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It is widely accepted that, during learning, reversible

physiological changes in synaptic transmission take

place in the nervous system, and that these changes

must be stabilized or consolidated in order for memory

to persist1,2. The temporary, reversible changes are

referred to as short-term memory (STM), and the 

persistent changes as long-term memory (LTM). The

idea that the creation of stable, persistent LTM traces

requires gene expression and the resultant synthesis 

of new proteins is supported by much evidence3–5.

However, molecular changes are transient and so, on

their own, are insufficient to explain LTM6. It is therefore

generally believed that structural changes in synaptic

morphology, occurring either consequent to protein

synthesis or in parallel with it, are also necessary. This

‘structural plasticity’and its relation to memory are the

topics of this review.

The possibility that memory might involve structural

changes in the nervous system was speculated on by the

ancient Greeks and later philosophers. But the modern

history of this idea began in the late nineteenth century,

when Tanzi7 proposed that repeated activation of a neu-

ron leads to metabolic changes that cause the processes of

the cell to move closer to other neurons, thereby forming

an associative bond. These bonds, he argued, constitute

the physical basis of memory. This idea was seized 

on by prominent neuroscience pioneers, Cajal8 and

Sherrington9, and through their influence the notion that

learning alters connections between neurons became a

popular explanation for how memories are maintained.

A related view by Holt10 proposed that, during learning,

structural changes take place that are similar to the 

neural growth processes that occur in embryological

development.

These and other early speculations11 were the back-

ground against which Hebb12 developed his theory:

when two neurons are repeatedly active at the same time,

some growth occurs between them such that, at a later

point in time, activity in one leads to activity in the other.

Around the same time,Konorski proposed that neuronal

plasticity, induced by repetitive association of stimuli,

could be mediated by the transformation of a pre-

existing set of potential synaptic connections into 

functional connections by morphological changes13.

Today, the Hebb/Konorski theory, which equates

learning with synaptic plasticity, is widely accepted14–16.
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LONG-TERM POTENTIATION

(LTP). An enduring increase in

the amplitude of excitatory

postsynaptic potentials as a

result of high-frequency

(tetanic) stimulation of afferent

pathways. LTP is considered to

be a cellular model of learning

and memory. It is measured

both as the amplitude of

excitatory postsynaptic

potentials and as the magnitude

of the postsynaptic cell

population spike. LTP has also

been used to study memory

mechanisms in other brain

regions, such as the amygdala

and areas of the cerebral cortex.

BACK-PROPAGATING ACTION

POTENTIALS

Although action potentials

typically travel down the axon

towards the presynaptic

terminal, they can also be

initiated at the cell body and

propagate back into the

dendrites, thereby shaping the

integration of synaptic activity

and influencing the induction of

synaptic plasticity.
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postsynaptic cells leads to enduring modifications of

synaptic efficacy between the two cells, thereby creating

associative links between them. It is generally accepted

that the influx of calcium into postsynaptic neurons,

through excitatory amino-acid receptors, specifically

NMDA (N-methyl-D-aspartate) receptors, and possibly

L-type voltage-gated calcium channels (VGCCs), is the

triggering event in Hebbian plasticity22–26.

The NMDA receptor is uniquely suited to be involved

in Hebbian plasticity15,21,27 (FIG. 1). At resting membrane

potentials, calcium flow through the receptor is blocked

by magnesium. However, if presynaptically released glu-

tamate binds to and activates NMDA receptors at a time

when the postsynaptic cell membrane is depolarized by

spike-triggering inputs at other synapses, thereby reliev-

ing the magnesium inhibition, then calcium entry will

occur at that synapse. The NMDA receptor is therefore a

coincidence detector — it only passes calcium when

presynaptic activity and postsynaptic activity coincide.

Another source of calcium influx across the 

plasma membrane during depolarization is through

VGCCs28–30. For example, BACK-PROPAGATING ACTION 

POTENTIALS open VGCCs widely in the cell’s dendrites,

but might contribute to plasticity at specific synapses by

amplifying excitatory postsynaptic potentials (EPSPs) 

at synapses that were recently active — that is, that have

glutamate bound to glutamate receptors, including

AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid), NMDAand metabotropic glutamate

receptors23,26,31,32.

In spite of a long history of speculation, only recently

has evidence accumulated that structural changes under-

lie synaptic plasticity and memory. This work has not

only shown that structural plasticity exists, but it has 

also begun to identify the molecular mechanisms that

underlie these changes. In surveying this literature, we

will consider structural changes in synaptic organization

that have been induced in three ways. One is by natural

learning in behaving animals.Another is through induc-

tion of LONG-TERM POTENTIATION (LTP), an artificial form of

plasticity that is produced in neurons by electrical stimu-

lation of synaptic input pathways16,17. The third is by

maturational processes that take place in early life.

Although we concentrate on findings from memory and

LTP studies, similar mechanisms have been found to

underlie brain development18–20. Because the molecular

basis of structural plasticity has been studied most thor-

oughly in developing nervous systems, findings from

development might provide useful clues to mechanisms

that are relevant for understanding structural plasticity

associated with LTP induction and memory formation.

Ca2+ influx initiates synaptic plasticity

Before turning to the detailed mechanisms that underlie

structural plasticity, we will briefly summarize the

mechanisms that are known to be involved in the initia-

tion and maintenance of synaptic plasticity, especially

Hebbian or associative plasticity, which is believed to be

a key mechanism in associative learning14–16,21. In

Hebbian plasticity, coincident activation of pre- and
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Figure 1 | Molecular mechanisms involved in the initiation and maintenance of synaptic plasticity. a | Activity-dependent

release of glutamate from presynaptic neurons leads to the activation of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic

acid) receptors (AMPARs) and to the depolarization of the postsynaptic neuron. Depolarization occurs locally at the synapse and/or

by back-propagating action potentials (BPAP)23,26,31,32. b | Depolarization of the postsynaptic neuron leads to removal of NMDA 

(N-methyl-D-aspartate) receptor (NMDAR) inhibition, by Mg2+, and to Ca2+ influx through the receptor27. Depolarization also activates

voltage-gated calcium channels, another source of synaptic calcium28–30. c | Calcium influx into the synapse activates kinases

which, in turn, modulate the activity of their substrates33,34. These substrates contribute to local changes at the synapse, such as

morphological alteration through cytoskeletal regulation65,86, or induce the transcription of RNA in the nucleus by regulating

transcription factors (TFs)36. d | Transcribed mRNA is translated into proteins that are captured by activated synapses and contribute

to stabilization of synaptic changes5. VGCC, voltage-gated calcium channel.
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occur too quickly to be accounted for by nuclear or even

dendritic protein synthesis. They should be considered

to take place separately from the slower structural

changes that result from protein synthesis. Such changes

might participate in both STM and LTM.

In summary, the molecular and structural bases of

synaptic plasticity are beginning to be understood.Much

of the research in this area has focused on the contribution

of gene expression and protein synthesis to the persistence

of memory. It has often been assumed that structural

changes that underlie memory persistence are conse-

quences of gene expression and protein synthesis.

However, recent findings showing rapidly induced and

persistent synaptic changes mediated by cytoskeletal 

molecules indicate that these alterations might occur in

parallel with the changes that are produced as a result of

protein synthesis.

Morphological changes in dendritic spines

We now turn to evidence for the existence of structural

plasticity. Early studies showed alterations in synaptic

architecture (such as changes in size or shape) and in

the number of synapses after non-associative learning

and long-term facilitation in Aplysia40–44 and in 

In some situations, calcium entry through NMDA

receptors is sufficient to initiate the subsequent cascade of

events that lead to synaptic plasticity, whereas in others

the combined calcium signal from NMDA receptors and

VGCCs participates24–26. In either case, the net result is

that additional signalling pathways are activated when

intracellular calcium is sufficiently elevated.For example,

phosphorylation of constitutively present protein kinases,

such as calcium/calmodulin-dependent protein kinases

(CaMKs) and protein kinase C33,34, results in an increase

in synaptic efficacy, initially by phosphorylation of mem-

brane receptors such as AMPA receptors35 and sub-

sequently, over several hours, by activation of gene 

transcription and protein synthesis36. Some of the pro-

teins that are synthesized, such as neurotrophins, can also

lead to structural changes in synapses37. An alternative

scenario involves calcium-regulated protein synthesis

near the active synapses where certain RNA molecules,

such as CaMKII mRNA,are constitutively present38.

Recent findings show that elevation of calcium leads

to rearrangement of the cytoskeleton at the synapse.

Actin, for example, can be rapidly polymerized and

induce cytoskeletal rearrangements that culminate in

new synaptic structures39. These structural changes
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Figure 2 | Long-term potentiation (LTP) or learning induces morphological changes in dendritic spines. a | Increase in

spine head volume and widening and shortening of spine neck48,66,67. b | Spine perforation68. c | Increase in the number of

spines65,71 and in the number of multiple-synapse boutons (where multiple spines contact the same presynaptic bouton)68,72. These

changes in spine morphology and spine number are accompanied by alterations in the number and distribution of glutamate

receptors77, modulation of calcium compartmentalization in spines75,76, and/or increases in ribosomes within spines82. These

changes contribute to modifications in postsynaptic responsiveness to presynaptic stimulation.
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For example, using TWO-PHOTON MICROSCOPY it has

been shown that induction of LTP in hippocampal slice 

cultures leads to the formation of new spines (FIG. 3a),

and that inhibition of LTP with an NMDA receptor

antagonist (D(-)-2-amino-5-phosphonovaleric acid;

AP5) prevents this structural change65. Changes in

spine morphology have also been seen after LTP induc-

tion48,66,67. An increase in the size of the spine head, as

well as a widening and shortening of the spine neck, has

been reported to follow LTP48,66,67. These effects begin as

soon as 2 min after stimulation and last up to 23 h. In

addition, using a combination of electron microscopy

and calcium precipitation, more pairs or triplets of

spines making contact with the same presynaptic 

terminal were found, indicating that LTP induces the

multiplication of existing axonal-dendritic contacts68

(FIG. 3b). Other studies have shown that these multiple

spine contacts with the presynaptic axon are not

formed by the splitting of existing spines, indicating

that an alternative mechanism, such as the growth of

new spines, must be involved69,70.

Changes in spine morphology and number after

learning have also been found in several brain areas using

histological methods, such as Golgi impregnation and

electron microscopy44 (FIG. 3). For example, an increase 

in spine number (density) was detected in the hippo-

campus 24 h after trace eyeblink conditioning, and these

changes were blocked by NMDA antagonists71. Also,

an increase in the number of multiple synaptic boutons

that formed synapses on spines was found in the hippo-

campus 24 h after trace eyeblink conditioning72. The

number of synapses also increases in the cerebellum after

eyeblink conditioning73 and in the piriform cortex after

olfactory learning74.

Long-term changes in spine morphology could 

contribute to the modulation of synaptic transmission

that occurs after learning or LTP. Shortening or widen-

ing the neck of a spine affects calcium influx into the

dendrite75,76 and therefore might affect biochemical events

in spines. By measuring glutamate-induced currents,

it has been shown that glutamate sensitivity correlates

with spine shape — sensitivity is highest at spines with

larger heads77,78. In Schaffer collateral commissural

synapses, the ratio of AMPA to NMDA receptors

increases linearly with the diameter of the PSD79.

Moreover, large spines receive input from large pre-

synaptic terminals with more vesicles80,81. In addition,

polyribosomes are preferentially translocated to large

spines during synaptic plasticity — an event that might

facilitate the incorporation of local protein synthesis

machinery82. Finally, increases in the number of spines

could potentially contribute to enhanced transmission,

as more connections would be made with the 

presynaptic neuron.

In summary, modulations in spine morphology 

correlate with synaptic plasticity and memory forma-

tion. These alterations last for many hours and could

contribute to enduring changes in synaptic transmis-

sion. Modulation of spine shape is correlative, and no

causal relationship with synaptic plasticity has been

established. However, as described later, the fact that

the mammalian hippocampus in response to injury,

stimulation45,46 or induction of LTP47–50. Similar changes

were observed in the neocortex in response to environ-

mental enrichment51,52. Stress also induces structural

changes in the hippocampus and amygdala53,54.

Most excitatory synapses in the brain terminate on

dendritic spines, which have been the focus of recent

work in the mammalian brain55–57. Spines are specialized

perturbations on dendrites that contain a postsynaptic

density (PSD). The PSD includes receptors, channels

and signalling molecules that couple synaptic activity

with postsynaptic biochemistry58,59. Spines provide a

closed compartment that allows rapid changes in the

concentrations of signalling molecules, such as calcium,

and therefore make possible efficient responses to

inputs56.

Modulation of the number of dendritic spines

and/or their morphology has been proposed to con-

tribute to alterations in excitatory synaptic transmission

during learning44,56 (FIG. 2). Indeed, there is evidence that

induction of synaptic plasticity (LTP induction or mem-

ory formation) leads to changes in the number or shape

of spines60–64.

TWO-PHOTON MICROSCOPY

A form of microscopy in which a

fluorochrome that would

normally be excited by a single

photon is stimulated quasi-

simultaneously by two photons

of lower energy. Under these

conditions, fluorescence

increases as a function of the

square of the light intensity, and

decreases as the fourth power of

the distance from the focus.

Because of this behaviour, only

fluorochrome molecules near

the plane of focus are excited,

greatly reducing light scattering

and photodamage of the sample.
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Figure 3 | Methods used to monitor changes in dendritic spines following long-term

potentiation (LTP) or learning. a | Visualization of new spine growth (upper panel) after LTP

(lower panel) of postsynaptic neurons using two-photon microscopy65. b | Detection of perforated

spines and multiple spine boutons (MSB) after LTP using electron microscopy (left). A three-

dimensional reconstruction of MSBs is also shown (right)68. a, axon; d, dendrite. Scale bar, 1µm.

c | Detection of changes in spines 24 h after learning (trace eyeblink conditioning) using Golgi

impregnation71. a modified, with permission, from Nature REF. 65  (1999) Macmillan Magazines

Ltd; b modified, with permission, from Nature REF. 68  (1999) Macmillan Magazines Ltd; 

c modified, with permission, from REF. 71  (2003) The Society for Neuroscience.
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contribute to spine formation after LTP (for example,

NMDA receptor activation)39,87. The rapid formation

and persistence in spines of F-actin after LTP indicate

that it contributes to spine morphogenesis and stability.

Inhibition of NMDA receptors blocks LTP and active

polymerization of actin, and blockade of actin poly-

merization in urethane-anesthetized adult rats by

latrunculin A prevents the development of late-phase

LTP (8 h), leaving the initial amplitude and early 

phase (30–50 min) of LTP intact. Together, these results

indicate that NMDA-dependent actin polymerization is

important for the consolidation of the early phase of

LTP into the late phase in adult rats in vivo.

In addition to the role of actin in postsynaptic 

structural plasticity, studies have shown that actin is

involved in the presynaptic structural changes that are

induced by tetanic stimulation in rat hippocampal neu-

rons and in serotonin-induced synaptic facilitation in

Aplysia cell culture88,89.

Changes in spine shape, presumably mediated 

by underlying cytoskeleton rearrangements, can last for

hours or days, and could therefore make it possible 

for changes in synaptic transmission during learning 

to persist. This raises questions about the molecular

events that lead to the stabilization of cytoskeletal

rearrangements.

AMPA receptors stabilize structural changes

The AMPA class of glutamate receptors has been found

to have a stabilizing effect on spine morphology90.

Actin-based spine motility is suppressed when AMPA

is applied to hippocampal neurons, and this suppres-

sion is completely blocked by the AMPA antagonist 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). As

discussed earlier, NMDA receptors might be important

in the initial phase of spine motility, followed by 

a stabilization phase that is mediated by AMPA 

receptors. Enduring changes in AMPA receptor trans-

mission could therefore contribute to long-lasting

spine stability.

Two observations support this hypothesis. First,

there is a decrease in spine density after deafferentation

of CA1 pyramidal cells in hippocampal slice cultures.

This effect is prevented by the application of small

amounts of AMPA. Blocking activity-dependent

release of glutamate with tetrodotoxin had no effect 

on spine density, whereas blocking both activity-

dependent glutamate release and activity-independent

glutamate release, by blocking vesicular glutamate

release using botulinum toxin A or C, resulted in

marked loss of spines91. So, AMPA receptor activation

by spontaneous glutamate release in synapses is suffi-

cient to maintain dendritic spines. Second, AMPA

receptor levels in spines increase after LTP induction or

learning experiences35 (FIG. 5). It is therefore possible

that an increase in AMPA receptors in spines could

contribute to enduring spine stability and memory

persistence. This hypothesis is strengthened by the fact

that AMPA receptor insertion into synapses is essential

for maintenance of LTP and possibly for memory 

consolidation (see later in text).

molecules that are essential for spine formation during

development are involved in LTP induction and mem-

ory formation indicates that morphological changes

might have a key role in the maintenance of plastic

changes in synaptic transmission.

The cytoskeleton and structural changes

The architecture of spines, and therefore their ability to

change, depends on the specialized underlying structure

of cytoskeletal filaments39. These microfilaments 

are composed of actin, which is present throughout 

the spine cytoplasm in close interaction with the 

PSD. Developmental studies have shown that changes 

in spine stability and motility depend on actin poly-

merization83,84. Reorganization of actin could therefore

contribute to the structural plasticity of spines after LTP

induction and memory acquisition. Subsequently,

LTP and memory consolidation could be promoted by a

reduction in actin-based spine motility, leading to spine

stabilization39. Consistent with this hypothesis is the

involvement of actin in synaptic plasticity (FIG. 4). Drugs

that block actin polymerization suppress LTP in the

rodent hippocampus85. LTP induction in the dentate

gyrus of freely moving adult animals also increases the

content of polymerized actin (F-actin) in dendritic spines

in the hippocampus86. The elevated level of F-actin 

persists for at least five weeks after stimulation.The orien-

tation, kinetics of assembly and stability of F-actin 

filaments are known to contribute to spine shape and

are regulated by extracellular stimulation that could
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Figure 4 | Actin cytoskeleton is involved in spine morphogenesis. Extracellular stimulation

induces rapid actin polymerization (indicated by addition of actin monomers into actin polymers)

leading to changes in spine shape (a) or the formation of new spines (b)39. Blockade of actin

polymerization or inhibition of extracellular stimulation (for example, by N-methyl-D-aspartate

receptor (NMDAR) antagonists) interferes with spine morphogenesis39,83,90. AMPAR, α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor; BPAP, back-propagating action potential;

LTP, long-term potentiation; VGCC, voltage-gated calcium channels.
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Consistent with this hypothesis is the observation

that the insertion of AMPA receptors into the synapse is

governed by protein kinases that have been shown to be

required for memory consolidation. For example,

phosphorylation of GluR1 at S845 by protein kinase A

(PKA) is necessary (although not sufficient) for the

delivery of GluR1 into synapses98. PKA activity during a

crucial time window is essential for several forms 

of learning and memory, including fear memory 

consolidation in the lateral amygdala and spatial 

memory consolidation in the hippocampus99–101.

Furthermore, the A-kinase anchoring proteins (AKAPs),

which couple PKA (among their other targets) to

GluR1 through synapse-associated protein 97 kDa

(SAP97)102, are essential for fear memory formation in

the lateral amygdala103. Injection of an inhibitory pep-

tide that competes with the binding of PKA to AKAP

into the lateral amygdala 1 h before FEAR CONDITIONING

impaired memory formation 4 h and 24 h later, but not

1 h after training. Injection of the peptide several hours

after training had no effect. The specific contribution

of AKAP and PKA with phosphorylation of GluR1 and

its insertion into specific synapses in the lateral amyg-

dala during fear memory formation is a subject for

further study. Together, these findings indicate that

increases in glutamate transmission by AMPA recep-

tors can lead to stabilization of spine morphology, LTP

and memory.

Rho GTPases and cytoskeletal rearrangements

How does extracellular stimulation culminate in the

cytoskeletal rearrangements and spine morphogenesis

that follow LTP initiation and memory acquisition? 

Rho GTPases and their downstream effectors have an

important role in regulating the cytoskeleton, and 

consequently in regulating spine and dendritic 

morphology, in response to extracellular stimulation104

(FIG. 6). Recently, several studies have implicated these

molecules in synaptic plasticity and consolidation of

LTP and memory (see later in text).

Rho GTPases are intracellular signalling molecules

that serve as a signalling switch and that can be an acti-

vated molecule bound to GTP or an inactive molecule

bound to GDP105–107. In their active form, Rho GTPases

bind downstream effectors that regulate the actin

cytoskeleton. The best studied Rho GTPases (RhoA

(Ras homologous member A), Rac (Ras-related C3 

botulinum toxin substrate 1) and Cdc42 (cell division

cycle 42)) are essential for regulating axonal morphol-

ogy and dendritic and spine formation during develop-

ment. Expression of dominant-negative Rac in young

rat hippocampal slices reduces the number of spines on

the pyramidal dendrites, and constitutively activated

RhoA leads to a simplification of the dendritic tree108.

In mice, overexpression of constitutively activated

RhoA reduces the number and length of spines on 

cortical neurons109. Rho GTPases also mediate the

effects of neurotransmitters and adhesion molecules 

on neuronal morphology. For instance, during devel-

opment and after visual stimulation, NMDA receptor-

mediated regulation of dendritic arbour elaboration in

Induction of LTP in the hippocampus or sensory

experience in the barrel cortex induces the insertion of

AMPA receptors containing the GluR1 and GluR4 

subunits into the activated postsynaptic sites, thereby

increasing the concentration of AMPA receptors and

altering synaptic transmission92–94. The increase in

GluR1 in spines after LTP is dependent on NMDA recep-

tor activation. Furthermore, a mutation in the GluR1

subunit,which interferes with its LTP-dependent synaptic

trafficking, impairs LTP formation and experience-driven

synaptic potentiation. Knock-in mice with mutations in

the GluR1 S831 and S845 phosphorylation sites are

deficient in NMDA-dependent trafficking of AMPA

receptors95. These mice have impaired LTP and long-

term depression (LTD), and impaired spatial water

maze learning. Interestingly, the knock-in mice could

learn as well as the wild-type mice when tested 2 h after

training, but were not able to retain the memory when

tested 8–24 h after training. So, phosphorylation sites

on AMPA receptors that control AMPA receptor traf-

ficking might be important for consolidation of LTM.

Other studies have indicated that the elevated level of

AMPA receptors in the synapse is maintained by an

ongoing mechanism that is responsible for the endur-

ing replacement of the additional GluR1/4 receptors

with GluR2/3-containing receptors, thereby outlasting

protein degradation96. The level of NMDA receptors 

is also elevated for at least 3 h after LTP induction97.

So, enduring changes in neurotransmission in specific

synapses that are activated during periods of informa-

tion acquisition might be maintained by the active

insertion of AMPA receptors into these synapses. This

increase could contribute to spine stability, underlying

enduring synaptic plasticity and leading to memory

consolidation.

FEAR CONDITIONING

A form of Pavlovian (classical)

conditioning in which the

animal learns that an innocuous

stimulus (for example, an

auditory tone — the

conditioned stimulus or CS),

comes to reliably predict the

occurrence of a noxious

stimulus (for example, foot

shock — the unconditioned

stimulus or US) following their

repeated paired presentation.

As a result of this procedure,

presentation of the CS alone

elicits conditioned fear

responses.

a  LTP induction b  LTP consolidation
     (spine morphogenesis)

c  LTP maintenance
     (spine stabilization)

NMDARAMPAR VGCC Glutamate
Stable
actin

Actin
polymerization

Actin filament
stabilization

Figure 5 | Long-term potentiation (LTP) and behavioural experience induce glutamate

receptor trafficking into spines. a | LTP induction leads to activation of N-methyl-D-aspartate

receptors (NMDARs). b | Ca2+ influx through NMDA receptors leads to trafficking of glutamate

receptors into spines35,93.c | Increase in AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid) receptors (AMPARs) in dendritic spines could enhance the responsiveness to

glutamate and could contribute to glutamate-induced maintenance of spines by stabilizing actin

filaments39. VGCC, voltage-gated calcium channels.
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Moreover, injection of a ROCK inhibitor ~22 h after

fear conditioning training had no effect on memory

retrieval, indicating that fear memory consolidation

occurred and became resistant to blockade of the

ROCK pathway. ROCK, which is regulated by Rho

GTPase, is intimately involved in dendritic morpho-

genesis during development through regulation of the

cytoskeleton104,105,113, supporting the idea that cytoskele-

tal rearrangement might contribute to fear memory

formation.

Other studies have found that the LIM-domain-

containing protein kinase (LIMK) is also involved in

spine morphogenesis, LTP and memory formation.

LIMK can be activated by p21-activated kinase (PAK),

an important effector of Rac GTPase, but also,

although to a lesser extent, by ROCK104. Activation of

LIMK by PAK induces actin polymerization through

the phosphorylation and inhibition of cofilin, a protein

that facilitates depolymerization of actin. Limk1-

knockout mice have abnormal spine morphology and

synaptic transmission. They also have enhanced 

hippocampal LTP and enhanced spatial and fear condi-

tioning memory114. Moreover, LTP in the hippocampus

induces the phosphorylation of cofilin, and injection of

a cofilin-inhibitory peptide into the hippocampus

impairs the development of late-phase LTP, leaving 

the early phase of LTP intact86. These results show that

LIMK and cofilin, which are downstream from 

Rho GTPases, are involved in memory formation by

regulating the actin cytoskeleton.

Together, these results indicate that the Rho GTPases

and their downstream effectors — proteins that are 

intimately involved in cytoskeletal regulation and the

formation of neuronal processes during brain develop-

ment — have an important role in synaptic plasticity

and memory formation. Rho GTPases have also been

shown to mediate the activity of adhesion molecules

and to regulate cellular interactions.

Adhesion molecules and synaptic plasticity

The formation of new synaptic contacts is a dynamic

process that involves ongoing morphological alter-

ations and modulation of adhesion between the pre-

and postsynaptic neurons115,116. These processes require

coordinated activity between molecules that regulate

cytoskeletal rearrangements and morphology, and

those that control adhesion between the pre- and post-

synaptic membranes. Adhesion molecules, mostly inte-

grins, CADHERINS, neurexin and the immunoglobulin

superfamily, are membrane-bound molecules that have

hetero- or homophilic interactions with proteins in the

extracellular matrix and synaptic membranes to con-

trol the adhesion between the pre- and postsynaptic

membranes. Adhesion molecules, which also have 

an intracellular component, can initiate signalling

pathways that couple the dynamics of extracellular

connectivity with intracellular events that control 

morphology. For example, cadherin regulates dendritic

spine morphogenesis and function. Blockade of

cadherin function leads to elongation of the spine,

bifurcation of its head structure and alterations in the

Xenopus tadpoles might be mediated by a pathway that

decreases RhoA activity110,111.

Several studies have recently linked Rho GTPases to

synaptic plasticity and memory formation. Fear condi-

tioning leads to the formation of a molecular complex 

in the lateral amygdala. This complex includes the 

tyrosine-phosphorylated p190 RhoGAP (Rho GTPase-

activating protein)112. p190 RhoGAP is also localized 

in dendritic spines in the lateral amygdala, indicating that

this might be its site of action. Inhibition of the down-

stream Rho-associated kinase (ROCK) in the lateral

amygdala before fear conditioning, by infusion of the

specific inhibitor Y-27632, impaired long- but not

short-term fear memory. This observation indicates

that ROCK is involved in consolidating STM into LTM.
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Calcium-dependent cell

adhesion molecules that tend to

engage in homophilic

interactions.
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Figure 6 | Rho GTPaseas mediate extracellular stimulation-induced actin cytoskeleton

rearrangements. Stimulation of the postsynaptic neuron leads to actin-dependent

morphological changes mediated by Rho GTPases105–108. 1) Activation of adhesion molecules,

such as integrin or cadherin, which have been shown to be involved in synaptic plasticity,

regulates Rho GTPase inactivation by RhoGAPs. 2) Calcium influx through membrane channels

can induce activation of tyrosine kinases (TKs), such as the cell adhesion kinase-β/proline-rich

tyrosine kinase 2 (CAKβ/Pyk2), that in turn activate Src. The later modulates p190 RhoGAP

activity and thereby controls Rho GTPase inactivation. 3) On the other hand, Rho GTPase

activators, RhoGEFs, are also regulated by extracellular stimulation. Ephrin A activates, through

the receptor tyrosine kinase EphA, a Rho GEF called ephexin. EphA has been implicated in

memory formation133. 4) Rho GTPase controls actin polymerization through downstream effectors

such as Rho-associated kinase (ROCK). ROCK activates LIM-domain-containing protein kinase

(LIMK), which in turn inhibits the actin depolymerizing factor cofilin. This event can contribute to

actin polymerization. ROCK, LIMK and cofilin have been shown to be involved in synaptic plasticity.

5) Cdc42 and Rac, other members of the Rho GTPase family, induce actin polymerization by

regulating downstream effectors. GAP, GTPase-activating protein; GEF, guanine nucleotide

exchange factor; N-WASP, neuronal Wiskott-Aldrich syndrome; SCAR, suppressor of cAR.
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of the sensory–motor connection, induces the internal-

ization of the adhesion molecule apCAM (Aplysia cell

adhesion molecule)43. This could destabilize the interac-

tion between sensory neurons, permitting the growth 

of new sensory axons. ApCAM could be redistributed 

to the area where new synapses are formed. In rats,

N-cadherin is induced in the piriform cortex and hypo-

thalamus 2 h after fear conditioning124. N-cadherin was

not induced in control animals that were presented with

the conditioned stimulus and unconditioned stimulus

in a non-associative manner.

On the whole, these observations indicate that 

adhesion molecules have a central role in mediating

neuronal connectivity and morphogenesis, and in the

progressive stabilization of synaptic connectivity that

leads to memory consolidation.

Concluding remarks

The formation of LTM involves several phases, including

acquisition — during which inputs impinge on specific

synapses to initiate molecular changes — and consoli-

dation — when cellular alterations are progressively 

stabilized. The resulting modified neuronal circuit

underlies the neural representation of memory in the

brain. The circuit modifications, in turn, are mediated

by molecular activity at the synapse during specific time

windows after learning. The molecular activities are

complex and require coordination within and between

signalling pathways. After LTP induction or learning,

modulation and stabilization of excitatory transmission

— by insertion of glutamate receptors into synapses —

is controlled in part by actin dynamics. The actin

cytoskeleton, which mediates morphological changes

that accompany memory formation and LTP induction,

in turn, is regulated by glutamate receptors. So, NMDA

receptor activity initiates actin dynamics, followed 

by AMPA-receptor-induced stabilization. During 

this process the adhesion and stabilization of the pre-

and postsynaptic elements are controlled by adhesion

molecules that also affect and are affected by both 

the cytoskeleton and glutamate receptors. The joint,

coordinated activity of these molecules results in the

modulation and stabilization of synaptic efficacy during

memory consolidation.

Although considerable advances have been made in

understanding the roles of synapses, spines and dendrites

in plasticity and memory, many questions remain open.

For example, what molecules are synthesized in the soma

after learning, and how are they involved in mediating

morphological changes in distal synapses that consolidate

memory? Are there molecules that are involved in synap-

tic morphogenesis in adults that are not involved during

early development? If so, how might they contribute

exclusively to synaptogenesis in adults? How do changes

in spines and dendritic morphology contribute to alter-

ations in the input–output properties of the neurons,

leading to the encoding of LTM? Does resconsolidation

involve similar or distinct mechanisms of structural plas-

ticity (BOX 1)? Elucidation of these issues will foster our

understanding of the relationship between molecular

activities and memory consolidation.

distribution of postsynaptic proteins117. Moreover,

neuronal activity induces the movement of β-catenin

(which mediates the interaction of cadherin with the

actin cytoskeleton) from dendritic shafts into spines to

become associated with cadherin and to influence

synaptic size and strength118. Adhesion molecules such

as cadherin also associate with molecules that regulate

cytoskeletal rearrangements, such as proteins that 

control the Rho GTPase pathway119.

Adhesion molecules could therefore contribute 

to the morphological alteration and stabilization of

connectivity between neurons, a process that is hypoth-

esized to underlie memory consolidation. Consistent

with this hypothesis is the role of adhesion molecules in

the formation and stabilization of LTP and LTM.

Integrin-mediated adhesion helps to stabilize early-

phase LTP (E-LTP) into late-phase LTP (L-LTP). For

example, inhibition of integrin with a peptide that con-

tains the integrin recognition sequence 10 min before,

immediately after and 10 min after LTP induction

caused a gradual decay of synaptic strength over 40 min

(REF. 120). The peptide had no effect when applied 25 min

after LTP initiation, indicating that integrin has a role 

in stabilization of synaptic connectivity. Furthermore,

N-cadherin is synthesized and internalized to new

assembled synapses during the induction of L-LTP, and

blocking N-cadherin adhesion prevents the induction 

of L-LTP but not E-LTP121. This event depends on gluta-

mate receptor activity. In chicks, memory is impaired 

24 h after a visual categorization task when antibodies

against the cell adhesion molecule L1 are injected

before, 5.5 h or 15–18 h after training (but not later)122.

In addition, intraventricular injection of antibodies

against neural cell adhesion molecule (NCAM) in rats

6–8 h after passive avoidance training, but not later,

impaired retention of the avoidance response123. These

observations indicate that adhesion molecules are essen-

tial for memory consolidation during a period of hours

after acquisition.

The level and distribution of adhesion molecules is

also correlated with synaptic plasticity and learning. In

Aplysia, repeated application of 5-hydroxytryptamine

(serotonin; 5-HT), which leads to long-term facilitation

Box 1 | Structural plasticity and reconsolidation

Recent findings have added a new piece to the memory persistence puzzle, showing that

activation of a consolidated memory results in a new round of lability and stabilization

that is also mediated by protein synthesis125–132. These observations raise questions

about the cellular mechanisms of memory persistence and storage. For example, does

the reconsolidation process involve alterations in cytoskeletal elements and adhesion

properties at the synapse that are similar to the consolidation process, as has been

reviewed here? As reconsolidation might involve the stabilization of a pre-existing

neuronal circuit, rather than a remodelling of the network in the manner that occurs

during consolidation, the molecular mechanisms might be different. One of the many

mysteries of reconsolidation is how a stable consolidated memory, and the

corresponding structural plasticity that sustains it, are rapidly destabilized during

retrieval. The observation that some aspects of structural plasticity are rapidly initiated

during experience, and occur in parallel with slower, protein-synthesis-dependent

structural plasticity, indicates a possible means by which rapid changes in memory

availability could be mediated.

©  2004 Nature  Publishing Group



NATURE REVIEWS | NEUROSCIENCE VOLUME 5 | JANUARY 2004 | 5 3

R E V I EW S

1. Dudai, Y. Consolidation: fragility on the road to the engram.

Neuron 17, 367–370 (1996).

2. McGaugh, J. L. Memory — a century of consolidation.

Science 287, 248–251 (2000).

3. Davis, H. P. & Squire, L. R. Protein synthesis and memory: a

review. Psychol. Bull. 96, 518–559 (1984).

4. Goelet, P., Castellucci, V. F., Schacher, S. & Kandel, E. R.

The long and the short of long-term memory — a molecular

framework. Nature 322, 419–422 (1986).

5. Kandel, E. R. The molecular biology of memory storage: a

dialogue between genes and synapses. Science 294,

1030–1038 (2001).

6. Dudai, Y. Molecular bases of long-term memories: a question

of persistence. Curr. Opin. Neurobiol. 12, 211–216 (2002).

7. Tanzi, E. I fatti i le induzione nell’odierna istologia del sistema

nervoso. Riv. Sper. Freniatr. 19, 419–472 (1893).

8. Ramón y Cajal, S. La fine structure des centres nerveux.

Proc. R. Soc. Lond. 55, 444–468 (1894).

9. Sherrington, C. S. The Integrative Action of the Nervous

System, 2nd edn (Yale Univ. Press, New Haven, New

Jersey, 1906).

10. Holt, E. B. Animal Drive and the Learning Process (Henry

Holt, New York, 1931).

11. Grossman, S. P. A Textbook of Physiological Psychology

(Wiley, New York, 1967).

12. Hebb, D. O. The Organization of Behavior: a

Neuropsychological Theory (Wiley, New York, 1949).

13. Konorski, J. Conditioned Reflexes and Neuron Organization

(Cambridge Univ. Press, Cambridge, UK, 1948).

14. Martin, S. J., Grimwood, P. D. & Morris R. G. Synaptic

plasticity and memory: an evaluation of the hypothesis.

Annu. Rev. Neurosci. 23, 649–711 (2000).

15. Tsien, J. Z. Linking Hebb’s coincidence-detection to memory

formation. Curr. Opin. Neurobiol. 10, 266–273 (2000).

16. Bliss, T. V. & Collingridge, G. L. A synaptic model of memory:

long-term potentiation in the hippocampus. Nature 361,

31–39 (1993).

17. Malenka, R. C. & Nicoll, R. A. Long-term potentiation — a

decade of progress? Science 285, 1870–1874 (1999).

18. Katz, L. C. & Shatz, C. J. Synaptic activity and the

construction of cortical circuits. Science 274, 1133–1138

(1996).

19. Sanes, J. R. & Lichtman, J. W. Induction, assembly,

maturation and maintenance of a postsynaptic apparatus.

Nature Rev. Neurosci. 2, 791–805 (2001).

20. Cohen-Cory, S. The developing synapse: construction and

modulation of synaptic structures and circuits. Science 298,

770–776 (2002).

21. Brown, T. H., Chapman, P. F., Kairiss, E. W. & Keenan, C. L.

Long-term synaptic potentiation. Science 242, 724–728

(1988).

22. Nicoll, R. A. & Malenka, R. C. Contrasting properties of two

forms of long-term potentiation in the hippocampus. Nature

377, 115–118 (1995).

23. Blair, H. T., Schafe, G. E., Bauer, E. P., Rodrigues, S. M. &

LeDoux, J. E. Synaptic plasticity in the lateral amygdala: a

cellular hypothesis of fear conditioning. Learn. Mem. 8,

229–242 (2001).

24. Bauer, E. P., Schafe, G. E. & LeDoux, J. E. NMDA receptors

and L-type voltage-gated calcium channels contribute to

long-term potentiation and different components of fear

memory formation in the lateral amygdala. J. Neurosci. 22,

5239–5249 (2002).

25. Grover, L. M. & Teyler, T. J. Two components of long-term

potentiation induced by different patterns of afferent

activation. Nature 347, 477–479 (1990).

26. Magee, J. C. & Johnston, D. A synaptically controlled,

associative signal for Hebbian plasticity in hippocampal

neurons. Science 275, 209–213 (1997).

27. Collingridge, G. L. & Bliss, T. V. Memories of NMDA

receptors and LTP. Trends Neurosci. 18, 54–56 (1995).

28. Magee, J. C. & Johnston, D. Synaptic activation of voltage-

gated channels in the dendrites of hippocampal pyramidal

neurons. Science 268, 301–304 (1995).

29. Miyakawa, H. et al. Synaptically activated increases in Ca2+

concentration in hippocampal CA1 pyramidal cells are

primarily due to voltage-gated Ca2+ channels. Neuron 9,

1163–1173 (1992).

30. Sabatini, B. L., Maravall, M. & Svoboda, K. Ca2+ signaling in

dendritic spines. Curr. Opin. Neurobiol. 11, 349–356 (2001).

31. Nakamura, T. et al. Inositol 1,4,5-trisphosphate (IP3)-

mediated Ca2+ release evoked by metabotropic agonists

and backpropagating action potentials in hippocampal CA1

pyramidal neurons. J. Neurosci. 20, 8365–8376 (2000).

32. Bortolotto, Z. A., Bashir, Z. I., Davies, C. H. & Collingridge,

G. L. A molecular switch activated by metabotropic

glutamate receptors regulates induction of long-term

potentiation. Nature 368, 740–743 (1994).

33. Lisman, J., Schulman, H. & Cline, H. The molecular basis of

CaMKII function in synaptic and behavioural memory.

Nature Rev. Neurosci. 3, 175–190 (2002).

34. Tanaka, C. & Nishizuka, Y. The protein kinase C family for

neuronal signaling. Annu. Rev. Neurosci. 17, 551–567

(1994).

35. Malinow, R. & Malenka, R. C. AMPA receptor trafficking

and synaptic plasticity. Annu. Rev. Neurosci. 25, 103–126

(2002).

36. West, A. E., Griffith, E. C. & Greenberg, M. E. Regulation of

transcription factors by neuronal activity. Nature Rev.

Neurosci. 3, 921–931 (2002).

37. Poo, M. M. Neurotrophins as synaptic modulators. Nature

Rev. Neurosci. 2, 24–32 (2001).

38. Steward, O. & Schuman, E. M. Protein synthesis at synaptic

sites on dendrites. Annu. Rev. Neurosci. 24, 299–325

(2001).

39. Matus, A. Actin-based plasticity in dendritic spines. Science

290, 754–778 (2000).

40. Bailey, C. H. & Chen, M. Morphological basis of long-term

habituation and sensitization in Aplysia. Science 220, 91–93

(1983).

41. Bailey, C. H. & Chen, M. Long-term sensitization in Aplysia

increases the number of presynaptic contacts onto the

identified gill motor neuron L7. Proc. Natl Acad. Sci. USA

85, 9356–9359 (1988).

42. Glanzman, D. L., Kandel, E. R. & Schacher, S. Target-

dependent structural changes accompanying long-term

synaptic facilitation in Aplysia neurons. Science 49, 799–802

(1990).

43. Bailey, C. H., Chen, M., Keller, F. & Kandel, E. R. Serotonin-

mediated endocytosis of apCAM: an early step of learning-

related synaptic growth in Aplysia. Science 256, 645–649

(1992).

References 40–43 present early cellular and molecular

evidence and mechanisms for structural plasticity in

Aplysia.

44. Bailey, C. H. & Kandel, E. R. Structural changes

accompanying memory storage. Annu. Rev. Physiol. 55,

397–426 (1993).

45. Matthews, D. A., Cotman, C. & Lynch, G. An electron

microscopic study of lesion-induced synaptogenesis in the

dentate gyrus of the adult rat. I. Magnitude and time course

of degeneration. Brain Res. 115, 1–21 (1976).

46. Cotman, C. W., Matthews, D. A., Taylor, D. & Lynch, G.

Synaptic rearrangement in the dentate gyrus: histochemical

evidence of adjustments after lesions in immature and adult

rats. Proc. Natl Acad. Sci. USA 70, 3473–3477 (1973).

47. Lee, K. S., Schottler, F., Oliver, M. & Lynch, G. Brief bursts of

high-frequency stimulation produce two types of structural

change in rat hippocampus. J. Neurophysiol. 44, 247–258

(1980).

48. Van Harreveld, A. & Fifkova, E. Swelling of dendritic spines in

the fascia dentata after stimulation of the perforant fibers as

a mechanism of post-tetanic potentiation. Exp. Neurol. 49,

736–749 (1975).

49. Desmond, N. L. & Levy, W. B. Synaptic correlates of

associative potentiation/depression: an ultrastructural study

in the hippocampus. Brain Res. 265, 21–30 (1983).

50. Chang, F. L. & Greenough, W. T. Transient and enduring

morphological correlates of synaptic activity and efficacy

change in the rat hippocampal slice. Brain Res. 309, 35–46

(1984).

51. Fuchs, J. L., Montemayor, M. & Greenough, W. T. Effect of

environmental complexity on size of the superior colliculus.

Behav. Neural. Biol. 54, 198–203 (1990).

52. Greenough, W. T & Volkmar, F. R. Pattern of dendritic

branching in occipital cortex of rats reared in complex

environments. Exp. Neurol. 40, 491–504 (1973)

53. McEwen, B. S. Plasticity of the hippocampus: adaptation to

chronic stress and allostatic load. Ann. NY Acad. Sci. 933,

265–277 (2001).

54. Vyas, A., Mitra, R., Shankaranarayana Rao, B. S. & Chattarji, S.

Chronic stress induces contrasting patterns of dendritic

remodeling in hippocampal and amygdaloid neurons. 

J. Neurosci. 22, 6810–6818 (2002).

55. Gray, E. G. Electron microscopy of synaptic contacts on

dendrite spines of the cerebral cortex. Nature 183,

1592–1593 (1959).

56. Nimchinsky, E. A., Sabatini, B. L. & Svoboda, K. Structure

and function of dendritic spines. Annu. Rev. Physiol. 64,

313–353 (2002).

57. Harris, K. M. Structure, development, and plasticity of

dendritic spines. Curr. Opin. Neurobiol. 9, 343–348 (1999).

58. Sheng, M. & Kim, M. J. Postsynaptic signaling and plasticity

mechanisms. Science 298, 776–780 (2002).

59. Kennedy, M. B. The postsynaptic density at glutamatergic

synapses. Trends Neurosci. 20, 264–268 (1997).

60. Weiler, I. J., Hawrylak, N. & Greenough, W. T. Morphogenesis

in memory formation: synaptic and cellular mechanisms.

Behav. Brain Res. 66, 1–6 (1995).

61. Nikonenko, I., Jourdain, P., Alberi, S., Toni, N. & Muller, D.

Activity-induced changes of spine morphology.

Hippocampus 12, 585–591 (2002).

62. Sorra, K. E. & Harris, K. M. Overview on the structure,

composition, function, development, and plasticity of hippo-

campal dendritic spines. Hippocampus 10, 501–511 (2000).

63. Yuste, R. & Bonhoeffer, T. Morphological changes in

dendritic spines associated with long-term synaptic

plasticity. Annu. Rev. Neurosci. 24, 1071–1089 (2001).

64. Muller, D., Nikonenko, I., Jourdain, P. & Alberi, S. LTP,

memory and structural plasticity. Curr. Mol. Med. 2,

605–611 (2002).

65. Engert, F. & Bonhoeffer, T. Dendritic spine changes

associated with hippocampal long-term synaptic plasticity.

Nature 399, 66–70 (1999).

Using a combination of a local superfusion technique

with two-photon imaging, this study shows that

induction of long-lasting (but not short-lasting)

functional enhancement of synapses in area CA1

leads to the appearance of new spines on the

postsynaptic dendrite.

66. Fifkova, E. & Van Harreveld, A. Long-lasting morphological

changes in dendritic spines of dentate granular cells

following stimulation of the entorhinal area. J. Neurocytol. 6,

211–230 (1977).

67. Fifkova, E. & Anderson, C. L. Stimulation-induced changes

in dimensions of stalks of dendritic spines in the dentate

molecular layer. Exp. Neurol. 74, 621–627 (1981).

68. Toni, N., Buchs, P. A., Nikonenko, I., Bron, C. R. & Muller, D.

LTP promotes formation of multiple spine synapses

between a single axon terminal and a dendrite. Nature 402,

421–425 (1999).

This study used electron microscopy to show that LTP

induction leads to changes in the proportion of spines

with perforated synapses and to an increase in

multiple spine boutons.

69. Fiala, J. C., Allwardt, B. & Harris, K. M. Dendritic spines do

not split during hippocampal LTP or maturation. Nature

Neurosci. 5, 297–298 (2002).

70. Harris, K. M., Fiala, J. C. & Ostroff, L. Structural changes at

dendritic spine synapses during long-term potentiation.

Philos. Trans. R. Soc. Lond. B 358, 745–748 (2003).

71. Leuner, B., Falduto, J. & Shors, T. J. Associative memory

formation increases the observation of dendritic spines in

the hippocampus. J. Neurosci. 23, 659–665 (2003).

72. Geinisman, Y., Berry, R. W., Disterhoft, J. F., Power, J. M. &

Van der Zee, E. A. Associative learning elicits the formation

of multiple-synapse boutons. J. Neurosci. 21, 5568–5573

(2001).

73. Kleim, J. A. et al. Synapse formation is associated with

memory storage in the cerebellum. Proc. Natl Acad. Sci.

USA 99, 13228–13231 (2002).

74. Knafo, S., Grossman, Y., Barkai, E. & Benshalom, G.

Olfactory learning is associated with increased spine density

along apical dendrites of pyramidal neurons in the rat

piriform cortex. Eur. J. Neurosci. 13, 633–638 (2001).

75. Volfovsky, N., Parnas, H., Segal, M. & Korkotian, E.

Geometry of dendritic spines affects calcium dynamics in

hippocampal neurons: theory and experiments. 

J. Neurophysiol. 82, 450–462 (1999).

76. Majewska, A., Brown, E., Ross, J. & Yuste, R. Mechanisms

of calcium decay kinetics in hippocampal spines: role of

spine calcium pumps and calcium diffusion through the

spine neck in biochemical compartmentalization. 

J. Neurosci. 20, 1722–1734 (2000).

77. Matsuzaki, M. et al. Dendritic spine geometry is critical for

AMPA receptor expression in hippocampal CA1 pyramidal

neurons. Nature Neurosci. 411, 1086–1092 (2001).

78. Smith, M. A., Ellis-Davies, G. C. & Magee, J. C. Mechanism

of the distance-dependent scaling of Schaffer collateral

synapses in rat CA1 pyramidal neurons. J. Physiol. (Lond.)

548, 245–258 (2003).

79. Takumi, Y., Ramirez-Leon, V., Laake, P., Rinvik, E. &

Ottersen, O. P. Different modes of expression of AMPA and

NMDA receptors in hippocampal synapses. Nature

Neurosci. 2, 618–624 (1999).

80. Schikorski, T. & Stevens, C. F. Quantitative ultrastructural

analysis of hippocampal excitatory synapses. J. Neurosci.

17, 5858–5867 (1997).

81. Harris, K. M. & Stevens, J. K. Dendritic spines of CA 1

pyramidal cells in the rat hippocampus: serial electron

microscopy with reference to their biophysical

characteristics. J. Neurosci. 9, 2982–2997 (1989).

82. Ostroff, L. E., Fiala, J. C., Allwardt, B. & Harris, K. M.

Polyribosomes redistribute from dendritic shafts into spines

with enlarged synapses during LTP in developing rat

hippocampal slices. Neuron 35, 535–545 (2002).

83. Fischer, M., Kaech, S., Knutti, D. & Matus, A. Rapid actin-

based plasticity in dendritic spines. Neuron 20, 847–854

(1998).

84. Dunaevsky, A., Tashiro, A., Majewska, A., Mason, C. &

Yuste, R. Developmental regulation of spine motility in the

mammalian central nervous system. Proc. Natl Acad. Sci.

USA 96, 13438–13443 (1999).

©  2004 Nature  Publishing Group



5 4 | JANUARY 2004 | VOLUME 5  www.nature.com/reviews/neuro

R E V I EW S

85. Krucker, T., Siggins, G. R. & Halpain, S. Dynamic actin

filaments are required for stable long-term potentiation (LTP)

in area CA1 of the hippocampus. Proc. Natl Acad. Sci. USA

97, 6856–6861 (2000).

The study shows that actin filament assembly is

essential for the maintenance of stable LTP.

86. Fukazawa, Y. et al. Hippocampal LTP is accompanied by

enhanced F-actin content within the dendritic spine that is

essential for late LTP maintenance in vivo. Neuron 38,

447–460 (2003). 

This study shows that LTP induction is associated

with long-lasting increases in polymerized actin 

(F-actin) content in dendritic spines. Inhibition of actin

polymerization or the phosphorylation of the actin

depolymerization factor/cofilin impaired the late

phase of LTP.

87. Maletic-Savatic, M., Malinow, R. & Svoboda, K. Rapid

dendritic morphogenesis in CA1 hippocampal dendrites

induced by synaptic activity. Science 283, 1923–1927

(1999).

88. Colicos, M. A., Collins, B. E., Sailor, M. J. & Goda, Y.

Remodeling of synaptic actin induced by photoconductive

stimulation. Cell 107, 605–616 (2001).

89. Hatada, Y., Wu, F., Sun, Z. Y., Schacher, S. & Goldberg, D. J.

Presynaptic morphological changes associated with long-

term synaptic facilitation are triggered by actin polymerization

at preexisting varicositis. J. Neurosci. 20, RC82 (2000).

90. Fischer, M., Kaech, S., Wagner, U., Brinkhaus, H. & Matus, A.

Glutamate receptors regulate actin-based plasticity in

dendritic spines. Nature Neurosci. 3, 887–894 (2000).

This study shows that NMDA and AMPA receptors

inhibit actin dynamics in spines and actin-based

protrusive activity of the spine head.

91. McKinney, R. A., Capogna, M., Durr, R., Gahwiler, B. H. &

Thompson, S. M. Miniature synaptic events maintain

dendritic spines via AMPA receptor activation. Nature

Neurosci. 2, 44–49 (1999).

Evidence is presented showing that AMPA receptor

activation by spontaneous vesicular glutamate

release is sufficient to maintain dendritic spines.

92. Shi, S. H. et al. Rapid spine delivery and redistribution of

AMPA receptors after synaptic NMDA receptor activation.

Science 284, 1811–1816 (1999).

93. Heynen, A. J., Quinlan, E. M., Bae, D. C. & Bear, M. F.

Bidirectional, activity-dependent regulation of glutamate

receptors in the adult hippocampus in vivo. Neuron 28,

527–536 (2000).

94. Takahashi, T., Svoboda, K. & Malinow, R. Experience

strengthening transmission by driving AMPA receptors into

synapses. Science 299, 1585–1588 (2003).

95. Lee, H. K. et al. Phosphorylation of the AMPA receptor

GluR1 subunit is required for synaptic plasticity and retention

of spatial memory. Cell 112, 631–643 (2003).

96. Shi, S., Hayashi, Y., Esteban, J. A. & Malinow, R. Subunit-

specific rules governing AMPA receptor trafficking to

synapses in hippocampal pyramidal neurons. Cell 105,

331–343 (2001).

97. Grosshans, D. R., Clayton, D. A., Coultrap, S. J. &

Browning, M. D. LTP leads to rapid surface expression of

NMDA but not AMPA receptors in adult rat CA1. Nature

Neurosci. 5, 27–33 (2002).

98. Esteban, J. A. et al. PKA phosphorylation of AMPA receptor

subunits controls synaptic trafficking underlying plasticity.

Nature Neurosci. 6, 136–143 (2003).

99. Schafe, G. E. & LeDoux, J. E. Memory consolidation of

auditory pavlovian fear conditioning requires protein

synthesis and protein kinase A in the amygdala. J. Neurosci.

20, RC96 (2000).

100. Schafe, G. E., Nader, K., Blair, H. T. & LeDoux, J. E. Memory

consolidation of Pavlovian fear conditioning: a cellular and

molecular perspective. Trends Neurosci. 24, 540–546 (2001).

101. Abel, T. et al. Genetic demonstration of a role for PKA in the

late phase of LTP and in hippocampus-based long-term

memory. Cell 88, 615–626 (1997).

102. Colledge, M. et al. Targeting of PKA to glutamate receptors

through a MAGUK–AKAP complex. Neuron 27, 107–119

(2000).

103. Moita, M. A., Lamprecht, R., Nader, K. & LeDoux, J. E. 

A-kinase anchoring proteins in amygdala are involved in

auditory fear memory. Nature Neurosci. 5, 837–838 (2002).

104. Luo, L. Actin cytoskeleton regulation in neuronal

morphogenesis and structural plasticity. Annu. Rev. Cell Dev.

Biol. 18, 601–635 (2002).

105. Luo, L. Rho GTPases in neuronal morphogenesis. Nature

Rev. Neurosci. 3, 173–180 (2000).

106. Hall, A. Rho GTPases and the actin cytoskeleton. Science

279, 509–514 (1998).

107. Van Aelst, L. & D’Souza-Schorey, C. Rho GTPases and

signaling networks. Genes Dev. 11, 2295–2322 (1997).

108. Nakayama, A. Y., Harms, M. B. & Luo, L. Small GTPases

Rac and Rho in the maintenance of dendritic spines and

branches in hippocampal pyramidal neurons. J. Neurosci.

20, 5329–5338 (2000).

The study shows that inhibition of Rac1 GTPase results

in a progressive elimination of dendritic spines, and that

hyperactivation of RhoA GTPase causes simplification

of dendritic branch patterns that is dependent on the

activity of the downstream Rho-associated kinase

(ROCK) in hippocampal pyramidal neurons.

109. Tashiro, A., Minden, A. & Yuste, R. Regulation of dendritic

spine morphology by the rho family of small GTPases:

antagonistic roles of Rac and Rho. Cereb. Cortex 10,

927–938 (2000).

This study shows that Rac GTPase can promote the

appearance of spines, whereas Rho GTPase can

prevent spine formation, promote spine retraction and

stabilize shorter spines.

110. Li, Z., Van Aelst, L. & Cline, H. T. Rho GTPases regulate

distinct aspects of dendritic arbor growth in Xenopus central

neurons in vivo. Nature Neurosci. 3, 217–225 (2000).

111. Sin, W. C., Haas, K., Ruthazer, E. S. & Cline, H. T. Dendrite

growth increased by visual activity requires NMDA receptor

and Rho GTPases. Nature 419, 475–480 (2002).

112. Lamprecht, R., Farb, C. R. & LeDoux, J. E. Fear memory

formation involves p190 RhoGAP and ROCK proteins through

a GRB2-mediated complex. Neuron 36, 727–738 (2002).

This study demonstrates a role for the p190 Rho

GTPase-activating protein (p190 RhoGAP) and Rho-

associated kinase (ROCK) in the amygdala in the

formation of long-term fear memory.

113. Bito, H. et al. A critical role for a Rho-associated kinase,

p160ROCK, in determining axon outgrowth in mammalian

CNS neurons. Neuron 26, 431–441 (2000).

114. Meng, Y. et al. Abnormal spine morphology and enhanced

LTP in LIMK-1 knockout mice. Neuron 35, 121–133 (2002).

Limk1-knockout mice exhibited abnormalities in

spine morphology. The mice also showed enhanced

hippocampal long-term potentiation and altered fear

responses and spatial learning.

115. Benson, D. L., Schnapp, L. M., Shapiro, L. & Huntley, G. W.

Making memories stick: cell-adhesion molecules in synaptic

plasticity. Trends Cell. Biol. 10, 473–482 (2000).

116. Edelman, G. M. Neural Darwinism: The Theory of Neuronal

Group Selection (Basic Books, New York, 1987).

117. Togashi, H. et al. Cadherin regulates dendritic spine

morphogenesis. Neuron 35, 77–89 (2002).

118. Murase, S., Mosser, E. & Schuman, E. M. Depolarization

drives β-Catenin into neuronal spines promoting changes in

synaptic structure and function Neuron 35, 91–105 (2002).

119. Noren, N. K. & Arthur, W. T. & Burridge, K. Cadherin

engagement inhibits RhoA via p190RhoGAP. J. Biol. Chem.

278, 13615–13618 (2003).

120. Staubli, U., Chun, D. & Lynch, G. Time-dependent reversal

of long-term potentiation by an integrin antagonist. 

J. Neurosci. 18, 3460–3469 (1998).

121. Bozdagi, O., Shan, W., Tanaka, H., Benson, D. L. & Huntley, 

G. W. Increasing numbers of synaptic puncta during late-phase

LTP: N-cadherin is synthesized, recruited to synaptic sites,

and required for potentiation. Neuron 28, 245–259 (2000).

122. Tiunova, A., Anokhin, K. V., Schachner, M. & Rose, S. P. Three

time windows for amnestic effect of antibodies to cell adhesion

molecule L1 in chicks. Neuroreport 9, 1645–1648 (1998).

123. Doyle, E., Nolan, P. M., Bell, R. & Regan, C. M.

Intraventricular infusions of anti-neural cell adhesion

molecules in a discrete posttraining period impair

consolidation of a passive avoidance response in the rat. 

J. Neurochem. 59, 1570–1573 (1992).

124. Ressler, K. J., Paschall, G., Zhou, X. L. & Davis, M.

Regulation of synaptic plasticity genes during consolidation

of fear conditioning. J. Neurosci. 22, 7892–7902 (2002).

125. Nader, K., Schaf, G. E. & LeDoux, J. E. Fear memories

require protein synthesis in the amygdala for reconsolidation

after retrieval. Nature 406, 722–726 (2000).

126. Debiec, J., LeDoux, J. E. & Nader, K. Cellular and systems

reconsolidation in the hippocampus. Neuron 36, 527–538

(2002).

127. Nader, K. Memory traces unbound. Trends Neurosci. 26,

65–72 (2003).

128. Kida, S. et al. CREB required for the stability of new and

reactivated fear memories. Nature Neurosci. 5, 348–355

(2002).

129. Milekic, M. H. & Alberini, C. M. Temporally graded

requirement for protein synthesis following memory

reactivation. Neuron 36, 521–525 (2002).

130. Przybyslawski, J. & Sara, S. J. Reconsolidation of memory

after its reactivation. Behav. Brain Res. 84, 241–246 (1997).

131. Pedreira, M. E., Perez-Cuesta, L. M. & Maldonado, H.

Reactivation and reconsolidation of long-term memory in the

crab Chasmagnathus: protein synthesis requirement and

mediation by NMDA-type glutamatergic receptors. 

J. Neurosci. 22, 8305–8311 (2002).

132. Sangha, S., Scheibenstock, A. & Lukowiak, K.

Reconsolidation of a long-term memory in Lymnaea requires

new protein and RNA synthesis and the soma of right pedal

dorsal 1. J Neurosci. 23, 8034–8040 (2003).

133. Gerlai, R. et al. Regulation of learning by EphA receptors: a

protein targeting study. J. Neurosci. 19, 9538–9549 (1999).

Acknowledgements
This work was supported by NIH grants and by an NSF grant.

Competing interests statement
The authors declare that they have no competing financial interests. 

Online links

FURTHER INFORMATION

Encyclopedia of Life Sciences: http://www.els.net/

dendritic spines | learning and memory | protein synthesis and

long-term synaptic plasticity

LeDoux Lab’s homepage:

http://www.cns.nyu.edu/home/ledoux/

Access to this interactive links box is free online.

©  2004 Nature  Publishing Group


