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What if we cannot definitively prove 
that LTP is a memory mechanism or is vital
for other forms of experience-dependent
plasticity? I would argue that there remains an
enormous amount we can and need to learn
about the functional and structural modifica-
tion of synapses by studying LTP. What 
other synaptic modification can be elicited so
rapidly, so easily and lasts for so long? By its
very nature, LTP allows us to probe and
understand the multiple mechanisms by
which synapses in the mammalian brain can
be modified. Despite recent advances6, there
remain innumerable crucial questions about
the mechanisms of LTP, the answers to which
will provide important insights into synaptic
function. I will mention a few that I consider 
particularly important.

First, does LTP, which is triggered post-
synaptically, involve presynaptic modifications?
If so, what are the key retrograde messengers
and how do they work? The controversy over
whether LTP is primarily due to pre- or post-
synaptic modifications lasted for a decade and
monopolized the efforts of many investigators.
However, most investigators (with a few
notable exceptions) now accept that the regu-
lation of AMPA (α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid)-receptor
trafficking and function is an important and
probably predominant component of LTP
expression5,6. However, there continue to be
results that indicate that LTP can also involve
some rapid modulation of presynaptic 
function7,8. If this is the case, unequivocal 
identification of the requisite retrograde 
messengers will provide important insights
into retrograde communication at synapses
during development and various forms of
experience-dependent plasticity.

Second,what are the intracellular signalling
cascades that trigger LTP? As anybody who 
follows the LTP field knows, the literature on
this topic is extensive and confusing2.Think of
a kinase or a receptor;you can probably find a
paper presenting evidence that it is ‘involved’in
LTP. In my view,however,we know amazingly
little about this topic except that Ca2+/calmod-
ulin-dependent protein kinase II (CaMKII) 
is crucial6,9. Much of the work in this area is
limited because investigators have not per-
formed the experiments that are necessary to
determine whether their favourite enzyme,
receptor or growth factor is a key mediator of
LTP (that is, whether it is a requisite compo-
nent of the pathway leading from NMDA
receptor activation to the expression of LTP)
rather than simply a modulator of LTP (that is,
whether it somehow modifies the proteins or
processes that are involved in the induction
and/or expression of LTP). There are many

postsynaptic receptors are saturated by 
neurotransmitter, the detailed molecular
properties of receptors and their trafficking,
and the molecular properties of dendritic
spines and the postsynaptic density. It is
unlikely that we would have learned so much
so rapidly if it had not been for the motiva-
tion that, by studying the detailed biophysical
and molecular mechanisms of excitatory
synaptic transmission, we were also probing
the mechanisms that underlie LTP and
thereby perhaps probing memory itself. In
fact, it is quite difficult to find a paper on basic
synaptic properties from the last 10–15 years
that somewhere in its introduction or discus-
sion does not mention synaptic plasticity and
LTP. Furthermore, new fields such as the
study of the trafficking of glutamate receptors
and other proteins to and away from
synapses, developed in large part because of
findings that were originally generated by the
study of LTP5.

The future
What about the future? Is it worthwhile to 
continue to expend great efforts to elucidate
the detailed cellular and molecular mecha-
nisms of LTP, and should the neuroscience
community pay attention to the results?
Virtually all scientists would agree that if LTP
turns out to be a key mechanism underlying
memory and other forms of experience-
dependent plasticity, understanding its
detailed mechanisms is a high priority. A
comprehensive understanding will open the
doors to molecular and pharmacological
manipulations of brain plasticity in animals
and humans, the power of which we can only
begin to imagine.

synaptic phenomena that has more attractive
features than those of LTP in terms of their
usefulness as a memory mechanism (or more
generally as a mechanism for any type 
of experience-dependent plasticity). The
importance of this lack of alternative 
cellular/synaptic plasticity phenomena in
maintaining interest in LTP cannot be overes-
timated. This statement should not be taken
to include long-term depression (LTD),
which allows activity to exert bi-directional
control over synaptic strength, and so com-
bined with LTP empowers neural circuits
with much greater flexibility and power 
than LTP alone3. Furthermore, long-lasting,
activity-dependent changes in a cells’intrinsic
electrical properties might constitute another
attractive mechanism for mediating various
forms of in vivoplasticity4.

Readers must judge for themselves
whether the great attention that has been paid
to LTP has been warranted. There is no doubt
that the great interest in probing its core
mechanisms — most notably whether
NMDA receptor-dependent LTP in the CA1
region of the hippocampus is primarily due
to pre- or postsynaptic modifications —
forced neurobiologists to think more 
seriously about the detailed mechanisms 
of synaptic transmission itself in the mam-
malian brain. As a direct consequence of the
questions raised by the study of LTP, investi-
gators began thinking about and exploring
more rigorously many fundamental problems
such as the detailed nature of the mechanisms
that regulate the quantal release of neuro-
transmitter, the time course of transmitter
diffusion in the synaptic cleft and whether it
can spill over to adjacent synapses, whether
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Figure 1| Number of long-term potentiation (LTP) publications since 1976.
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many molecules that merely modulate LTP,
but that are not ‘core’ components, could 
pass this test. For example, as the induction of
LTP requires depolarization to open NMDA
(N-methyl-D-aspartate) channels, a drug that
enhanced inhibition could block LTP. They
argue that better tests might screen out such
modulatory processes and reveal a small set of
molecules that mediate core LTP processes.

I agree on the need for better tests to
implicate a given molecule, and there are 
specific ones to propose. In whole-cell record-
ings, LTP can be induced while depolarization
is imposed by voltage clamp. Such a proce-
dure screens out proteins that influence LTP
by affecting inhibition.A powerful, but more
difficult test would be to ask if mutations or
drugs could interfere with LTP that is induced
by directly elevating postsynaptic Ca2+ using
uncaging methods2.

However,on the larger question of whether
LTP is mediated by a small set of core reactions,
I suspect that the answer will be no. In the past
it seemed as though the core reactions might
be small in number and simple to describe:
NMDA receptor-mediated Ca2+ entry activates
Ca2+/calmodulin-dependent protein kinase II
(CaMKII), which then potentiates trans-
mission by phosphorylating the AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid) type of glutamate receptors.
This simple model has now been abandoned
for several reasons. First, eliminating the

On the thirtieth birthday of long-term
potentiation (LTP), it is appropriate to step
back from the fray, evaluate what has been
learned and look to the future. Two of us
(J.W.L. and J.R.S.) published such an
evaluation a few years ago in the hope that
the ignorance conferred to us by our status
as outsiders to the field might be offset, at
least in part, by a freshness of perspective.
The responses to that article have been
numerous and fascinating, with experts and
non-experts raising points in private that
would benefit from open discussion. Here,
joined by an LTP ‘insider’ (J.L.), we initiate
such a discussion, restating, clarifying and
debating some of the points that were
raised in the original article.

Why so many molecules?
Lisman. Lichtman and Sanes1 listed a hundred
molecules that had been implicated in LTP
and argued that one of several reasons for 
the length of the list was the inadequacy of
standards for implicating such molecules.
In considering this critique, it is useful to 
outline how molecules get implicated in the
first place. Most studies have used genetic 
or pharmacological methods to alter the con-
centration or function of a protein. If this
approach produces a change in the amplitude
or time course of LTP, the molecule is said to
be implicated. Lichtman and Sanes suggest
that the threshold of this test is too low;

(as well as the consequent morphological
changes) is something that neural circuits
probably use to encode new experiences. So,
an obvious important area of future research
is to compare and contrast the mechanisms 
of LTP and other forms of synaptic plasticity
at excitatory synapses in brain areas other
than the hippocampus. The information 
garnered from such mechanistically driven
experiments can then be used to probe the
functional roles of neural circuit modifica-
tions in multiple brain regions, and might
prove vital for our understanding of the 
etiology and treatment of many brain disor-
ders. The long-term potential of LTP is just
beginning to be realized, and it will hopefully
continue to be explored and exploited.
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Tim Bliss, Per Andersen and Terje Lømo at The Royal Society in London last May during the meeting “Long-term potentiation: enhancing
neuroscience for 30 years”. Bliss and Lømo discovered LTP while working in Andersen’s laboratory in Oslo. Photo courtesy of J. Lisman.
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basis of memory, and others are associated
with the sociology of science itself. First, as
some of the basic properties of LTP were elu-
cidated (please note that I am referring to
NMDA (N-methyl-D-aspartate) receptor-
dependent LTP in the hippocampus; see 
BOX 1), they were found to fit well with one of
the most influential hypotheses in modern
neuroscience, Hebb’s postulate1. Hebb 
predicted that learning and memory would
involve synaptic strengthening elicited by the
coordinated firing of pre- and postsynaptic
cells. Indeed, beginning with Ramón y Cajal,
prominent neuroscientists have repeatedly
suggested that synaptic modifications must
have a role in learning and memory. Second,
LTP was first observed and continues to be
most easily studied in the hippocampus, a
brain region known from observations of
lesioned animals and humans to be crucially
involved in important forms of learning and
memory. Third, neural network models
pointed out that so-called Hebbian mecha-
nisms, which are routinely equated with LTP,
could indeed subserve the function of
long-term information storage.Fourth,LTP is
reliably elicited and studied in brain slice
preparations in vitro. The importance of
this technical advance in moving LTP to 
the forefront of brain research cannot be 
overestimated.Using slices, investigators could
perform all sorts of mechanistically motivated
experiments that could not be readily per-
formed in vivo. Furthermore, the relative ease
and simplicity of recording extracellular
synaptic responses from hippocampal slices
made it possible for even the most inexperi-
enced investigator to examine the effects 
of various straightforward manipulations

(such as the application of drugs or knocking
out genes) on LTP. If not for the advent of
the slice preparation,our understanding of the
mechanisms of LTP would be woefully lacking,
and the attention it has received would 
certainly be substantially less.The standardiza-
tion of the slice preparation helps to explain
why LTP research began to take off in the 
mid-to-late 1980s.The relative ease of the slice
preparation has also led to a plethora of
confusing results in the literature2, many 
of which either have not been pursued or have
proved to be irreproducible.

A fifth reason for the LTP juggernaut was
that, beginning in the late 1980s, prominent
neuroscientists, who had already made their
names in related fields, were attracted to the
phenomenon and began generating data 
and papers. This helped to convince leading
journals that LTP was a topic of great interest,
and this in turn provided further impetus for
more laboratories to begin studying it. It did
not hurt that, for many years, there were often
important disagreements about fundamental
issues between prominent labs. Controversy,
although often painful for the investigators
involved, frequently helps to keep a topic in the
limelight.Sixth, as investigators branched out
from the hippocampus, it became apparent
that LTP is not restricted to the hippocampus,
but is an almost ubiquitous property of exci-
tatory synapses throughout the brain. Indeed,
it is difficult to find an excitatory pathway that
does not express one or more forms of LTP.
These observations stimulated even more
interest because now LTP could be postulated
to participate in multiple brain functions that
involve multiple regions. Seventh, the advent
of mouse mutants in the 1990s allowed
behaviour to be correlated with synaptic func-
tion and, in general (but with some notable
exceptions), supported the idea that LTP was
important for learning and memory.

A final reason for the maintained interest
in LTP is that despite griping by some investi-
gators (which those in the field usually
attribute to envy), there is no other game 
in town. Nobody has yet found a cellular or

Long-term potentiation has captured the
attention of neuroscientists for over two
decades. It has provided motivation to
investigate the detailed mechanisms of
synaptic transmission and remains a prime
candidate for mediating circuit modifications
during development and experience-
dependent plasticity. However, much
remains to be learned about this fascinating
phenomenon, which will certainly continue
to entice neuroscientists throughout the
twenty-first century.

It’s hard to believe it, but long-term potentia-
tion (LTP) is 30 years old; an age at which
physicians and biomedical researchers are 
in the last stages of their training and pro-
fessional athletes are at their peak. Similarly, is
LTP reaching its full adult maturity, or has 
it aged gracefully but must now consider
retiring so that other topics can get their fair
share of the spotlight? Although it might
seem that LTP has had the attention of the
neuroscience community forever, it really 
has been only over the last 15 years or so 
that journals seem always to be full of papers
dealing with LTP. This fact is amply illustrated
by the results of a simple PubMed search
using the term ‘LTP or long-term potentia-
tion’(FIG. 1). Beginning in the late 1980s and
continuing into the 1990s, there was a large
increase in the publication of papers related
to LTP, an increase that has been maintained
into the twenty-first century.

The past
There are several reasons for the maintained
interest in LTP;some of them are rooted in the
history of thinking about the neurobiological
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Memory and Synaptic Plasticity

Memories are stored as alterations in the strength of synaptic connections 
between neurons in the CNS.

What is the Synaptic plasticity?

- The capacity for alterations of synaptic connections between neurons.

In neuroscience, synaptic plasticity is the ability 
of synapses to strengthen or weaken over time, in 
response to increases or decreases in their activity. 
Plastic change also results from the alteration of the 
number of neurotransmitter receptors located on a 
synapse.



Hebb’s Postulate

When an axon of cell A is near enough to excite cell B or 
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.

What is the Hebb synapse?

Hebb synapses are modifiable synaptic connections that 
increase their efficacy when the presynaptic and 

postsynaptic neurons are coactive. 



Memory and Synaptic Plasticity

Memories are stored as alterations in the strength of synaptic connections 
between neurons in the CNS.

Synaptic plasticity

- The capacity for alterations of synaptic connections between neurons.

Long-Term Potentiation (LTP)

- The specific form of synaptic plasticity.

- The leading candidate as a mechanism subserving behavior-modifying 
changes in synaptic strength that mediate learning and memory in mammals.



Synaptic Plasticity and LTP

Bliss and Lomo’s first published LTP experiment.

Perforant path.
Recording synaptic responses in the dentate gyrus
Stimulating the entorhinal cortex



Structures of Medial Temporal Lobe

Perforant pathway

Mossy fibers

Schaffer collaterals

What’re the three pathways in hippocampus?



Synaptic Plasticity and LTP

Bliss and Lomo’s first published LTP experiment.

Perforant path.
Recording synaptic responses in the dentate gyrus
Stimulating the entorhinal cortex
Extracellular stimulating and recording.

Tetanic stimulation (100Hz, 1 second)à LTP



Various types of LTPs

Mossy fibers
Perforant
pathway

Schaffer collaterals



Synaptic Plasticity and LTP

Stimulating
Electrode

Recording
Electrode

Which pathway did the researcher stimulate?



The Hippocampal Circuit – Layer details

How many LTP can you test in principle?



Recording Configuration and Typical Physiologic Responses

Stimulating 
Schaffer Collaterals

in Area CA3

Recording in
Stratum Pyramidale

in Area CA1

Recording in 
Stratum Radiatum

in Area CA1

Stimulus Artifact

Fiber Volley

EPSP

An indication of the pre-synaptic action potential arriving at the recording site

Excitatory post-synaptic potential, Synaptic activation in the CA1 pyramidal neurons



Recording Configuration and Typical Physiologic 
Responses

The initial slope of EPSP or Absolute peak amplitude

The initial slope is less subject to contamination from noises



Baseline Synaptic Transmission
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WHAT’S THE SHORT-TERM PLASTICITY?



Short-Term Plasticity: PPF and PTP
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Long-Term Potentiation
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MOLECULAR MECHANISMS
NMDA receptor



Structure of NMDA receptor

The N-methyl-D-aspartate receptor (also known as the NMDA 
receptor or NMDAR), is a glutamate receptor and ion 
channel protein found in nerve cells. It is activated 
when glutamate and glycine (or D-serine) bind to it, and when 
activated it allows positively charged ions to flow through 
the cell membrane.

What’s the most 
important in the 
structure for 
synaptic plasticity?
& Why?



How can you test the effect of NMDAR in LTP?



NMDA Receptor-Dependence of LTP
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NMDA Receptor-Dependence of LTP

LTP induced by Theta-Frequency Stimulation (TFS)

30 seconds of single stimuli delivered at 5Hz

NMDA receptor dependent

Is there any reason why the TFS was used?



NMDA Receptor-Dependence of LTP

LTP induced by Theta-Frequency Stimulation (TFS)

30 seconds of single stimuli delivered at 5Hz

NMDA receptor dependent

The "hippocampal theta rhythm" is a strong oscillation that can be 
observed in the hippocampus and other brain structures in 
numerous species of mammals including rodents, rabbits, dogs, 
cats, bats, and marsupials.

Hippocampal theta waves, with a 
frequency range of 4–7 Hz (human)

Is there any reason why the TFS was used?



NMDA Receptor-Dependence of LTP
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1. LTP induced by Theta-Burst Stimulation (TBS)

NMDA receptor dependent



NMDA Receptor-Dependence of LTP
2. Pairing Long-Term Potentiation

paired

unpaired

CA1 pyramidal neuron
: depolarized from -70 mv to 0 mV

The paired input
: stimulated at 2 Hz 40 times

The control input
: no stimulation



NMDA Receptor and Pairing LTP
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open

Elevated intracellular calcium 
in the post-synaptic neuron

Various calcium-
dependent processes

LTP induction

How is this depol. possible in vivo?



Synaptically Controlled Associated Signals
Back Propagating Action Potentials
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Synaptically Controlled Associated Signals
The role of back propagating dendritic action potentials in the induction of LTP

NMDA receptor dependent

When does the LTP or LTD occur?



NMDA Receptor-Independent LTP

200 Hz LTP
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Schaffer collateral synapses

four 0.5 second 200Hz stimuli 
separated by 5 seconds

Current model

Insensitive to NMDA receptor selective antagonist such as APV

Blocked by blockers of voltage-sensitive calcium channels

: 200 Hz stimulation elicits sufficiently large and prolonged 
membrane depolarization, resulting in the opening of voltage-
dependent calcium channels, to trigger elevation of post-synaptic calcium 
sufficient to trigger LTP.



NMDA Receptor-Independent LTP
Tetra-Ethyl Ammonium (TEA) LTP

TEA: a non-specific potassium channel blocker
Increases membrane excitability

Insensitive to NMDA receptor antagonists

Blocked by blockade of voltage-sensitive calcium channels

Current model

: Synaptic depolarization due to K+ channel blockade leads to 
the triggering of LTP through post-synaptic calcium influx.



NMDA Receptor-Independent LTP
Mossy Fiber LTP

Pre-synaptic specialization



A Role for Calcium Influx in LTP

Injection of calcium chelators post-synaptically blocks the induction of LTP.

Inhibitors of a variety of calcium-activated enzymes block LTP induction.

è Block

Fluorescent imaging experiments using calcium-sensitive indicators
: post-synaptic calcium is elevated with LTP-inducing stimulation.

è Measure

Elevating post-synaptic calcium is sufficient to cause synaptic potentiation. 

è Mimic



Pre- versus Post-Synaptic Mechanisms

Glu
Membrane Properties

Release

Binding

Increase of EPSP

Pre-synaptic mechanism: Increase in neurotransmitter release

Post-synaptic mechanism: Change in glutamate receptor responsiveness
or



Pre- versus Post-Synaptic Mechanisms

Glu

Reuptake

Retrograde Signal

Presynaptic = Altered
•Neurotransmitter amount in vesicles
•Number of vesicles released
•Kinetics of release
•Glutamate reuptake
•Probability of vesicle fusion

Postsynaptic = Altered
•Number of AMPA receptors
•Insertion of AMPA receptors
•Ion flow through AMPA channels
•Membrane electrical properties

Additional possibilities include changes in number of total synaptic connections 
between two cells

Membrane Properties

Release

Binding



Silent Synapses
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NMDA Receptor

Vesicle
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Retrograde signaling

SignalSignal

Diffusible Messengers (i.e. NO, 
O2

-, AA)

Physical Coupling
(i.e. Integrins)



Pre- versus Post-Synaptic Mechanisms

Glu

Reuptake

Retrograde Signal

Presynaptic = Altered
•Neurotransmitter amount in vesicles
•Number of vesicles released
•Kinetics of release
•Glutamate reuptake
•Probability of vesicle fusion

Postsynaptic = Altered
•Number of AMPA receptors
•Insertion of AMPA receptors
•Ion flow through AMPA channels
•Membrane electrical properties

Additional possibilities include changes in number of total synaptic connections 
between two cells

Membrane Properties

Release

Binding

Changes occur in both the pre-synaptic and post-synaptic compartments. 



LTP induction
& expression



COMPONENTS OF LTP



Stimulating 
Schaffer Collaterals

in Area CA3

Recording in
Stratum Pyramidale

in Area CA1

Recording in 
Stratum Radiatum

in Area CA1

Population spike

Pre-tetanus

Post-tetanus

Increased Action Potential Component of LTP
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Two Components of LTP



EPSP-spike (E-S) Potentiation

What is the mechanism for this long-term increase in the likelihood of firing an action potential?

è Changes in post-synaptic neuron

Long-term down-regulation of dendritic potassium channel function

Persistent increase in cellular excitability

Increase of action potential firing



EPSP-spike (E-S) Potentiation

GABAergic Neuron

CA1 Axon

Schaffer Collaterals

Cl-

GABA

Diminished Cl- channel 
function produces 

increased excitability

-

+

GABAergic interneurons in area CA1

Use the inhibitory neurotransmitter GABA
Inhibit firing of CA1 pyramidal neurons

What is the mechanism for this long-term increase in the likelihood of firing an action potential?

LTD

LTP



Three mechanisms of LTP

Induction

The transient events serving to trigger the formation of LTP

Maintenance & Expression

and this persisting biochemical signal acts on an effector (e.g. AMPA receptor), 
resulting in the expression of LTP.

LTP is maintained by the persisting biochemical signal that lasts in the cell, 



Three mechanisms of LTP

INDUCTION  BLOCKED

EXPRESSION BLOCKED

MAINTENANCE BLOCKED

PERIOD OF DRUG TREATMENT

time

tetanus

EPSP

LTP



Three phases of LTP
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Time (minutes)

Immediate LTP (I-LTP)

Early LTP (E-LTP)

Late LTP (L-LTP)

Subserved by persistently activated 
protein kinases

Starts at 30 min and is over by 
about 2-3 hours.

The first stage of LTP

Many hours or more

Dependent on changes of 
gene expression

Lasts about 30 min



Three phases of LTP

I-LTP maintenance Expression

E-LTP maintenance

L-LTP maintenance

Expression

Expression

Induction

Induction

Induction



Modulation of LTP Induction

Stimulating
Electrode

Recording
Electrode

Denervated preparation

Modulatory inputs of the neurotransmitters dopamine (DA), norepinephrine (NE), 
serotonin (5HT), and acetylcholine (Ach) in the intact animal.

Partial reconstitution: 
Applying the 
neurotransmitter to the 
slice preparation

Loss of modulatory inputs



Modulation of LTP Induction

Iso: Isoproterenol

Beta-adrenergic agonist

Modulation of back-propagating AP

Carbachol: Acetylcholine receptor agonist 

6-Cl-PB: dopamine receptor agonist



Saturating LTP blocks Memory Formation

A B

LTP stimulation before learning

Residual LTP

Perforant pathway

What’s the logic in these experiments?



Depotentiation and Long-Term Depression

A synapse involved in permanent memory storage

A synapse in the area that are not sites of permanent memory storage, 
but whose plasticity is part of the active processing in forming new long-
term memories. 

- Immutable change in synaptic strength

- The potentiation must be reversible.

Depotentiation: activity-dependent reversal of LTP

Long-term depression (LTD): long-lasting decrease of synaptic strength below baseline



Depotentiation and Long-Term Depression

Long-Term Depression Depotentiation



LTP and Learning and Memory

Involvement of LTP in spatial learning and memory consolidation?

LTP ≠ Memory

One of essential processes contributing to memory formation



LTP and Hippocampal-dependent Memory
Saline DL–AP5 L–AP5
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LTP and Hippocampal-dependent Memory
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LTP in multimodal information processing

Input 1

Input 2

Input 3

At start:  
1can fire AP
or Input 2 together
with Input 3 
can fire AP

Paired activity:
1+2→ LTP @ 2
1+3→ LTP @ 3

Input 1

Input 2

Input 3

•2 alone and 3 alone 
can now fire an AP.
•Therefore now 2 alone or 

3 alone can 
reconstitute 1 or 2 + 3

A: Example 1

B: Example 2

Input 1(strong)

Input 2 (Ach)

Input 3 (weak)

bpAP

Input 1(strong)

Input 2 (Ach)

Input 3
(potentiated)

bpAP

•Input 1 fires AP
•Input 2 gates bpAP 
into distal dendrites

•Input 3 potentiated

Now input 3 sufficient to 
trigger AP and give a readout 
equivalent to input 1



Timing-dependent Information Storage 
in the Hippocampus

Trace fear conditioning

Delayed match-to-place task

Cue Delay Response

(Sample) (Test)

NMDA receptor activation is necessary for both.
è LTP is involved in timing-dependent information storage.



LTP and Memory Consolidation

Incoming
information

Sensory processing
Attention

Short-term
memory

Long-term
memory

Consolidation

Retrieval

Retrieval

Behaviors

Protein synthesis

mRNA synthesis

Blocking LTP-related molecular processes in the hippocampus

(e.g. infusion of NMDA receptor blocker)

è Disruption of memory consolidation

LTP is participating in the consolidation of hippocampus-dependent memory formation.
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Multiple strands of evidence suggest an 
important role for the hippocampus in 
episodic memory in animals and humans. 
Most notable among human patients has 
been H.M., who as a young man suffered 
from intractable epilepsy and underwent 
experimental surgery involving bilateral 
removal of the medial temporal lobe, 
including large parts of both hippocampi. 
The procedure left H.M. with an inability to 
form new episodic memories (anterograde 
amnesia), coupled with a substantial, but 
not total, loss of old memories (retrograde 
amnesia)1. Other cases since H.M. have 

confirmed that the hippocampus is essential 
for the formation of new episodic memo-
ries and might also have a role in their 
long-term storage. Animal studies reveal 
that controlled lesions, pharmacologi-
cal inactivation or molecular knockouts 
limited to the hippocampus result in either 
a failure to learn or a loss of spatial mem-
ory2–5. Electrophysiological recordings6 and 
molecular imaging studies in animals7,8, as 
well as MRI imaging studies in humans9–11, 
provide correlative evidence that episodic or 
episodic-like learning and memory involves 
hippocampal activity.

O P I N I O N

Synaptic plasticity, memory and 
the hippocampus: a neural network 
approach to causality
Guilherme Neves, Sam F. Cooke* and Tim V. P. Bliss

Abstract | Two facts about the hippocampus have been common currency among 
neuroscientists for several decades. First, lesions of the hippocampus in humans 
prevent the acquisition of new episodic memories; second, activity-dependent 
synaptic plasticity is a prominent feature of hippocampal synapses. Given this 
background, the hypothesis that hippocampus-dependent memory is mediated, 
at least in part, by hippocampal synaptic plasticity has seemed as cogent in theory 
as it has been difficult to prove in practice. Here we argue that the recent 
development of transgenic molecular devices will encourage a shift from 
mechanistic investigations of synaptic plasticity in single neurons towards an 
analysis of how networks of neurons encode and represent memory, and we 
suggest ways in which this might be achieved. In the process, the hypothesis that 
synaptic plasticity is necessary and sufficient for information storage in the brain 
may finally be validated.
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Multiple strands of evidence suggest an 
important role for the hippocampus in 
episodic memory in animals and humans. 
Most notable among human patients has 
been H.M., who as a young man suffered 
from intractable epilepsy and underwent 
experimental surgery involving bilateral 
removal of the medial temporal lobe, 
including large parts of both hippocampi. 
The procedure left H.M. with an inability to 
form new episodic memories (anterograde 
amnesia), coupled with a substantial, but 
not total, loss of old memories (retrograde 
amnesia)1. Other cases since H.M. have 

confirmed that the hippocampus is essential 
for the formation of new episodic memo-
ries and might also have a role in their 
long-term storage. Animal studies reveal 
that controlled lesions, pharmacologi-
cal inactivation or molecular knockouts 
limited to the hippocampus result in either 
a failure to learn or a loss of spatial mem-
ory2–5. Electrophysiological recordings6 and 
molecular imaging studies in animals7,8, as 
well as MRI imaging studies in humans9–11, 
provide correlative evidence that episodic or 
episodic-like learning and memory involves 
hippocampal activity.

O P I N I O N

Synaptic plasticity, memory and 
the hippocampus: a neural network 
approach to causality
Guilherme Neves, Sam F. Cooke* and Tim V. P. Bliss

Abstract | Two facts about the hippocampus have been common currency among 
neuroscientists for several decades. First, lesions of the hippocampus in humans 
prevent the acquisition of new episodic memories; second, activity-dependent 
synaptic plasticity is a prominent feature of hippocampal synapses. Given this 
background, the hypothesis that hippocampus-dependent memory is mediated, 
at least in part, by hippocampal synaptic plasticity has seemed as cogent in theory 
as it has been difficult to prove in practice. Here we argue that the recent 
development of transgenic molecular devices will encourage a shift from 
mechanistic investigations of synaptic plasticity in single neurons towards an 
analysis of how networks of neurons encode and represent memory, and we 
suggest ways in which this might be achieved. In the process, the hypothesis that 
synaptic plasticity is necessary and sufficient for information storage in the brain 
may finally be validated.
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ries and might also have a role in their 
long-term storage. Animal studies reveal 
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cal inactivation or molecular knockouts 
limited to the hippocampus result in either 
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background, the hypothesis that hippocampus-dependent memory is mediated, 
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as it has been difficult to prove in practice. Here we argue that the recent 
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A Million Dollar Question: Minireview
Does LTP 5 Memory?

the person will flinch at the tone alone (without the
shock) and will not like it. The rat, in response to the
tone alone, will freeze in place and will exhibit various

Charles F. Stevens
Howard Hughes Medical Institute
Molecular Neurobiology Laboratory

autonomic responses, such as a change in heart rate.The Salk Institute
This attaching “fear” to the previously neutral stimulusLa Jolla, California 92037
and remembering it is what the amygdala does.
The auditory thalamus sends information about sounds

directly to the amygdala (other thalamic nuclei also pro-Here’s a million dollars. You have to bet it on whether ject directly), and cortical areas, especially the hippo-the following statement will finally turn out to be true campus, inform the amygdala about theanimal’s current
or false: “Long-term potentiation (LTP) and long-term situation. A neutral stimulus like a tone would, before
depression (LTD) are cellular mechanisms underlying fear conditioning, normallyprovoke onlyweak discharge
some forms of memory.” in the amygdala, but after the animal learns to fear the
I have been taking an opinion poll of neuroscientists tone, its presentation will cause a much larger neuronal

at Learning and Memory meetings for the past half- response. The hypothesis is, then, that the normally weak
dozen years, to see if they think LTP and LTD form auditory synapses in the amygdala become strength-
a basis for memory, and have used a two-alternative, ened by LTP during the training that attaches “fear” to
forced-choice design like the question above. Two inter- the tone. The memory of the tone as a fear-producing
esting facts have emerged. First, 5 or 6 years ago, less stimulus resides, according to this hypothesis, in the
than half of those polled used to bet on “true,” but strength of the synapses from the auditory thalamus.
now about 60% go for “true.” Second, most people are How could this idea be tested? It should be that (1)
profoundly reluctant to bet (which is why you have to blocking LTP prevents fear learning; (2) the sensory
give only two alternatives and force a choice)—a reflec- pathways from the thalamusand cortex to the amygdala
tion, I believe, of the general belief that we are still not are capable of LTP; (3) auditory fear conditioning in-
very close to really knowing the answer. A few are pas- creases the amygdala’s postsynaptic response to the

tone, and these increases are prevented by blockingsionately on one side or the other.
LTP pharmacologically or in another way; and (4) induc-Theworkon the cellular basis formemory has focused
ing LTP in the thalamoamygdaloid pathway attachesalmost exclusively on hippocampal LTP/LTD, and the
“fear” to appropriate sensory stimuli. Briefly, experi-belief that these forms of synaptic plasticity are a sub-
ments 1 (Miserendino, et al., 1990; Fanselow and Kim,strate for memory comes from studies that relate hippo-
1994) and 2 (Clugnet and LeDoux, 1990; Maren andcampal function to rodent (and human) spatial memory.
Fanselow, 1995; Rogan and LeDoux, 1995) have beenMost of the evidence on this issue boils down to the
published, most of experiment 3 has just been doneobservation that blocking LTP/LTD also interferes with
(McKernan and Shinnock-Gallagher, 1997; Rogan et al.,the learning of spatial tasks. But some experiments do
1997), and experiment 4 is still waiting in the wings.not fit nicely with this “memory 5 LTP/LTD” idea (e.g.,
The results of experiment 2 have some interestingsee review by Goda and Stevens, 1996), and a clear way

facets. LTP can be evoked by tetanic stimulation, asof deciding if the LTP/memory equation is correct has
usual, but the actual experimental observations are anot yet been devised. A big part of the problem is that
little better than that. If LTP is induced in the pathwaywe really do not know what the hippocampus is good carrying auditory information to the amygdala, the syn-for (“know” in the same sense that we can describe the aptic responses to tones are also increased; that is,function of, say, V1), and so even deciding the require- strengthening the synapses with experimentally pro-ments for a good experiment is currently next to impos- duced LTP also increases the response to a naturalsible (see Barnes, 1995). stimulus (Rogan and LeDoux, 1995). This is somethingSalvation may come from the amygdala. This brain one could hope for but might not expect to see instructure gets quite direct sensory input, a lot is known practice.about its anatomy, and it has been shown to be involved The third experiment—fear conditioning increases

in fear learning. The current hypothesis is that LTP is synaptic transmission like LTP does—has just been car-
thememorymechanism for fear learning in theamygdala ried out in two ways: in vitro and in vivo. McKernan and
(Davis, 1994). The goal here is to explain this hypothesis Shinnick-Gallagher (1997) taught rats to fear a tone and
and update the state of research relating to it. then tested the strength of the synaptic connections
The fear learning we are talking about is described from auditory thalamus to amygdala using whole-cell

as follows: present a rat (or a person) with a neutral recording in slices and electrical stimulation of the path-
stimulus like a tone and at the same time shock the rat’s ways from medial geniculate and lateral amygdala. They
foot (or the person’s hand). The tone is called, in the used two control groups, one that consisted of naive
traditional psychological jargon, the conditioned stimu- rats and one that experienced the same number of foot-
lus (CS), and the footshock is called the unconditioned shocks and tone presentations as the experimental
stimulus (US). After a few stimulus presentations in group, but these were given separately in a random
which the tone and footshock are presented at the same way so that the rat would not associate the tone with
time (are “paired”), response to the tone takes on some footshock. Synaptic strength was assessed by re-

cording monosynaptic excitatory postsynaptic currentsof thebehavioral characteristics of response to footshock:

(14): a helical-shaped LEV starting at the inner
wing, increasing in size along the wingspan, and
finally connecting to the tip vortex (9, 27); a
cylindrical-shaped LEV that expands across the
thorax and is connected to the two tip vortices
(6, 14); and a LEV that is connected to a small
root vortex and a large tip vortex (5). The vortex
system proposed here (Fig. 4) is most similar to
the latter case.

The sharp leading edge of the bat wing
probably facilitates the generation of the LEV
(21), whereas the ability to actively change the
wing shape and camber (32) could contribute to
the control and stability of the LEV.

LEVs have now been observed in active
unrestricted bat flight, with a strength that is
important to the overall aerodynamics. Unsteady
aerodynamic mechanisms for enhanced lift are
therefore not unique to insect flight, and larger
animals adapted for slow and hovering flight, such
as these nectar-feeding bats, can (and perhaps
must) use LEVs to enhance flight performance.
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Synaptic Protein Degradation
Underlies Destabilization of Retrieved
Fear Memory
Sue-Hyun Lee, Jun-Hyeok Choi, Nuribalhae Lee, Hye-Ryeon Lee, Jae-Ick Kim, Nam-Kyung Yu,
Sun-Lim Choi, Seung-Hee Lee, Hyoung Kim, Bong-Kiun Kaang*

Reactivated memory undergoes a rebuilding process that depends on de novo protein synthesis. This
suggests that retrieval is dynamic and serves to incorporate new information into preexisting memories.
However, little is known about whether or not protein degradation is involved in the reorganization
of retrieved memory. We found that postsynaptic proteins were degraded in the hippocampus by
polyubiquitination after retrieval of contextual fear memory. Moreover, the infusion of proteasome
inhibitor into the CA1 region immediately after retrieval prevented anisomycin-induced memory
impairment, as well as the extinction of fear memory. This suggests that ubiquitin- and proteasome-
dependent protein degradation underlies destabilization processes after fear memory retrieval. It also
provides strong evidence for the existence of reorganization processes whereby preexisting memory is
disrupted by protein degradation, and updated memory is reconsolidated by protein synthesis.

Memory retrieval is a process of recalling
a previously stored memory. Recently,
memory retrieval has attracted much

attention because it has been found that inhibition
of protein synthesis before or immediately after
memory retrieval impairs the previously consol-
idated memory (1–4). Retrieval of a consolidated
memory thus returns the memory storage site to
a labile state, after which new protein synthesis

is required for stabilizing or reconsolidating the
memory (1–9). This suggests that the retrieval of
the consolidated memory is a dynamic and active
process in which remodeling or reorganization of
the already-formed memories occurs to incorpo-
rate new information (2, 3, 6).

Although it has attracted less attention than
the gene transcription and protein synthesis mod-
el for long-lasting synaptic changes and memory

stabilization, protein degradation is also critical
for long-term memory (10–16). A major cellular
mechanism controlling protein turnover is the
ubiquitin and proteasome system, in which poly-
ubiquitinated proteins are degraded by the multi-
subunit proteasome complex (11, 17). A subunit
of the 26S proteasome, S5a, which selectively
binds to polyubiquitinated proteins, plays a crit-
ical role in protein degradation (18, 19).

If retrieval stimuli trigger new protein syn-
thesis for the remodeling of consolidated mem-
ory, protein degradation via the ubiquitin and
proteasome system might be necessary because
remodeling of synapses, which encode the mem-
ory, would be mediated by removal of existing
proteins and by incorporation of new proteins
(11). However, little is known about the protein
degradation mechanism during the reorganization
process after memory retrieval in vivo. We there-
fore investigated the involvement of the ubiquitin
and proteasome system and the roles of protein
degradation during the destabilization and restabi-
lization process after fear memory retrieval.

We first performed a total protein poly-
ubiquitination assay after fear memory retrieval
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Sciences, Seoul National University, San 56-1 Silim-dong,
Gwanak-gu, Seoul 151-747, Korea.
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(14): a helical-shaped LEV starting at the inner
wing, increasing in size along the wingspan, and
finally connecting to the tip vortex (9, 27); a
cylindrical-shaped LEV that expands across the
thorax and is connected to the two tip vortices
(6, 14); and a LEV that is connected to a small
root vortex and a large tip vortex (5). The vortex
system proposed here (Fig. 4) is most similar to
the latter case.

The sharp leading edge of the bat wing
probably facilitates the generation of the LEV
(21), whereas the ability to actively change the
wing shape and camber (32) could contribute to
the control and stability of the LEV.

LEVs have now been observed in active
unrestricted bat flight, with a strength that is
important to the overall aerodynamics. Unsteady
aerodynamic mechanisms for enhanced lift are
therefore not unique to insect flight, and larger
animals adapted for slow and hovering flight, such
as these nectar-feeding bats, can (and perhaps
must) use LEVs to enhance flight performance.
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Synaptic Protein Degradation
Underlies Destabilization of Retrieved
Fear Memory
Sue-Hyun Lee, Jun-Hyeok Choi, Nuribalhae Lee, Hye-Ryeon Lee, Jae-Ick Kim, Nam-Kyung Yu,
Sun-Lim Choi, Seung-Hee Lee, Hyoung Kim, Bong-Kiun Kaang*

Reactivated memory undergoes a rebuilding process that depends on de novo protein synthesis. This
suggests that retrieval is dynamic and serves to incorporate new information into preexisting memories.
However, little is known about whether or not protein degradation is involved in the reorganization
of retrieved memory. We found that postsynaptic proteins were degraded in the hippocampus by
polyubiquitination after retrieval of contextual fear memory. Moreover, the infusion of proteasome
inhibitor into the CA1 region immediately after retrieval prevented anisomycin-induced memory
impairment, as well as the extinction of fear memory. This suggests that ubiquitin- and proteasome-
dependent protein degradation underlies destabilization processes after fear memory retrieval. It also
provides strong evidence for the existence of reorganization processes whereby preexisting memory is
disrupted by protein degradation, and updated memory is reconsolidated by protein synthesis.

Memory retrieval is a process of recalling
a previously stored memory. Recently,
memory retrieval has attracted much

attention because it has been found that inhibition
of protein synthesis before or immediately after
memory retrieval impairs the previously consol-
idated memory (1–4). Retrieval of a consolidated
memory thus returns the memory storage site to
a labile state, after which new protein synthesis

is required for stabilizing or reconsolidating the
memory (1–9). This suggests that the retrieval of
the consolidated memory is a dynamic and active
process in which remodeling or reorganization of
the already-formed memories occurs to incorpo-
rate new information (2, 3, 6).

Although it has attracted less attention than
the gene transcription and protein synthesis mod-
el for long-lasting synaptic changes and memory

stabilization, protein degradation is also critical
for long-term memory (10–16). A major cellular
mechanism controlling protein turnover is the
ubiquitin and proteasome system, in which poly-
ubiquitinated proteins are degraded by the multi-
subunit proteasome complex (11, 17). A subunit
of the 26S proteasome, S5a, which selectively
binds to polyubiquitinated proteins, plays a crit-
ical role in protein degradation (18, 19).

If retrieval stimuli trigger new protein syn-
thesis for the remodeling of consolidated mem-
ory, protein degradation via the ubiquitin and
proteasome system might be necessary because
remodeling of synapses, which encode the mem-
ory, would be mediated by removal of existing
proteins and by incorporation of new proteins
(11). However, little is known about the protein
degradation mechanism during the reorganization
process after memory retrieval in vivo. We there-
fore investigated the involvement of the ubiquitin
and proteasome system and the roles of protein
degradation during the destabilization and restabi-
lization process after fear memory retrieval.

We first performed a total protein poly-
ubiquitination assay after fear memory retrieval
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Synaptic Protein Degradation as a 
Mechanism in Memory Reorganization

Bong-Kiun Kaang, Sue-Hyun Lee, and Hyoung Kim

An accumulating body of evidence shows that reactivated 
long-term memory undergoes a dynamic process called recon-
solidation, in which de novo protein synthesis is required to 
maintain the memory. These findings open up a new dimen-
sion in the field of memory research. However, few studies 
have shown how once-consolidated memory becomes labile. 
The authors’ recent findings have demonstrated that pre- 
existing long-term memory becomes unstable via the ubiquitin/

proteasome-dependent protein degradation pathway and that 
this labile state is required for the reorganization of fear 
memory. Here, the authors review this finding and focus on 
the labile state that is critical for the reorganization of mem-
ory triggered after memory retrieval.

Keywords: Memory reorganization; reconsolidation; labile 
state; protein degradation; ubiquitin; proteasome

Long-Term Memory Can Fall Into a Labile 
State by Synaptic Protein Degradation

Memories generally have common processing stages. 
When an individual experiences a variety of information 
about the world and attends to it, the information is 
conveyed to a short-term memory trace that is sensitive 
to disruption. Then, through a consolidation process, 
the information is gradually stored in a long-term mem-
ory trace that is thought to be relatively insensitive to 
disruption; when we encounter the appropriate cues, we 
can retrieve that information (Fig. 1; modified from 
Bower 1967). It is well known that the consolidation 
process is dependent on de novo mRNA and protein 
synthesis and involves synaptic structural changes 
(Kandel 2001). In the consolidation process, time is 
required to activate the molecular cascade responsible 
for long-term memory formation, including activation of 
the N-methyl-d-asparate (NMDA) receptor, several 
kinases, and transcription factors (Milner and others 
1998). Therefore, memories are in a labile state shortly 
after learning and before the consolidation process, 
whereas long-term memories are insensitive to disrup-
tion (Montarolo and others 1986; Nader and others 
2000a). For a long time, it was widely accepted that once 
consolidated, a memory is maintained permanently 

(Nadel and Land 2000). However, the consolidation 
theory has been challenged on occasions, especially in 
recent years (Misanin and others 1968; Nader and oth-
ers 2000b). In particular, Nader and others (2000b) 
provided evidence that challenges the consolidation 
theory. In their experiments, they tested rats in a cued 
fear conditioning paradigm. In this task, when they 
infused the protein synthesis inhibitor anisomycin into 
the rat basolateral amygdala just after memory retrieval, 
the preexisting fear memory was impaired. The injection 
of anisomycin itself, without memory retrieval, did not 
affect memory persistence. Nader and others (2000) 
suggested that a consolidated fear memory becomes 
labile again after memory retrieval and that protein- 
synthesis-dependent reconsolidation processes are 
required to maintain the original memory (Fig. 1). These 
studies have provided new insight to the investigation of 
consolidated memory dynamics.

Since this report (Nader and others 2000a) was 
made, similar phenomena have been observed in a 
variety of animals and memory tasks. In contextual fear 
conditioning in mice, the administration of a protein 
synthesis inhibitor (either systemically or by 
intrahippocampal infusion), before or immediately after 
retrieval, disrupted the original memory (Debiec and 
others 2002; Suzuki and others 2004). In the rat, a 
reactivated inhibitory avoidance memory was impaired 
by protein synthesis inhibition (Lopez-Salon and others 
2001). In the mouse, chick, and crab, passive avoidance 
memories were also disrupted by protein synthesis 
inhibition after reactivation (Alberini 2005; Tronson 
and Taylor 2007).

However, the question of how the consolidated 
memory becomes labile after memory retrieval remains 
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