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Synaptic plasticity, learning and memory

Memory is a process which involves multiple steps

Information about 
environment

Modification of 
behavior

Consolidation

Storage

Encoding Retrieval

MEMORY

LEARNING

Readout
Influenced by a lot of 

factors (e.g. emotions, 
physical abilities etc.)
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LEARNING – an adaptive change in behavior caused by experience

*adaptive – the change must have some meaning for the behavior of
the animal

*change – there must be a measurable difference between the
behavior before and after some identifiable or imposed event and the change
must be selective for the parts of the nervous system mediating the specific
behavior

*behavior – involves central systems of the whole organism

MEMORY – the storage and recall of previous experiences

Definitions for behavioral studies

“Learning & Memory”, but… “Learning ≠ Memory”

(Irvine et al., Nat Neurosci., 2006)
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Properties of LTP satisfy the requirements of postulated 
properties of information storage

• Fast induction (temporal contiguity requirements for LTP induction is way too 
tighter than those governing various forms of associative conditioning; not only 
unrealistic induction protocols)

• Persist long enough (?)

• Selectivity (challenged e.g. Engert and Bonhoeffer, 1997; Hartell, 1996)

• Associativity (true “computation” of inputs – change occur when neuron 
receives correct simultaneous inputs) 

• Use-dependent

+

Was found in the right place (hippocampus), and fitted the prediction

Several brain areas play a role in learning and memory
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Taxonomy of mammalian memory systems

Expressed through
conscious recollection

Expressed through
behavioral or perceptual performance

Morris water maze test probes spatial hippocampal-
dependent learning and memory
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Is LTP = memory?

• More specific questions should be asked

• What type of LTP?
• What type of memory?
• What is the role of LTD and depotentiation?
• Is the persistence of LTP correlated and necessary for memory persistence?

Examples of mutant mice which show alterations in 
synaptic plasticity

CA1 LTP Learning&Memory

CaMKII  KO Deficient Deficient

NR1 KO (postnatal) Deficient Deficient

GluR2  KO Enhanced Reduced exploratory activity

GluR1  KO Deficient Normal

PSD95 KO Enhanced Impaired

NR2B TG Enhanced Enhanced
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Why do we see so many contradictions?

Correct assumption (?): Hippocampus is the best brain area to look 
for long-term changes induced by learning

• Animals with hippocampal lesions are able to learn water maze tasks 
(e.g., Jerrard t al., 1984)

• Hippocampus is important for the consolidation of memory (previously 
established memories are preserved after hippocampal damage) and 
may be less so fo the storage itself

• Amygdala and cortex may represent useful models as well

Behavioral domains are interrelated

sensory-motor 

functions

learning &

memory

social behavior

reproduction
emotional 

behaviors

• Experimental procedures are not specific for a single domain
• Mutations affect more than one domain
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Why do we see so many contradictions?

Correct assumption (?): adequate experimental protocols used

• HFS (or whatever used protocol)-induced LTP represent similar changes in 
synapses of neurons that process and encode information
– There are many forms of LTP which are not only dependent on he 

induction protocol, but also on the particular cell type

• Behavioural tests being used test predominantly (if not exclusively) spatial 
learning
– How and what animals learn in the particular test?
– Stress impairs learning ability, water maze is a stressful task. Some drugs 

and mutations may alter stress response. 
– Water maze is different for rats and mice from the evolutionary point of 

view. It required coordination between motor activity (swimming) and 
sensory input, mounting the platform. Lab animals are not accustomed to 
swimming pools.

Synaptic Plasticity & Memory (SPM) Hypothesis

“Activity-dependent synaptic plasticity is induced at appropriate synapses 
during memory formation, and is both necessary and sufficient for the 
information storage underlying the type of memory mediated by the brain 
area in which that plasticity is observed”

Logical Criteria
• Detectability
• Mimicry
• Anterograde alteration
• Retrograde alteration

(Martin, Grimwood & Morris, Ann. Rev. Neurosci, 2000)
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Experimental strategies to test SPM hypothesis

• Correlation – behavioral parameters of learning should correlate with at least 
some properties of synaptic plasticity

• Induction – learning should be associated with induction of plastic changes 
and vice versa

• Occlusion – saturation of synaptic plasticity should destroy the established 
memory and occlude new memory formation

• Intervention – blockade or enhancement of plasticity should affect learning and 
memory

• Erasure – erasure of synaptic plasticity, at least shortly after learning, should 
induce forgetting

Use of mutant mice

– Developmental abnormalities (conditional KOs)

– Gene redundancy

– Genetic background (e.g., null mutants are often hybrids of two mouse 
strains and are genetically different from their control littermates)

– Changes in systems not related to the learning and memory (e.g., tyrosine 
kinase fyn KOs display altered swimming behaviour (Huerta et al., 1996))
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DETECTABILITY: If an animal displays memory of some previous experience 
(or has learnt a new task), a change in synaptic efficacy should be detectable 
somewhere in its nervous system.

Paucity of modified synapses may make meeting the criterion less 
problematic in some systems, but more difficult in others 

Synaptic Plasticity & Memory Hypothesis: Assessment

Detectability

(Moser et al., 1993, 1994)
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Motor learning-induced synaptic plasticity in the cortex

• Motor learning restricted to 
one limb is associated with 
an increase in fEPSP in 
layer III of the contralateral 
motor cortex 

• This increase occludes the 
extent of subsequent LTP 
induction relative to the 
opposite hemisphere; more 
LTD in trained hemisphere

• EPSP increase is large 
(~50 %) so the question 
arises whether this changes 
serve less specific role in 
information process rather 
than being important for 
storage of the engram

(Rioult-Pedotti et al.,1998; 2000)

Learning induces LTP in the Hippocampus

(Whitlock et al., 2006)
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• Lack of information on the spatial distribution of the potentiated (depressed) 
synapses

• Why biochemical markers of LTP were detected at all as increased synaptic 
transmission was found only at a small percentage of synapses? 

What is the role of LTD?

• Heterosynaptic LTD and depotentiation may play a key role in keeping 
memories separate and erasing old memories, thus preventing storage 
overload in the limited capacity of CA3 region (supporting evidence that this 
form of plasticity is readily induced in PP synapses)

• Heterosynaptic LTD may balance the changes resulting from LTP thus acting 
as normalizing or scaling factor
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Synaptic Plasticity & Memory Hypothesis: Assessment

MIMICRY: If it were possible to induce the appropriate pattern of synaptic 
weight changes artificially, the animal should display ‘apparent’ memory for 
some past experience which did not in practice occur

Artificial «engineering» of the memory is unrealistic at the moment

ANTEROGRADE ALTERATION: Interventions that prevent the induction of 
synaptic weight changes during a learning experience should impair the 
animal’s memory of that experience (or prevent the learning).

Synaptic Plasticity & Memory Hypothesis: Assessment
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NMDAR blockade impairs spatial learning

Rat or mouse
Platform

(Morris et al., 1986)

NMDAR blockade impairs spatial learning ???

• Simple visual discrimination learning was impaired in the above experiments

• If rats are pretrained in spatial task without drug and then LTP is blocked – no effect on 
platform finding. Non spatial pretraining is important for animals to learn how to cope 
with drug-induced motor impairments (Saucier&Cain, 1995; Bannerman et al., 1995). 
Acquiring “strategy of learning” in the maze may be compromised.
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Targeted disruption of the NMDARs and downstream 
signal-transduction pathways impairs hippocampus-
dependent learning

(Tsein et al., 1996; Jones et al., 2001)

Do treatments that enhance LTP also enhance Memory?

• Yes
• No (memory is unaltered)
• No (memory is disrupted)
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Is dissociation between LTP and memory formation a 
strong counter argument against SPM hypothesis?

• PSD-95 KOs: bidirectional plasticity should be considered 

(Migaud et al., Nature, 1998)

RETROGRADE ALTERATION: Interventions that alter the spatial distribution 
of synaptic weight changes induced by a prior learning experience should 
alter the animals memory of that experience (or alter the learning).

e.g. LTP erasure: 
(1) depotentiating stimuli; (2) pharmacological

Synaptic Plasticity & Memory Hypothesis: Assessment 
criterions
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The mechanism maintaining LTP sustains spatial memory

(Pastalkova et al., Science, 2006; 
comented by Bliss et al., 2006)

The same manipulation abolishes long-term retention of 
spatial information

(Pastalkova et al., Science, 2006; comented by Bliss et al., 2006)
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Synapse saturation: would upregulation of all synapses 
make learning impossible?

– After saturation rats are not able to learn, but fine if LTP was allowed to decay 
(Castro et al., 1989), but later studies questioned this result

– In pretrained rats saturation does not affect learning in another water maze 
(Onaes et al., 1999) 

– What about synaptic scaling?

– How do we know that all synapses are saturated? (Attempts were made to 
HFS via multielectrode arrays and further induce LTP by different electrodes)

Retrograde alteration of synaptic weights. No need to 
saturate all synapses

• Induction of further LTP after learning impairs memory

(Brun et al., J neurosci., 2001)
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But will this affect memory retention or formation?

LTP depotentiation: exposure to novelty has the effect of 
erasing unconsolidated information

(Xu et al., Nature, 1998)
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• Do not go sightseeing after the lectures

Other hypothesis about synaptic plasticity

• Plasticity-pathology continuum hypothesis (McEachern&Shaw, 1996)

• Suggestion that plasticity plays a role in attention rather than memory 
processes (Shors&Matzel, 1997)

• Plasticity is important for information processing and proper function of 
the neuronal networks (e.g. Destexhe&Marder, 2004)
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Plasticity is the property of different brain areas

• Brain areas with different functions
• Different connectivity
• Different mechanisms of plasticity

Different functional consequences of redistribution of synaptic weights

(Lynch, 2004)

Warning: Some things may be proved to be wrong in 
future!
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An updated version of lectures and supporting pdfs will be available at:
www.neurobiotech.ru

and
www.neuroscience.ru

Спасибо за внимание!


