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Bi-directional synaptic plasticity

Receptive field plasticity in visual pathway

Visual Cortex

LGN

Retina

Cell is responsive to both eyes when the 
information from both eyes is correlated
Cell becomes monoculary responsive • Environment changes → new 

information stored → cells gain
responsiveness to some stimuli 
and lose responsiveness to others.

• Input patterns can associate or 
compete depending on how well 
they are correlated

• What is the synaptic basis of 
receptive field plasticity in the 
cerebral cortex?
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• ‘Hebb’ synapses would nicely explain associative nature of receptive field plasticity, but 
there must also exist a synaptic basis for weakening connections when presynaptic activity 
is poorly correlated with postsynaptic firing.

• 1973 Gunther Stent – connection weaken when they are inactive at the same time that 
the postsynaptic neuron is active (imply heterosynaptic depression).

• However, monocular deprivation could rapidly depress synaptic responses even if 
postsynaptic neuron is relatively inactive (homosynaptic mechanism). Seem to violate the 
principle that postsynaptic activation beyond a threshold is required for the receptive field 
plasticity.

In search for long-term depression (LTD)
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BCM theory

• Active synapses potentiated when postsynaptic 
activity exceeds a ’modification threshold’, θm

• Depression at presynaptically active synapses 
when postsynaptic activity falls below θm

• Bidirectional changes triggered by presynaptic 
activity (depending on the concurrent 
postsynaptic activity)

• θm varies as a function of the history of 
integrated postsynaptic activity (‘sliding 
threshold’)
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Long-term depression

Late 80’s Mark Bear and colleagues were looking for the conditions  
that, in theory, should produce LTD – presynaptic activity under 
conditions that yield postsynaptic responses too week to induce LTP 
(prolonged stimulation e.g. 900 pulses at 0.5 – 3 Hz)
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LTD is saturable, can be reversed and is NMDAR-
dependent

(Dudek&Bear,  1992; 1993)
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BCM theory: application for plasticity in visual cortex

• Prediction: synaptic depression induced by monocular deprivation is the result 
of ‘residual noise’ in the deprived eye rather than retinal inactivity

• Test: compare deprivation with pharmacological block of activity

(Rittenhouse et al., Nature 397, 1999)

• Result: TTX produce much less depression than closing the eyelid –
deprivation-induced synaptic depression, like LTD, is homosynaptic

• Monocular deprivation mimics NMDAR-dependent LTD

DE – deprived eye
OE – open eye
MS – monocular suture
MI – monocular inactivation

BCM curve in the visual cortex

(Kirkwood et al., Nature, 1996)
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If both LTP and LTD require NMDAR activation how does the 
postsynaptic cell distinguish the strength of presynaptic input?

Post-synaptic Ca2+ change determines whether the 
synapse is potentiated or depressed

(from Johnston et al. 2003)
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BCM theory: mechanism

• Low Ca2+   activates high affinity, low capacity phosphatases dephosphorylation of 
AMPARs lower g of the postsynaptic membrane (?)

• High Ca2+   activates lower affinity, higher capacity kinases phoshporylation of AMPARs 
higher g and insertion of receptors (?)

Metaplasticity

The thresholds for the induction of LTP/LTD are not fixed (‘history’-dependent)

(Abraham&Bear, 1996)

0.15s @ 30Hz

1s @ 100Hz
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Sliding threshold hypothesis is working in the visual 
cortex

(Kirkwood et al., Nature, 1996)

Light-deprived rats

Control rats

NMDAR regulation provides a molecular basis for a 
sliding synaptic modification threshold in visual cortex

• Visual experience triggers increased 
NR2A expression and the rapid delivery 
of NR2A-containing receptors

• Unitary NMDAR-mediated EPSCs are 
slowed after deprivation impact on 
EPSC summation and Ca2+ entry

NR2B NR2A
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(Ashby et al., J Neurosci., 2004)

NMDR-dependent LTD is due to the loss of AMPARs from 
the synapse

• LTP is not due to changes in the conductance of existing AMPARs

• Synaptic AMPARs are first translocated out from the synapse and then  internalized 

from the extrasynaptic membrane

pHluorin-tagged GluR2 

Dynamic regulation of AMPA receptors during synaptic 
plasticity (endocytosis)

• Hippocalcin acts as a Ca2+ sensor
• Binds to AP-2, part of endocitic machinery

(from: http://www.bris.ac.uk/synaptic/research/projects/mechanisms/mechanisms.htm)

• Clathrin-coated vesicles are often seen in the synapses (AP2, marker of clathrin-coated pits, 
is co-localized with AMPARs)

• LTD induce endocytosis of AMPARs in a Ca2+-dependent manner (PKC-mediated Ser880 
phosphorylation induces the dissociation of GluR2 from GRIP, and the subsequent 
internalization of GluR2 promoted by PICK) and activity of protein phosphatase 1 or 2A. 
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Scaffold proteins at the postsynapse are regulated by 
the patterns of synaptic activity

• Size of scaffold («egg carton» is 
determined by slot proteins (e.g. 
PSD-95)

• LTP increase scaffold
• LTD decrease scaffold
• Newly inserted AMPARs have 

GluR1 subunits

BCM theory: mechanism

(from Bear, 2003)
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LTD is not an inverse of LTP

• LTD is more robust in early in development while LTP is more 
pronounced in young adults 

• LTD de novo is mechanistically different from depotentiation (PKA-
dependent vs CaMKII-dependent)

• The term LTD, similar to LTP, refers to a group of mechanistically 
different processes (controversy on pharmacological properties of LTD)

Synapse specificity of LTP breaks down at short 
distances

(Engert&Bonhoeffer, Nature, 1997)

For synapses < 70 µm apart
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Heterosynaptic long-term depression (LTD) in the medial 
perforant pathway to the dentate

(Doyère V et al. J Neurophysiol 1997)

Homosynaptic LTP and heterosynaptic changes in 
neurotransmission: postsynaptic Ca2+ again?

• Large calcium change at stimulation 
site, but not only (!)…

• Small calcium increase distally

• Diffusion or active mechanisms?

Adjacent 25 uM segmens

(Magee et al., 1995)



12

Partial blockade of NMDARs results in a conversion of 
LTP to LTD and a loss of input specificity

No AP5

(Nishiyama et al., Nature, 2000)

RyR - ryanodine receptors
InsP3 (IP3) - inositol triphosphate

• High-level Ca2+ transients in the spine desensitize InsP3Rs, 
preventing propagation of Ca2+ waves

Synapse specificity: the postsynaptic part. Homo- vs. 
heterosynaptic LTD

(from: http://www.bris.ac.uk/synaptic/research/projects/mechanisms/mechanisms.htm)

• PI3K and PKC are needed to restrict LTD 
from spreading to the neighboring synapses
• mGluR activation is needed for hetero-LTD
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Synapse specificity: the presynaptic part

red: FM4-64 
green: EGFP-GluR2

FRAP – fluorescence recovery after photobleaching 

(Darcy et al., Nat Neurosci., 2006)

Short-term plasticity
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Short-term facilitation: the residual Ca2+ hypothesis

Transient change in synaptic strength evoked by 
repeated stimulation that occurs on the time-

scale of tens to hundreds of milliseconds

• There is a correlation between elevations in 
[Ca2+]i and synaptic enhancement.

• Elevating [Ca2+]i enhances synaptic strength.

• Preventing increases in [Ca2+]i eliminates 
short-term enhancement.

[Ca2+]i

Molecular mechanisms of short-term facilitation: the 
residual Ca2+ hypothesis

• Numerous studies have demonstrated an 
apparently linear relationship between 
magnitude of facilitation and post-tetanic 
potentiation, and residual [Ca2+]i concentration 
in synapses

• Experimental elevating of [Ca2+]i enhances 
synaptic strength

(from Dittman et al. 2000)

[Ca2+]i
∆F/F

EPSCs

50 msec

Correlation between EPSCs and residual 
[Ca2+]i during 10 pulse 50 Hz stimulus 

train at parallel fibre to Purkinje cell 
synapses in cerebellum
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Molecular mechanisms of short-term facilitation: 
single site vs. multiple site hypothesis

Original single site hypothesis:
Residual Ca2+ accumulated during repeated 
stimulation will summate with an 
incremental Ca2+ rise in a subsequent test 
AP to produce short-term facilitation by 
acting at low affinity Ca2+-binding sites 
involved in triggering release

On the other hand, AP-evoked 
local transient of [Ca2+]loc next to 
the vesicular release sensor is 
tens of micromolar.

However, residual [Ca2+]i during 
trains of APs (which equilibrates 
throughout the nerve terminal) 
can reach only ~1-2 µM. In 
control conditions 50-100nM, 
external 1-2mM.[Ca2+]i

Alternatively multiple site hypothesis:
synaptic enhancement is mediated by 
Ca2+ ions acting at highly sensitive site 
or sites different from fast low-affinity 
site triggering AP-evoked secretion.

Molecular mechanisms of short-term facilitation: 
single site vs. multiple site hypothesis

Multiple site hypothesis is further supported by 
findings that slowly acting buffers such as EGTA 
effectively block short-term facilitation but do not 
block AP-evoked release which is mediated by 
transient local micro-domains of high [Ca2+]loc
because these would be affected little by EGTA. 
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Molecular mechanisms of short-term facilitation: 
possible sites of Ca2+ action

Probability of release (Pr) is 
determined by Pves and by the 
number of RRVs

Increase 
in Pves

Increase 
in NRRVElevation of residual [Ca2+]i can 

cause facilitation by increasing 
both Pves and the NRRV. 

Presynaptic Postsynaptic
Desensitization SaturationDepletion of RRVs

Short-term depression: major mechanisms

Transient decrease in synaptic strength 
evoked by a train of presynaptic action 

potentials that occurs on the time-scale of 
tens of milliseconds to tens of seconds. 



17

Short-term plasticity alters neuron activation pattern

Depression

Facilitation

Interplay 
(mixed)  

(Adapted from Abbott and Regehr 2004)

Low-pass filter

High-pass filter

Band-pass 
filter

Patterns of activation and 
details of spike timings have a 
profound influence on synaptic 
strength. 

In general a universal rule 
applies: synapses with a high 
initial Pr usually exhibit 
depression whilst synapses 
with lower Pr usually facilitate.

20 Hz stimulation

Presynaptic filtering allows selective communication 
via bursts

Example: A pyramidal neuron in 
layer 5 of  somatosensory cortex (A) 
projects to a bipolar interneuron (B) 
and another pyramidal neuron (C). A 
burst of spikes produces different 
effects in neurons B and C because 
the synapses have different 
properties of short-term plasticity. 
The synapse between A and B is 
facilitating, whereas that between A
and C is depressing. This results in 
selective activation of neuron B but 
not C.

(adapted from Izhikevich et al. 2003 and Markram et al. 1998)
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Short- and long-term plasticity effects may interact with 
each other

LTP

b-AP

• Short- or long-term plasticity induction may change Pr or other parameters 
response to AP burst will change as well

1

2

MF synapses display robust facilitation

(Kobayashi&Poo, Neuron, 2004)

Associative induction of A/C LTP by pairing of MF and A/C 
spike trains
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Summary

• Plastic changes in synapses are bi-directional, but LTD is not a mirror 
image of LTP (different mechanisms are involved)

• The threshold for induction of LTP depends on the previous activity of the 
synapse

• Alterations in the short-term synaptic plasticity may contribute to lasting 
changes induced in the synapse


