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“We are what we can remember”

• We have several types of memory (short-term, long-term, explicit, 

implicit, working, etc.). All are based on changes in synaptic weights.

• It is widely accepted that long-term memories of all kinds are stored in 

the brain in the patterns of synaptic weights in the relevant brain areas 

(i.e. cortex, hippocampus, cerebellum, etc.).

• Do all different brain areas posses the same ability of plastic synaptic 

changes throughout the whole life? 

• It turns out that the so-called primary sensory areas exhibit synaptic 

plasticity only during the so-called critical periods of time after birth 

whereas associative areas of the cortex are plastic all the time.
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Learning and the brain plasticity

• Synaptic plasticity underlies the brain plasticity, which is a lifelong 
ability of the brain to reorganize neural circuits based on new experience. 

• Organism's ability to store, retain, and subsequently recall information is 
called a memory.

• The process of acquisition of memories is called learning.

• We distinguish short-term and long-term memory, which are based on 
short-term and long-term synaptic plasticity, respectively:

– Long-term potentiation (LTP) of synaptic strengths

– Long-term depression (LTD) of synaptic strengths 
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Spines

• Postsynaptic spines are 
numerous small protrusions on 
dendrites.

• 90% of excitatory synapses in 
the cortex are on spines, the 
rest of excitatory and all 
inhibitory synapses are on 
dendritic shafts and soma.

• Red area(s) on spines are PSD 
– postsynaptic density, where 
the postsynaptic receptors and 
their supporting molecules are.

http://synapses.clm.utexas.edu/anatomy/compare/compare.stm

http://synapses.clm.utexas.edu/anatomy/compare/compare.stm
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Synaptic plasticity: mechanisms

• Synaptic plasticity is the ability of the 

synapse to change the strength 

(efficacy) – applies to excitatory 

synapses

• Mechanisms:

– Change in the number or properties 

of postsynaptic receptors 

– Changes in the amount of released 

neurotransmitter

– Sprouting: synapses grow new 

sprouts, Changes in the number of 

synapses

– Changes in the shape of spines 

(affects their electric properties)

spineReceptor changes

Changes in release 

Sprouting

Spine changes
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LTP and LTD: change in receptor number

• https://courses.lumenlearning.com/wm-biology2/chapter/synaptic-plasticity/
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LTP: change in neurotransmitter release

• https://www.neuroskills.com/brain-injury/neuroplasticity/mechanisms-of-plasticity/
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LTP: growth of new synapses

• Old synapse • New synapse
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LTP: change of spine size and shape

• Spine shapes and change of spine size and shape during LTP (Hering

and Sheng, 2001, https://www.nature.com/articles/35104061

• Benuskova L (2000) The intra-spine electric force can drive vesicles for fusion: a 

theoretical model for long-term potentiation. Neuroscience Letters 280(1): 17-20.

https://www.nature.com/articles/35104061
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LTP and LTD: change in shape and spine number

• Ma and Zuo, 2022, https://doi.org/10.1016/j.semcdb.2021.05.015

https://doi.org/10.1016/j.semcdb.2021.05.015


11

Hebb rule and synaptic scaling

• Schaefer et al., 2017, 

https://doi.org/10.1111/jnc.14107

• Hebb rule: 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.” (1949)

• Synaptic scaling or 

heterosynaptic plasticity acts 

through weakening synapses 

adjacent to the potentiated synapse 

to restore homeostasis and optimal 

global firing rate.

https://doi.org/10.1111/jnc.14107
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Plasticity in the developing visual system

• Visual signals travel from neurons in the eye retina through the optic nerve to 

the LGN (lateral geniculate nucleus) in the thalamus and from there to the 

primary visual cortex V1.
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Receptive fields of V1 cells are oriented bars

• Recording neural activity in V1 neurons in response to stimuli of  different 

shapes revealed that neurons respond to the light bars of  different 

orientations (Nobel Prize to Hubel and Wiesel, 1981), thus V1 “receptive 

fields” have the shape of  light bars of  different angles.
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Orientation selective cells V1

• All neurons within a single cortical column respond to the bars of the same 
angle. Columns covering all angles form a hyper-column. “Blobs” are cells 
sensitive to colour.  Each point in the visual field is processed by a single 
hypercolumn (Paulun et al., Front. Comput. Neurosci., 2018) 
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Ocular dominance in V1

• Ocular dominance stripes: cells respond either to the left or right eye or both, 
depending on the stage of development (Luo and O’Leary, 2005) 

• Plastic synaptic connectivity 

during critical period of 

development of V1.
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Right eye          Left eye

Right eye          Left eye

Right eye (open, relays patterned activity)

Left eye (open, relays the same patterns)

Normal Rearing

• Normal development of OD in NR 

(normal rearing) is Hebbian.

• Synapses of the right and left eyes 

drive the cortical cell in sync and they 

both strengthen.

• Initial connectivity and other factors 

cause the spectrum of OD.

Output in sync with both eyes spikes 
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Right eye          Left eye

Right eye          Left eye

Right eye (open, relays patterned activity)

Left eye (closed, relays only noise)

Monocular Deprivation

• The shift in OD in MD is Hebbian.

• Synapses of the right (open) eye that 

drive the cortical cell strengthen.

• Synapses from the left eye (the closed 

one) weaken.

Output in sync with the right eye spikes 



18

Right eye     Left eye

Right eye     Left eye

Right eye     Left eye

Reverse suture: not Hebbian

• The Hebbian learning cannot explain 
reverse suture experimental results, 
when formerly closed eye becomes 
dominant.

• Not really, b/c it would predict that 
closed eye synapse will go to zero and 
cannot recover.
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Left 

retina 

LGN

Right 

retina 

LGN

Synapses 

from LGN 

to V1
Synapses 

from LGN 

to V1

Computational model

• The neural network model of the 

development of ocular dominance 

and orientation selectivity in V1

– set up the circuitry reflecting the 

anatomy of the modelled visual 

system

– choose model of a neuron in V1

– implement the synaptic plasticity 

rule for synapses between LGN 

and V1 cortical neuron

– define the activity patterns 

coming from LGN

– simulate the model

image

Receptive Field Plasticity (Harel Shouval)

Neuron in V1
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Rate model of a V1 neuron

Inputs x’j = 

levels of 

shade in the 

given 

image pixel

• Input is comprised of  a “patterned” input (from some input pattern) plus 

random noise, i.e. xj = x’j + random noise. (i.e. small random number)

• If  the eye is closed then the input is just a random noise: xj = random noise.

jj j xwy =
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),( Mj

j
yx

dt

dw
=

Bienenstock, Cooper & Munro (BCM) theory 

)(),( MM yyy  −=

• Dependent variables: synaptic weights wj; synaptic inputs xj;  y the output 

frequency and modification threshold M

•  the learning speed, is the parameter.

•  is the modification function and has a shape of  parabola:
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The BCM threshold: metaplasticity

• Metaplasticity: 

the outcome of  

synaptic 

plasticity 

depends on the 

previous activity 

of  a neuron 

(Abraham and 

Bear, TINS, 

1996)


 2yM =
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Experimental evidence for M

• It is easier to obtain synaptic potentiation in the cortex of dark-reared animals 

and it is harder to induce synaptic depression in these cortices (cyan curve).

• The opposite is true for light-reared (NR) visual neurons in V1 (green curve).
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Results of the BCM model: NR

• During NR both eyes receive the 
same patterned input.

• The cortical cell develops the same 
OD for both eyes.

• In this example both eyes are 
equally dominant (the cell response 
is proportional to the weights of 
the inputs synapses).

Picture taken from Clothiaux, Bear, Cooper (1991) Journal of 
Neurophysiology, vol. 66, No. 5, pp. 1785-1804.
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Results of the BCM model: MD after NR

• During MD after NR, first 
both eyes develop binocular 
OD and then only the open 
eye receives patterned input, 
while the closed eye relays only 
random uncorrelated noise 
through its synapses.

• Synapses belonging to the 
closed (left) eye weaken and so 
does the responsiveness of the 
cortical cell to stimulation of 
the closed eye.

• The synapses belonging to the 
open eye become stronger.

Picture taken from Clothiaux, Bear, Cooper (1991) Journal of 
Neurophysiology, vol. 66, No. 5, pp. 1785-1804.
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Results of the BCM model: RS after MD

• During RS after MD, first 

the newly closed (right) eye 

looses dominance because 

its synapses relay only noise.

• The newly opened (left) eye 

synapses began to 

strengthen only after the 

synapses of the formerly 

open eye have had 

weakened first.

Picture taken from Clothiaux, Bear, Cooper (1991) Journal of 
Neurophysiology, vol. 66, No. 5, pp. 1785-1804.
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Success in RS simulation due to dynamic M

• After closing the right eye 

and opening the left eye, 

modification threshold M

slides to the left, because the 

overall activity level drops due 

to the fact that newly closed 

eye relays only noise and 

synapses of  previously open 

eye are still weak.

• The shift in M to the left 

allows the weak left eye 

synapses to strengthen and as 

they get stronger, M gradually

slides to the right.
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Timing (Markram et al., Science, 1997)

• In 1997, a new phenomenon was discovered – that the sign and magnitude of 

synaptic weight change depend also on the precise relative timing of pre- and 

postsynaptic spikes. 

• Experimental protocol of Spike-Timing Dependent Plasticity: Pre and Post-

synaptic neurons are forced to emit spikes with a pre-defined time difference, 

while the modification of the synaptic strength is monitored.
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STDP: spike-timing dependent plasticity

• When presynaptic spike occurs 

before/after the postsynaptic 

spike, the synapse strength 

gets potentiated/depressed, 

respectively. 

• The magnitude of weight 

change decreases exponentially 

with Dt. 

• Kang et al., 2015, 

https://doi.org/10.1016/j.neu

com.2014.12.036

https://doi.org/10.1016/j.neucom.2014.12.036
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STDP: formulas

• Parameters A+, A− are the amplitudes of synaptic change for Dt = 0.

• Parameters +, − are the so-called time decay constants of the exponential 

time window for potentiation/depression, respectively (Froemke et al., 2006).
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NEUR301

Abigail Morrison, Markus Diesmann, 

Wulfram Gerstner:

Possible 

implementations of  

STDP
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Presynaptic centered implementation of STDP

• The total change of synaptic weight: Dw = Dw+ + Dw−

Dw+
Dw−
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STDP leads to the BCM-like LTD/LTP threshold

• Izhikevich and Desai (2003) calculated the value of frequency of presynaptic 

spikes for which 

• This threshold corresponds to the BCM threshold and LTP/LTD curve has 

the shape of  parabola as in the BCM theory.

• But, the LTD/LTP threshold is fixed, i.e. does not move.

Dw+ = Dw−= 0
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LTP

LTD

post-pre

pre-post

metaSTDP (Benuskova & Abraham, 2007)





20

20

yAA

yAA

−−

++

=

=

y2 is proportional to the 

prior time-averaged 

postsynaptic activity (as the 

spike count or somatic 

voltage). 

metaSTDP leads to 

homeostasis, i.e. synapses 

next to potentiated ones 

weaken like in synaptic 

scaling
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Summary

• Critical periods for plasticity were documented in the visual and auditory 

primary cortices, albeit of different duration and sharpness of termination. 

Most cortical and brain areas are plastic during the whole life, i.e. 

somatosensory, motor, frontal and associative areas, etc.

• Izhikevich and Desai (2003) showed that STDP leads to the BCM threshold 

for the nearest spikes interaction. 

• Making STDP amplitudes depending on the previous postsynaptic activity 

was introduced by Benuskova & Abraham (2007).

– Benuskova L & Abraham WC (2007) J. Comp. Neurosci., 

https://link.springer.com/article/10.1007/s10827-006-0002-x

– Jedlicka P, Benuskova L & Abraham WC (2015) PLoS Computational Biology, 

https://doi.org/10.1371/journal.pcbi.1004588

– Shirrafiardekani A et al., (2019) In: V. Cutsuridis et al. (Eds), Hippocampal Microcircuits: 

A Computational Modeler's Resource Book, 2nd Ed, Springer. 

https://link.springer.com/chapter/10.1007/978-3-319-99103-0_20

https://link.springer.com/article/10.1007/s10827-006-0002-x
https://doi.org/10.1371/journal.pcbi.1004588
https://link.springer.com/chapter/10.1007/978-3-319-99103-0_20

