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Course plan
Day 1 (Pavlov, Chizhov)
Basic mechanisms of synaptic plasticity
– In vitro electrophysiology
– LTP and LTD overview
– Bi-directional plasticity, BCM theory
– STP
– Global plasticity, active dendrites, STDP
Day 2 (Chizhov, Pavlov, Zykin)

•Modeling plasticity in neuronal circuits
•Synaptic plasticity during development
•Homeostatic plasticity
•Plasticity of developing brain, cortical development
Day 3 (Pavlov, Zykin)

•Plasticity in interneurons
•Synaptic plasticity, learning and memory
•Modular organisation of cerebral cortex
•Plasticity in motor cortex
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Plastic changes are vital for adaptation to the constantly
changing environment
•
•
•

Developmental plasticity

•
•
•

Functional plasticity

•

Short-term: computational functions in local circuits

Plasticity in adults
Repair after injury

Morphological plasticity
Pathological changes

•

Long-term: learning and memory

•

Homeostatic: stabilization and compensation for changes (e.g. during
development or in response to neuronal disorders)

Plasticity occurs at all levels and over wide range of
timescales

•
•
•
•

Channel
Synapse
Neuron
Network

• Use-dependent
• Modulator-dependent
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Neural plasticity is studied at different levels and by a
vast variety of methods
In vitro:
-molecular biology
- biochemistry
- electrophysiology
- imaging
- morphology
In vivo:
- electrophysiology
- imaging
- genetics
- behavior
In silico:
- modeling

Synaptic plasticity is one of the ways to change
information transfer in the brain

INPUT

OUTPUT

•

How does a neuron transfer input
patterns of activity into functional
and structural changes at the
synapses?

•

What are the rules that govern
changes in synaptic efficacy?

•

What functions such fine-tuning in
neuronal connectivity may serve?
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Plasticity of circuit dynamics can arise from modifications of
synaptic strength or of intrinsic membrane properties

(Destexhe&marder, Nature, 2004)

Hippocampus is the best studied structure in the brain

Santiago Ramon y Cajal

•

Entorhinal cortex Æ DGCs
(perforant path)

•

DGCs Æ CA3 pyramidal cells
(mossy fibers)

•

CA3 Æ CA1 pyramidal cells
(Schaffer collaterals)
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Advantages of hippocampus as a model system

• Stable and easy for pharmacological manipulations
• Simple architecture and organization makes it easy to identify

presynaptic fiber tracts and place a stimulating electrode upon the defined
tract

• Afferent fibers make synaptic contacts in a very restricted part of
dendritic tree – synchroneous activation of postsynnaptic cells upon
stimulation
• The geometry is favorable for

distinguishing synaptic current ‘sinks’ and

‘sources’

• Hippocampus is critically involved in memory formation and learningassociated behavior

In vitro electrophysiology
Electrical activity
• all-or-none events (e.g. action potentials)
• gradual changes in membrane potential(e.g. postsynaptic potentials)
Intracellular recordings:
V or I between cell interior and a reference electrode in the
extracellular compartment

++
---

Extracellular recordings:

• dipole characteristics of the cellular generators
• for signal detection it is important that activities of many cells are
synchronized and dipole orientation of them are uniform

• hard to measure inhibitory potentials (current densities are low and
the dipoles are short, since inhibitory synapses are concentrated at the
cell somas)
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Field excitatory postsynaptic potential (fEPSP)
in stratum radiatum

PSFV

•

Presynaptic fiber volley reflects afferent spike activity – amplitude depend on the
number of activated fibers. Used to control the size of afferent input.

•

Summed excitatory postsynaptic potentials (EPSPs) - measure of intensity of
synaptic activity. fEPSP has a time course ~ that of transmembrane current and
reflects the amount of current flow through receptor channels

•

When stimulation intensity is sufficient to generate action potenttials in the neurons –
sharp positive deflection in the middle of fEPSP caused by the current flow out of the
dendrites towards the cell bodies

Shape of the the field responces depend on the
recording site

-

+

+

1 47 93 139 185 231 277 323
369 415 461 507 553
Popspike

•
•

positivive values – areas in which current is
leaving nerve cells (’source’ zones); max.
is found close to soma
negative values - areas in which current
enters the cells (’sink’ zones) max is found
in the stratum radiatum

Population spikes – reflect
synchronized spike activity
from many cells. Other things
beeng equal the amplitude is
linearly related to the number
of discharging cells
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Visualized patch-clamp

© A. Semyanov (from www.neuroscience.ru)

© M. Hausser (from www.physiol.ucl.ac.uk/ research/hausser_m/)

Whole-cell patch-clamp recordings

Two major configurations

• Voltage-clamp: measure
current flux across the
membrane
Current-clamp: measure
voltage change

•

Note:
• Control over the cell interior
• In the brain neurons are not
voltage clamped! So current
flux will alter the membrane
potential (V=IR)
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Long-term potentiation (LTP)

In search for the cellular mechanism of memory:
associative plasticity
Donald Hebb formulated his postulate which is still driving the field
of synaptic plasticity in 1949
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Long-Term Potentiation (LTP): lasting use-dependent
increase in the efficacy of synaptic transmission

• Saturation: can only potentiate to a maximum value
• Reversible: depotentiation

EPSP to spike (E-S) potentiation is due to interplay between synaptic
and intrinsic plasticity
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LTP = memory?

LTP properties at the CA1-Schaffer Collateral Synapse

•

Cooperativity - there is a threshold for LTP
induction i.e. certain number of presynaptic fibres
must be simultaneously activated - they must
'cooperate' to elicit LTP

•

Input specificity - only synapses
experiencing correlated activity become modified

•

Associativity - “weak” input could be
potentiated if it is active at the same time as a
“strong” convergent input
Nature Reviews Neuroscience 4; 923-926 (2003);
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LTP phases

•
•
•

Post-tetanic potentiation (PTP): minutes
Early LTP (E-LTP): 1-2 hour
Late LTP (L-LTP): more that 2-3 hours

•
•
•

Induction
Expression
Maintenance

LTP induction is blocked by NMDA receptor antagonists

APV

(from: http://www.bris.ac.uk/synaptic/research/projects/mechanisms/mechanisms.htm)
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Dual-component glutamatergic EPSC

• EPSCs recorded before and during the application of APV at the indicated
membrane potentials.

NMDARs are blocked by Mg2+ at resting membrane
potentials

•
•

Voltage-dependent
Ca2+ permeable
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Induction of NMDAR-dependent LTP: NMDAR as a
coincidence detector

Ca2+ influx is required for LTP induction

• Ca2+ is elevated in the dendrites and spines during tetanic stimulation
• LTP is blocked by chelating intracellular Ca2+ (e.g. by EGTA)

• the cell is being held at -35mV to eliminate voltage-gated Ca2+
channel activity
• in the presence of tapsigargin to deplete intracellular Ca2+ stores
• Ca2+ influx due to activation of NMDARs
(Bliss&Collingridge, Nature, 1993)
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Molecular switch hypothesis: CaMKII stays ‘on’ after it
has been activated
Ca2+

Ca2+

Ca2+ / CaM

•

CaMKII translocates close to the postsynaptic membrane

•

Phosphorylates existing AMPA receptors (increases conductance)

•

Drives the trafficking of AMPA receptors to the membrane

•

Facilitates generation of new AMPA anchoring sites (hyperslots)

CaMKII is necessary and sufficient for LTP induction

CaMKII*

No LTP before
CaMKII perfusion (S1)

Occlusion experiment

LTP induced before
CaMKII perfusion (S2)

(Lisman et al., Nat Rev Neurosci., 2002)
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Dynamic regulation of AMPA receptors in the synapse

Constitutive Recycling
•

GluR2-containing receptors

•

Endocytosis = exocytosis, constant levels of receptors

•

Does not require CaMKII

•

Requires GRIP, PICK and NSF interaction

Activity Dependent
•

GluR1-containing receptors

•

Inserted into synapses via membrane fusion during LTP

•

Requires CaMKII (e.g. by HFS)

•

Delivered by PDZ binding domain in C-terminus

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

Ca2+ influx through NMDARs causes redistribution of
postsynaptic AMPARs
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LTP in neonatal slices is PKA-dependent and does not
require CaMKII

(Yasuda et al., Nat Neurosci., 2003)

LTP involves multiple and parallel kinase cascades

At least the following are involved:
•
•
•
•
•
•
•

CaMKII
PKC
PKA
PTK
MAPK
PI3
PKMzeta

•

None seem to be absolutely obligatory
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Mechanisms of expression: pre- or postsynaptic?
Presynaptic changes

• Mode of release
• Release probability
• Number of release sites
• But how the signal is transmitted to the
presynaptic site?

Postsynaptic changes

• Receptor properties (e.g. conductance due to
phosphorylation)

• Number of receptors
• Structural changes may involve both pre- and
postsynaptic alterations, cleft width

Why so many induction protocols?

•

Pairing protocol

•
•
•
•

High-frequency stimulation (with or without GABARs blocked)
Theta-burst stimulation
Natural firing patterns
Phase-locked stimulation with regard to oscillations (e.g. theta
rhythm in hippocampus)

•

Chemical agents (e.g. TEA)

Effective paradigms differ between brain regions, cell types and depend
on the type of LTP being induced
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NMDARs are not the only Ca2+ source in the cell

• Mechanism of induction may vary depending on the stimulation technique
• LTP is not a uniform phenomenon, but rather a group of different forms of
plasticity

VDCCs and NMDARs underlie two forms of LTP in CA1
hippocampus in vivo

200 Hz HFS
a) Compound LTP
b) In the presence of MK801
c) In the presence of Verapomil
d) NMDARs and VDCCs blocked
(Morgan&Teyler, 1999, J Neurophysiol)

18

Theta-Burst stimulation (TBS): GABAB receptors in LTP
induction
• Schaffer collateral stimulation recruits feed-forward and feed-back inhibition
• GABAergic neurotransmission display use-dependent depression

TBS: 10 bursts of 4pulses @ 100Hz separated by 200ms intervals
(Collingridge, 2003)

Paring protocol exploits associative property of NMDARs

• Single cell level (!)
• Postsynaptic depolarization is paired
with presynaptic activity (e.g.
depolarization from -70 mV to 0 mV and
40 stimuli @ 2 Hz)

Control nonpaired pathway

Depolarization, no stim.

Stim., no depolarization
(Malinow&Tsein, 1990, Nature)
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Summary: Basic mechanisms of synaptic plasticity lasting changes in synaptic strength
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