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LTP: A MODEL OF 
LEARNING AND MEMORY 

Changes in NS resulting from experience, 
which create lasting changes in behavioural 

Learning 

Memory 

LTP 

Process whereby we encode, 
store and establish this learning 

WHAT IS…? 

LONG-TERM POTENTIATION is a long-lasting 
enhancement in signal tranmission between 

two neurons that results from stimulating them 
synchronously 

LTP was discovered by Terje Lømo (1966) and 
originally defined by Bliss&Lømo (1973) 

  
Only reported at excitatory synapses 

 
Different forms of LTP has been observed in 

different neural structures 
 

LTP is the predominant experimental model for the 
synaptic plasticity mechanisms thought to underlie 

learning and memory 

INTRODUCTION 
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Figure 67–9 A model for the molecular mechanisms of 
early and late phases of long-term potentiation. A single 
tetanus induces early LTP by activating NMDA receptors, 
triggering Ca2+ in!ux into the postsynaptic cell and the activa-
tion of a set of second messengers. With repeated tetani the 
Ca2+ in!ux also recruits an adenylyl cyclase, which generates 
cAMP that activates PKA. This leads to the activation of MAP 
kinase, which translocates to the nucleus where it phosphor-
ylates CREB-1. CREB-1 in turn activates transcription of targets 

(containing the CRE promoter) that are thought to lead to the 
growth of new synaptic connections. Repeated stimulation 
also activates translation in the dendrites of mRNA encoding 
PKM!, a constitutively active isoform of PKC. This leads to a 
long-lasting increase in the number of AMPA receptors in the 
postsynaptic membrane. A retrograde signal, perhaps NO, is 
thought to diffuse from the postsynaptic cell to the presynaptic 
terminal to enhance transmitter release.

HIPPOCAMPUS 

Mossy fiber pathway: LTP doesn’t require activation 
of NMDAR. It requires activation of PKA. Non-hebbian. 
Schaffer collateral pathway: LTP requires activation 
of NMDAR Hebbian. 

Direct pathway: LTP depends 
partially both on activation of 
NMDAR and on activation of L-type 
voltage-gated Ca2+ channels. 
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Figure 67–2 The hippocampal synaptic circuit is important 
for declarative memory. Information arrives in the hippocam-
pus from entorhinal cortex through the perforant pathways, 
which provide both direct and indirect input to CA1 pyrami-
dal neurons, the major output neurons of the hippocampus. 
(Arrows denote the direction of impulse !ow.) In the indirect 
trisynaptic pathway neurons in layer II of entorhinal cortex send 
their axons through the perforant path to make excitatory syn-
apses onto the granule cells of the dentate gyrus. The granule 

cells project through the mossy "ber pathway and make excita-
tory synapses with the pyramidal cells in area CA3 of the hip-
pocampus. The CA3 cells excite the pyramidal cells in CA1 by 
means of the Schaffer collateral pathway. In the direct pathway 
neurons in layer III of entorhinal cortex project through the per-
forant path to make excitatory synapses on the distal dendrites 
of CA1 pyramidal neurons without intervening synapses.
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the induction of LTP in pathways that transmit the con-
ditioned stimulus (tone) signal to the lateral amygdala. 
Moreover, this mutation affected only learned fear; it 
did not affect instinctive fear responses or routine syn-
aptic transmission. Conversely, overexpression of the 
GluN2B subunit facilitated fear learning. Similarly, 
disruption of CREB signaling, a step downstream from 
Ca2+ in!ux, interfered with fear conditioning whereas 
enhancement of CREB activity facilitated learning.

Convincing evidence that LTP is important for 
learned fear comes from the "nding that the size of 
the LTP elicited by electrical stimulation in slices of the 
amygdala isolated from animals previously trained for 
fear is reduced compared to the size of LTP in slices 
from animals that did not undergo prior fear train-
ing. This result is taken as evidence that fear learning 
recruits LTP: Because there is an upper limit to the 
amount by which synapses can be potentiated, the LTP 
induced by fear conditioning precludes further LTP in 
response to electrical stimulation. These results also 
suggest that arti"cially induced LTP and fear-induced 
LTP are related and are mutually exclusive.

A second line of experiments suggests that mem-
ory for a single emotional event requires the induc-
tion of LTP, and that a signi"cant fraction of the total 

population of pyramidal cells in the lateral nucleus 
must express LTP to generate fear memory. In these 
experiments pyramidal neurons in the lateral nucleus 
were infected with a genetically engineered virus 
that did not damage the neurons but caused them to 
express AMPA receptors tagged with a !uorescent 
label. Fear conditioning led to an increase in insertion 
of the tagged AMPA receptors into the cell membrane, 
similar to what is seen during experimentally induced 
LTP in brain slices. When a different virus was used to 
express a C-terminal portion of the AMPA receptor that 
competes with and prevents the insertion of endog-
enous AMPA receptors, memory for learned fear was 
substantially reduced, even though the virus infected 
only 10% to 20% of the neurons in the lateral nucleus.

Habit Learning and Memory Require  
the Striatum

Habits are routines that are acquired gradually by rep-
etition and are the result of a distinct form of implicit 
learning. A habit is a stimulus-response association, a 
behavior that is triggered simply by particular stimuli 
rather than by desire for (or fear of) some outcome.  
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Figure 66–13 Learned fear produces parallel and correlated 
behavioral and electrophysiological changes.
A. An animal ordinarily ignores a neutral tone. The tone pro-
duces a small synaptic response in the amygdala recorded by 
an extracellular !eld electrode. This !eld EPSP is generated by 
the small voltage drop between the recording electrode in the 
amygdala and a second electrode on the exterior of the brain 
as excitatory synaptic current enters the dendrites of a large 
population of amygdala neurons.

B. When the tone is presented immediately before a foot shock 
(US), the animal learns to associate the tone (CS) with the 
shock. Now the tone alone will elicit what the shock previously 
elicited. Thus the tone causes the mouse to freeze, an instinc-
tive fear response. After fear conditioning the electrophysiologi-
cal response in the lateral nucleus of the amygdala to the tone 
is greater than the response prior to conditioning. (Reproduced, 
with permission, from Rogan et al. 2005.)

LTP is triggered by Ca2+ influx into the 
PS neurons, opening both NMDAR and 
L-voltage-dependent Ca2+ channels: 

Pavlovian classical conditioning modifies the strength of synaptic transmission. 
When the tone is presented immediately before a foot shock (US, unconditioned 
stimulus), the animal learns to associate the tone (CS, conditioned stimulus) with the 
shock. From now on, the tone alone will be enough for the animal to elicit a fear 
response. After fear conditioning the electrophysiological response in the LA is 
greater than the response prior to conditioning. (Picture from 3) 

-  Insertion of additional AMPAR in the PS membrane 
-  PKA and MAPK activate CREB à gene expression, 

necessary for the persistence of the memory for 
learned fear and the synaptic changes 
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This leads to the opening of a large number of AMPA 
receptors at the nonsilent synapses, which in turn pro-
duces a large postsynaptic depolarization. The depo-
larization will propagate throughout the neuron to 
relieve Mg2+ block of the NMDA receptors at both the 
nonsilent and silent synapses. At the silent synapses 
the Ca2+ in!ux through the NMDA receptors activates 
a biochemical cascade that ultimately leads to the inser-
tion of clusters of AMPA receptors in the postsynaptic 
membrane from a pool of intracellular receptors stored 
in recycling endosomal vesicles. The fusion of these 
vesicles with the plasma membrane is triggered by the 
phosphorylation by protein kinase C of the cytoplasmic 
tail of the endosomal AMPA receptors (Figure 67–4B,C).

As discussed earlier, LTP is not a unitary process 
even at a single synapse. At Schaffer collateral synapses 
LTP generated by a brief 100 Hz tetanus depends solely 
on Ca2+ in!ux through NMDA receptors, whereas LTP 
induced by a 200 Hz tetanus depends on Ca2+ in!ux 
through both NMDA receptors and L-type voltage-gated 
Ca2+ channels. (A similar mechanism contributes to LTP 
in the direct entorhinal pathway to CA1 neurons.) This 
high-frequency form of LTP is expressed both through 
presynaptic mechanisms that enhance glutamate release 
and through postsynaptic mechanisms that increase the 
membrane response to glutamate. Thus both the induc-
tion and expression of LTP depend on a family of presy-
naptic and postsynaptic processes.

Because induction of LTP requires Ca2+ in!ux into 
the postsynaptic cell, the increase in transmitter release 
during LTP implies that the presynaptic cell must 
receive information from the postsynaptic cell that LTP 
has been induced. There is now evidence that Ca2+-
activated second messengers in the postsynaptic cell, 
or perhaps Ca2+ itself, cause the postsynaptic cell to 
release one or more chemical messengers that diffuse 
to the presynaptic terminals to enhance release (see 
Figure 67–4B,C and Chapter 11). Importantly, these dif-
fusible retrograde signals appear to affect only those 
presynaptic terminals that have been activated by  
the tetanic stimulation, thereby preserving synapse 
speci"city.

Long-Term Potentiation in the Schaffer Collateral 
Pathway Follows Hebbian Learning Rules

The NMDA receptors endow LTP in the Schaffer col-
lateral pathway with several interesting properties 
that have direct relevance to learning and memory. 
First, LTP in this pathway requires the near simultane-
ous activation of a large number of afferent axons, a 
feature called cooperativity (Figure 67–6). This require-
ment stems from the fact that relief of Mg2+ block of the 
NMDA receptor requires a large depolarization.

The second important property of LTP in the 
Schaffer collateral pathway is that it is associative. 
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Figure 67–6 Long-term potentiation in CA1 pyramidal neu-
rons of the hippocampus shows cooperativity, associativity, 
and synapse speci!city. With normal synaptic transmission 
a single action potential in one or a few axons (weak input) 
leads to a small EPSP that is insuf!cient to expel Mg2+ from the 
NMDA glutamate receptor-channels and thus cannot induce 
LTP. This ensures that irrelevant stimuli are not remembered. 
The near-simultaneous activation of several weak inputs during 
strong activation (cooperativity) produces a suprathreshold 

EPSP that triggers action potential !ring and results in LTP in 
all pathways. Stimulation of strong and weak inputs together 
(associativity) causes LTP in both pathways. In this way a weak 
input becomes signi!cant when paired with a powerful one. 
An unstimulated synapse does not undergo LTP in spite of the 
strong stimulation of neighboring synapses. This ensures that 
memories are selectively formed at active synapses (synapse 
speci!city).

PROPERTIES 

& Persistance: LTP can last from several minuts to many months, years…  

PHASES 
E-LTP: ≈30-45 min to ≈2-3h. Non gene expression 
L-LTP: Many hours (at least 24h). Gene expression à Synapse growth. 

CONCLUSION 

Discovering the physical basis of learning and memory in 
humans and other mammals is among the greatest remaining 
challenges facing the neurosciences. The phenomenon of LTP 
is the leading candidate for these explanations. 
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