EPSPs or EPSCs)

• Inhibitory synapses generate 

inhibitory post-synaptic 

potentials (IPSPs or IPSCs)
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Kandel et al.

Chemical synapses in CNS

• Excitatory synapses are also 

called Gray type I and use 

glutamate as neurotransmitter

• Inhibitory synapses are also 

called Gray type II and use 

GABA as neurotransmitter



19

AMPA
(excitatory)

(inhibitory)

Acetylcholine

Noradrenaline

Synaptic behaviour characterization
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Kandel et al.

Glutamatergic synapses

• Glutamatergic receptors can be 

ionotropic or metabotropic

• Ionotropic receptors are AMPAR 

and NMDAR 
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Kandel et al.

NMDA receptors

• At resting membrane 

potential Mg2+ blocks the 

NMDARs

• Depolarization releases 

the Mg block

• Note the reversal 

potential at 0 mV
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Hippocampus book

AMPA and NMDA receptors

• AMPAR and NMDAR 

currents made evident using 

the NMDAR blocker APV

• Triangle: V at the peak, 

circle: V at dot line in A, 

filled: control, open: APV
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Kandel et al.

GABAA receptor is an ionotropic 

receptor that directly opens a Cl-

channel

GABAA receptors
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Synaptic plasticity

Koch, 2004

“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”

Donald Hebb 1949

Definition: change in synaptic strength over time
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R2 < R1

Tsodyks and Markram, 1997

Short-term plasticity (STP)

https://www.pnas.org/doi/10.1073/pnas.94.2.719


26

Markram et al., 2015

Short-term plasticity: synaptic dynamics

https://www.cell.com/fulltext/S0092-8674(15)01191-5
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Kandel et al.

• Short-term plasticity can be 

explained by two competing 

factors: vesicle depletion and 

accumulation of Ca2+

• If one of the two factors 

prevails, we have facilitation 

or depression

Short-term plasticity



Summary 1
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• There is a multitude of synapses in the brain, each characterized by specific 

neurotransmitters, receptors, pre- and post-synaptic mechanisms, types of 

plasticity

• We will focus on glutamatergic and GABAergic ionotropic receptors, and 

short-term plasticity

• The complex synaptic mechanisms and their stochastic nature require 

extensive resources if we want to simulate them in large networks

• We will take a phenomenological approach to model the synapses
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Synapse as an equivalent circuit

30

Kandel et al.
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Kandel et al.

Synapse as an equivalent circuit
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Synapse as an equivalent circuit: 

excitatory and inhibitory synapse
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𝜏 = 𝑅𝐶

out

in

Synapse as an equivalent circuit: equations
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Synapse as an equivalent circuit: g_syn

(a) single exponential decay    (b) alpha function (Rall, 1967)    (c) dual exponential function

gsyn= conductance at the peak

ts = time of release of neurotransmitter

(a)

(b)

(c)

Sufficient to describe AMPAR and GABAAR
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Synapse as an equivalent circuit : NMDAR

Jahr and Stevens, 1990

)( )()],([ 2

revNMDASyn EVtgVMgGI −= +

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6570236/
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Kandel et al.

How can we model several active zones?
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synaptic delay

spontaneous event

Experimental behaviour of several active zones
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Modelling several active zones: Quantal release model

• Neurotransmitters are released into a synapse in packaged vesicles called 

quanta

• One quantum generates what is known as a miniature end plate potential 

(MEPP), which is the smallest amount of stimulation that one neuron can 

send to another neuron

• Each synapse has a number of independent release sites (n)

• Each site releases a single quantum (vesicle) with probability of release p

• The number of released vesicles obeys a binomial distribution

Probability of releasing k quanta
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Modelling several active zones: Quantal release model

q can be the peak conductance, the maximal synaptic current at some potential, or the peak EPSP. 

R varies accordingly

))(( SS EVtnpI −= 

(𝛾 = single channel conductance)Total conductance

Probability of releasing k quanta

Mean released quanta 𝑘 = 𝑛𝑝

R = mean synaptic response 𝑅 = 𝑛𝑝𝑞 (q = unitary postsynaptic effect

of the synapse)

g(t)= 𝑛𝑝𝛾(𝑡)
R as g(t)



Short-term depression: Tsodyks and Markram’s model
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R2 < R1

Tsodyks and Markram, 1997

https://www.pnas.org/doi/10.1073/pnas.94.2.719
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Kandel et al.

Active or effective

Inactive

Recovered

Model assumptions:

• finite amount of resources

• three major states of resources: 

recovered, active and inactive

• All vesicles in recovered at the 

resting state



Short-term depression: Tsodyks and Markram’s model
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𝑑𝑥

𝑑𝑡
=

𝑧

𝜏𝑟𝑒𝑐
− 𝑈𝑆𝐸𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑦

𝑑𝑡
= −

𝑦

𝜏𝑖𝑛
+ 𝑈𝑆𝐸𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑧

𝑑𝑡
=

𝑦

𝜏𝑖𝑛
−

𝑧

𝜏𝑟𝑒𝑐

RECOVERED

ACTIVE (effective)

INACTIVE

Resources in state:

The model assumes that there is a limited amount of resources
• x = reserve pool of resources (vesicles)

• z = pool of inactive resources from which you can 
recover resources

• y = pool of active resources

• in = how long it takes to inactivate the used 
resources ( ~ 1 ms)

• rec = how long it takes until the synapse is as strong 
as before the first AP arrived ( ~ 100 ms)

• USE = which percentage of resources are released 

when an AP occurs (fixed).

• USEx(tsp) = some % of the available resources used 

at the spike time.

• ∂(t – tsp) = delta function, cero all the time but 1 when 

a spike occurs.Tsodyks and Markram, 1997

https://www.pnas.org/doi/10.1073/pnas.94.2.719


𝑑𝑥

𝑑𝑡
=

𝑧

𝜏𝑟𝑒𝑐
− 𝑈𝑆𝐸𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑦

𝑑𝑡
= −

𝑦

𝜏𝑖𝑛
+ 𝑈𝑆𝐸𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑧

𝑑𝑡
=

𝑦

𝜏𝑖𝑛
−

𝑧

𝜏𝑟𝑒𝑐

RECOVERED

ACTIVE

INACTIVE

Resources in state:

New z 

AP tsp

USEx(tsp)

Exp(t/ in)

Z

X

Y



Short-term depression: Tsodyks and Markram’s model
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ASE = absolute synaptic efficacy (all resourses in effective state)

Δt = time interval between nth and (n + 1)th AP

Δt was assumed to be much larger than the inactivation time constant, hence the 
dependence on tinact dropped out of this equation

Tsodyks and Markram, 1997

Solution to reconstruct the excitatory postsynaptic current

https://www.pnas.org/doi/10.1073/pnas.94.2.719


TM-model: synaptic depression + facilitation

𝑑𝑥

𝑑𝑡
=

𝑧

𝜏𝑟𝑒𝑐
− 𝑈𝑆𝐸

1 𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑦

𝑑𝑡
= −

𝑦

𝜏𝑖𝑛
− 𝑈𝑆𝐸

1 𝑥(𝑡𝑠𝑝)𝜕(𝑡 − 𝑡𝑠𝑝)

𝑑𝑧

𝑑𝑡
=

𝑦

𝜏𝑖𝑛
−

𝑧

𝜏𝑟𝑒𝑐

RECOVERED

ACTIVE

INACTIVE

Resources in state:

% of resources used, 
no longer constant

𝑑𝑈𝑆𝐸
1

𝑑𝑡
= −

𝑑𝑈𝑆𝐸
1

𝜏𝑓𝑎𝑐
+ 𝑈𝑆𝐸(1 − 𝑈𝑆𝐸

1 )𝜕(𝑡 − 𝑡𝑠𝑝)FACILITATION

Facilitation factor

The use of transmitter goes up or down 
every time there is a spike

𝑈𝑆𝐸
1 =  𝑈𝑆𝐸

1 𝑡 1 − 𝑈𝑆𝐸 +  𝑈𝑆𝐸

Intracellular flow of Ca2+

(facilitation) 
Extracellular flow of Ca2+

AP

Output, post-synaptic current:

𝐼𝑠 𝑡 = 𝐴𝑆𝐸𝑦(𝑡) 

ASE = absolute synaptic efficacy

(all vesicles released)

Tsodyks et al., 1998

http://www.ccnss.org/ccn_2014/materials/pdf/tsodyks/Tsodyks_1998.pdf
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Tsodyks et al., 1998

Increase in USE could reflect, for example, the accumulation of calcium ions

caused by spikes arriving in the presynaptic terminal, which is responsible for

the release of neurotransmitter (Bertram, Sherman,&Stanely, 1996).

For a simple kinetic scheme, assume that an AP causes a fraction of USE calcium

channels to open, which subsequently close with a time constant of𝝉facil.
The fraction of opened calcium channels determines the current value of U1

SE.

Introduce short-term facilitation

http://www.ccnss.org/ccn_2014/materials/pdf/tsodyks/Tsodyks_1998.pdf
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Excitatory, facilitating (E1) 
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Excitatory, depressing (E2) 
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Excitatory, pseudo linear (E3) 



Summary 2
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• Phenomenological models of synapses and short-term plasticity

• Even if the model should be considered phenomenological, they mimic 

biophysical mechanisms: accumulation of calcium and vesicle depletion in 

the presynaptic terminal, and neurotransmitter receptors in postsynaptic 

terminal

• Those can be combined with multi-compartimental models of single neurons 

to create networks
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Synaptic Data Source: example 1
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Hippocampome.org
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• +1,200 published journal articles

• 8 different signal modalities

• 90 different methods to measure synaptic amplitude, kinetics, and plasticity 

in hippocampal neurons

• data structure that both reflects the differences and maintains the existing 

relations among experimental modalities

• 40,000 synaptic data entities

• covering 88% of the 3,120 potential connections
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We consider a mapping as “proper” only if the corresponding experiment

matches a single potential connection. For all other “fuzzy” mappings that 

involve multiple potential connections, we assign high- and low-confidence 

to the more and less likely neuron type pair(s), respectively.
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Synaptic Data Source: 

example 2

https://portal.brain-map.org/

explore/connectivity/synaptic-physiology.
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Navigate full database

Reproduce all the analysis in publication

Download raw data
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How to apply to research
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• Model synapses → univesicular (Nrrp = 1)

• Univescicular release could capture the average

behavior of the synapse

• It did not capture the variability of the following

EPSP (CV)

• Hypothesis → implement multivesicular release

(Nrrp >1)

The problem
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UVR vs MVR

NRRP = 1

NRRP = 10

NRRP = 20

NRRP = number of readily releasable vesicle pool

Importance:

1. Synaptic transmission is the bases of neuronal communication

2. Synaptic variability (noise) plays an important role in information 
coding in the cortex. (Nolte et al., 2019)

UVR (Univesicular release) :

NRRP = number of connections

MVR (Multivesicular release): 

several vesicles per active zone
-Increase the dynamics range of 

the synapse
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U, D, F parameters for the TM model obtained from 33 in vitro connections

Method: step 1
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Model membrane voltage noise to completely capture synaptic variability: 

Ornstein-Uhlenbeck Process

Method: step 2
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Simulations with different NRRP

Increasing NRRP → the synapse become more reliable or less variable (smaller CV)

Method: step 3
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After optimizing the NRRP, the CV of the 

following EPSPs are matched

Result



Predictions for other connections →Eureka moment!

Blue Brain Project 75



• Estimating the number of independent release sites (NRRP) experimentally is 

very challenging

• A modeling approach is used to quantify NRRP on existing traces

• It shows that NRRP has an impact on the synaptic transmission making it 

more or less reliable (‘noisy’)

• Model ‘baseline’ noise

Key points

76



• Given the diversity of synapses even within the same brain region, public 

data repositories are often region-specific

• The number of synaptic types in the brain is extremely high and each of 

them is potentially unique

• Considering the cost of fully characterize one single synapse, it is clear how 

public resources and modeling tools are essential to move the research 

forward

Summary 3

77



• The huge number of synapses in the brain, their high diversity, and their 

complex machinery challenge researchers

• Biophysical models are only possible for few synapses, while we have 

adopt phenomenological models once the number of synapses grows in our 

models

• Even phenomenological models can be characterized by many parameters

• We have to deal with very sparse data

• In the next lecture, we will see how the synapses can change for long 

periods of time even forever

Lecture Summary

78



What you have learnt:

79

• Definitions: electrical synapse, chemical synapse, axonal boutons, 

receptors

• AMPA, NMDA and GABA receptors

• Synaptic plasticity: STP (short term plasticity)

• Three ways of modelling synapses: understand the three models, their 

bases and their parameters, no need to know exactly the equations. 

– Equivalent circuit

– Quantal release model

– Tsodyks-Markram model
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