
A key function of a neuron is to modify its 
response to synaptic input in an experience-
dependent fashion. In most models of neu-
ronal function, changes in synaptic weight are 
the cellular foundation of these experience-
dependent alterations. This is supported by 
extensive evidence that shows long-lasting 
increases and decreases in synaptic weights, 
known as long-term potentiation (LTP) and 
long-term depression (LTD), respectively1. 
Importantly, LTP and LTD, as well as mem-
ory, can be divided into at least two phases. 
Long-term memory (LTM) formation 
requires enhanced protein synthesis (transla-
tion), whereas short-term memory (STM) 
formation does not2. Analogously, in synaptic 
plasticity, although the induction of the early 
phase of LTP (E-LTP) and the early phase 
of LTD (E-LTD) does not require enhanced 
translation, this process is essential for 
induction of the late phase of LTP (L-LTP) 
and the late phase of LTD (L-LTD), which 
are thought to be synaptic correlates of LTM 
engram formation3–11. Transcriptional activa-
tion is also required for the maintenance of 
some, but not all, forms of L-LTP and L-LTD; 
importantly, the products of transcription 
are required only some time after plasticity 
is induced, whereas the protein products of 
enhanced translation are used immediately 

after the induction of plasticity4,6–15. Here, 
we focus on only the translation-dependent, 
transcription-independent phase of LTM 
engram formation.

The requirement for LTM engram forma-
tion for enhanced translation, which has not 
been a key parameter in most computational 
models of neuronal function proposed so far, 
can impose new computational constraints 
on LTM engram formation and reactivation. 
Here, we summarize recent findings that 
shed light on the regulatory mechanisms 
underlying neuronal activity-induced 
translation, and discuss how this mechanism 
provides a molecular basis for an electrophys-
iologically identified associativity between 
L-LTP and L-LTD, a phenomenon known as 
‘cross-tagging’16. We also explain how transla-
tion-dependent plasticity leads to forms of 
synaptic cooperativity and associativity that 
act over a timescale of minutes, as opposed 
to the traditional synaptic cooperativity 
and associativity that act over a timescale of 
milliseconds, and are optimal only when the 
stimulated synapses are located near each 
other. In addition, we propose a new model 
for the formation and reactivation of LTM 
engrams at the individual cell level, which we 
refer to as ‘clustered plasticity’. To determine 
the computational value of our model, we 

compare it with an alternative model17, which 
we refer to as the ‘dispersed plasticity’ model, 
that suggests that the LTM engram is stored 
randomly at synapses throughout the neu-
ron. Our clustered plasticity model extends 
the model of LTM engram storage proposed 
by Frey18 — who proposes that localized 
protein synthesis within dendrites facilitates 
biochemical economy and local autonomy 
of neuronal response rules when inputs 
are segregated — by incorporating several 
computational advantages that apply to non-
segregated neuronal input. It also extends the 
model of Mel et al.19–21, which describes the 
advantages of clustered input to a neuron in 
action potential generation; by contrast, the 
clustered plasticity model discusses plasticity, 
as opposed to action potential generation, 
and is not constrained by the requirement 
for clustered inputs. It is to be noted that the 
model described here applies to the storage 
of information within single cells, and so the 
mechanisms of neuronal-ensemble engram 
storage, which are superimposed on the 
mechanisms of engram storage within single 
cells, will not be discussed here. 

Neuronal activity-induced translation
L-LTP and L-LTD are manifestations of 
opposite synaptic weight changes, but the 
induction of both requires upregulated trans-
lation4–9. Interestingly, data suggest that both 
sets of stimuli that induce L-LTP and L-LTD 
cause enhanced synthesis of largely overlap-
ping sets of diverse proteins, through the 
activation of common biochemical signalling 
pathways. Specifically, both L-LTP- and 
L-LTD-inducing stimuli enhance mitogen-
activated protein kinase (MAPK)- and mam-
malian target of rapamycin (mTOR)-dependent 
translation of a diverse set of mRNAs9,10,22. 
Mechanistically, this increase in translation 
is characterized by MAPK- and mTOR-
dependent increases in phosphorylations of 
eukaryotic translation initiation factor 4E 
(eIF4E), its repressors eIF4E-binding protein 
(4EBP1, 4EBP2), small ribosomal protein 6 
(S6) (REFS 9,10,22–27), as well as increases in 
the concentration of eukaryotic elongation 
factor 1α (eEF1α)28,29 (FIG. 1). As these events 
lead to a general enhancement of transla-
tion9,22, synthesis of a predominantly overlap-
ping set of proteins is probably upregulated 
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by both L-LTP- and L-LTD-inducing 
stimuli9,22. Furthermore, the MAPK and 
mTOR pathways must be active for induction 
of L-LTP and L-LTD9,10,22,27,30–36.

Given that L-LTP and L-LTD represent 
opposite synaptic weight changes, how is it 
that the stimuli that induce them might trig-
ger the synthesis of similar sets of proteins? It 
is possible that this could simply be because 
L-LTP and L-LTD require similar proteins for 
their expression. However, we favour another 
possibility — the concept of synaptic cross-
tagging suggested by Sajikumar and Frey16, 
which we elaborate on below. The authors 
propose that L-LTD/L-LTP-inducing stimuli 
trigger the synthesis of proteins necessary 
for L-LTD/L-LTP expression not only at the 
stimulated synapse but also for L-LTP/L-LTD 
expression at nearby synapses that receive 
E-LTP/E-LTD-inducing stimuli, which does 
not lead to translational activation.

Spatial aspects of translational activation. 
The discovery by Steward and colleagues 
of synaptically localized ribosomes37,38, 
and the finding that synapses are capable 
of synthesizing proteins39–41, suggests that 

activity-induced translation occurs at or 
near stimulated synapses37–47. Studies have 
also shown that brain-derived neurotrophic 
factor (BDNF) and dihydroxyphenylglycine 
(DHPG), which induce L-LTP48 and L-LTD6, 
respectively, without the need for somatic 
protein synthesis, trigger dendritic protein 
synthesis9,46,49–52. Furthermore, tetanus-
induced L-LTP does not require somatic 
translation53,54. Recent evidence also points 
to protein synthesis occurring only at sites 
near stimulated synapses in response to 
dopamine55. This localized translation could 
be mediated by biochemical signalling 
cascades that are activated locally by synaptic 
input56. In addition, Ras activation (which 
occurs upstream of MAPK activation) in 
response to stimulation with epidermal 
growth factor in COS cells is localized to the 
stimulated sites57.

One piece of evidence against localized 
translation is that the MAPK pathway can 
be activated throughout the neuron through 
the patterned generation of antidromic 
action potentials58,59, although translational 
upregulation has not been measured after 
such stimulation. This is important because 

MAPK pathway activation is not likely to 
be sufficient to induce translation: there is 
evidence that the MAPK pathway can also 
be activated by E-LTP-inducing stimuli30 
and is necessary in many cases for E-LTP 
induction31,60. It is possible that higher levels 
of MAPK pathway activation are necessary 
for translational induction, but to achieve 
this level of activation requires L-LTP/
L-LTD-inducing stimuli rather than E-LTP/
E-LTD-inducing stimuli61,62. Alternatively, 
other pathways such as the mTOR pathway, 
which is also required for L-LTP/L-LTD 
induction32,33,35,36, could be activated prefer-
entially by L-LTP/L-LTD-inducing stimuli36. 
In addition, synaptic plasticity can occur 
in the absence of action potential genera-
tion, for example, through local dendritic 
spike generation63–65, which would result in 
local activation of the MAPK pathway. We 
therefore believe that there is compelling 
evidence supporting local activity-induced 
translational upregulation, which forms 
an integral part of our proposed clustered 
plasticity model.

Synaptic integration in translational activa-
tion. Once activated, the MAPK and mTOR 
pathways remain active over a timescale of the 
order of minutes10,61. Therefore, the reliance of 
L-LTP/L-LTD-dependent translational upreg-
ulation on kinase activation — that is, the 
MAPK and mTOR kinase pathways — allows 
for the integration of inputs that are separated 
by many minutes as translational stimulators. 
In addition, these molecular pathways are not 
only activated by kinases that are downstream 
of glutamatergic action but also by signalling 
cascades stimulated by neurotrophins10 and 
neuromodulators, such as noradrenaline, 
dopamine and acetylcholine66, and so both 
ionotropic and metabotropic inputs66 can be 
integrated (FIGS 1,2). This idea is supported by 
evidence that the activation of noradrenergic 
receptors67 or D1/D5 dopamine receptors68,69 
can facilitate the induction of L-LTP, and that 
electrically induced L-LTP requires dopamin-
ergic function70,71. Importantly, neuromodula-
tors are thought to be released in a diffuse 
manner72, which would lead to nonspecific 
upregulation of translation, and therefore we 
predict that neuromodulatory input can only 
facilitate translational activation when cou-
pled with synapse-specific neurotransmitter 
activation, such as through glutamate. This is 
consistent with data from several laboratories 
that indicate that the modulatory effects 
of dopaminergic68,69,73,74 and β-adrenergic 
activation67 on hippocampal LTP and LTD 
are dependent on glutamate receptor activa-
tion. We refer to this long-term (timescale 

Figure 1 | The MAPK and mTOR pathways regulate neuronal activity-induced translation. This 
schematic shows the molecular mechanisms behind general translational enhancement. 
Neuromodulators (dopamine (DA), acetylcholine and noradrenaline), glutamate (via both NMDA 
(N-methyl-d-aspartate) and metabotropic glutamate (mGlu) receptors; NMDAR and mGluR, respec-
tively) and neurotrophins (for example, brain-derived neurotrophic factor; BDNF) activate the mitogen-
activated protein kinase (MAPK) pathway. Glutamate and neurotrophins also activate the mammalian 
target of rapamycin (mTOR) pathway. In turn, these pathways activate translation of most mRNAs 
present by stimulating phosphorylation of eukaryotic translation initiation factor 4E (eIF4E), small 
ribosomal protein 6 (S6) and eukaryotic elongation factor 1α (eEF1α), as well as by phosphorylation of 
eIF4E-binding protein (4EBP), which negatively regulates eIF4E. D1R, dopamine D1 receptor; TrkB, 
tyrosine receptor kinase B.

NMDAR NMDARmGluR mGluR

MAPK mTOR

4E-BP

elF4ES6 S6

Translation

eEF1α

D1R TrkB

BDNF GluGluGluDA Glu

P E R S P E C T I V E S

576 | JULY 2006 | VOLUME 7  www.nature.com/reviews/neuro



of minutes) kinase-dependent integration as 
‘synaptic integration in translational activa-
tion’ (SITA; FIG. 2) to distinguish it from 
short-term (millisecond timescale) dendritic 
integration and electrical cooperativity. In 
this mechanism, dendritic membranes and 
NMDA (N-methyl-d-aspartate) receptors 
(NMDARs) mediate the cooperation of 
synapses with subthreshold activation levels 
to induce E-LTP and E-LTD75,76.

Synaptic tagging and capture
The phenomenon of proteins synthesized in 
response to strong stimulation at one set of 
synapses facilitating plasticity at other stimu-
lated synapses was first shown by Frey and 
Morris5. Specifically, when one set of Schaffer 
collateral synapses was tetanized with an 
L-LTP-inducing stimulus, and another set 
of synapses was tetanized with an E-LTP-
inducing stimulus within ~1 h before or after 
application of the L-LTP-inducing stimulus at 
the first set of synapses, both sets of synapses 
expressed L-LTP5. These data have been 
explained by the ‘synaptic tag and capture’ 
model5. It has been proposed that E-LTP- 
and L-LTP-inducing stimuli create immobile 
‘tags’, a process that is translation-independ-
ent, at the stimulated synapse. Because 
L-LTP-inducing stimuli enhance protein 
synthesis, and the new proteins are available 
to nearby synapses5, tagged synapses close to 
synapses receiving L-LTP-inducing stimuli 
can capture the required proteins from the 
protein pool to express L-LTP themselves5. 
An analogous phenomenon is seen for 
E-LTD and L-LTD16.

Strikingly, if an E-LTP-inducing stimulus 
was applied to one set of synapses before 
or after an L-LTD-inducing stimulus was 
applied to another set of synapses, L-LTP was 
observed at the first set of synapses16. This 
process has been termed ‘cross-tagging’ by 
the authors16, although it is our opinion that 
the term ‘cross-capture’ is more appropriate. 
Moreover, we also believe that the general 
enhancement of translation in response to 
either L-LTP- or L-LTD-inducing stimuli 
outlined above provides the molecular basis 
for synaptic capture and cross-capture. As 
bidirectional plasticity has been postulated 
to be a key mechanism for efficient memory 
storage77, one advantage of this associativity 
between L-LTP and L-LTD is that synaptic 
weight changes will be stabilized without 
altering the direction of the change.

Spatiotemporal features of synaptic capture. 
The associativity resulting from synaptic 
tagging and capture occurs between 
synapses stimulated on a timescale of ~1 h 

measured in vitro: the synthesized proteins 
have lifetimes of many minutes to hours, 
and the tags seem to endure for roughly the 
same period of time5,78–81. Therefore, syn-
apses that are tagged many minutes before 
or after the onset of translation can capture 
protein, and express L-LTP or L-LTD. This 
is in contrast to the previously described 
electrical associativity between synapses, 
which relies on the membrane properties 
of the neuron and the properties of the 
NMDAR to associate two synapses activated 
within milliseconds of each other in the 
induction of E-LTP and E-LTD75,76. We refer 

to this longer-term associativity81 as ‘capture 
associativity’ (FIG. 2).

Notably, many postsynaptic proteins are 
transported at a fairly slow rate, including 
the NMDAR subunit NR1 and the AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid) receptor (AMPAR) subunit 
GluR1, which move along the dendrite 
at rates of 240 µm h–1 and 120 µm h–1, 
respectively82. As AMPARs are likely to be 
involved in the expression mechanism of 
L-LTP and L-LTD1, and the tag’s lifetime 
seems to be ~1 h in vitro5,78, it can be argued 
that capture associativity cannot occur 

Figure 2 | General translational upregulation, and synaptic tagging and capture, enable synaptic 
integration in translational activation and capture associativity. a | In this example, two long-term 
potentiation (LTP) stimuli, which are insufficient for the induction of the late phase of LTP (L-LTP), arrive 
at the synapses (1,2), marking them with potentiation tags5,16 (pink shading). They also cooperate, via 
synaptic integration in translational activation (SITA), to activate translation. Importantly, there could 
be an interval of many minutes between the stimuli5,16,78. b | The enhanced translation results in the 
production of the proteins required for the expression of both L-LTP and the late phase of long-term 
depression (L-LTD), represented by red and green circles, respectively. The proteins required for the 
expression of L-LTP are then captured by the synapses marked with the potentiation tag (1,2)5,16. c | The 
potentiation-tagged synapses therefore express L-LTP (depicted as expanded synapses). In addition, 
an early-phase LTD (E-LTD) stimulus arrives at synapse 3, and marks it with a depression tag (green 
shading)16. Although the input to the synapse is too weak to activate translation, the synapse captures 
proteins required for the expression of L-LTD from the pool of proteins synthesized in response to the 
previous stimuli to synapses 1 and 216. This form of associativity between the input to synapse 3 and 
the original inputs to synapses 1 and 2 is known as capture associativity. d | Capture associativity leads 
to the expression of L-LTD (depicted as a shrunken synapse). Note that in panel a, one of the synaptic 
inputs could be neuromodulatory via SITA. However, in such a case, there would be no tag, and so that 
synapse would remain the same. Also, the exact locus of translation (spine versus base of spine versus 
dendritic shaft) is an open question, and is not important for our model.
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more than ~120 µm away from the site of 
translation, which is approximately equal to 
the average length of a dendritic branch83,84. 
Furthermore, neither synaptic tagging85 
nor competition during synaptic capture80 
occurs when the inputs reach dendrites 
that are not in close proximity to each 
other, making the case for localized capture 
associativity.

The clustered plasticity model
At the single cell level, an LTM engram is 
thought to be composed of a pattern of syn-
apses with stable synaptic weight changes86. 
The evidence presented above points to 
a model of LTM storage that depends on 
behaviourally relevant stimuli inducing 
either L-LTP- or L-LTD-like mechanisms, 
leading to the activation of the MAPK and 
mTOR signalling pathways. This, in turn, 
leads to the locally enhanced synthesis of 
a set of diverse proteins that is available to 
all nearby synapses and contains the entire 
repertoire of proteins necessary for the 
expression of both L-LTP and L-LTD. Also, 
both E-LTP- and L-LTP-inducing stimuli 
create ‘potentiation tags’ at the stimulated 
synapses5,16, which then capture proteins 
required for expression of LTP. By contrast, 
E-LTD- and L-LTD-inducing stimuli create 

‘depression tags’16, and these tagged synapses 
capture locally synthesized proteins required 
for the expression of L-LTD5,9,16 (FIG. 2). 
Importantly, the tags remain at the synapses 
at which they were formed5,16. Unstimulated 
synapses do not get tagged, and therefore 
cannot capture protein, even if the necessary 
proteins are available, and so their synaptic 
weights remain unchanged. In agreement 
with previous models78,81, we posit that both 
the strength of the tag and the amounts of the 
different proteins available are variable, with 
the amount of protein(s) captured by a syn-
apse being proportional to both the strength 
of the tag and the local concentration of 
essential proteins78,81.

Electrical cooperativity and electrical 
associativity75,76 facilitate E-LTP and E-LTD 
induction, and concomitant setting of tags5,16, 
at synapses with subthreshold stimulation. 
As multiple excitatory inputs onto synapses 
within a dendritic branch can summate 
supralinearly (generating a total effect 
that exceeds their linear sum)19,65,87–89, we 
postulate that there is a greater probability 
of tag formation at stimulated synapses 
located close together within a dendritic 
branch compared with those dispersed 
throughout the dendritic arbor64,90 (FIGS 2,3). 
Furthermore, our model predicts that, at a 

subset of the synapses in some cells, sufficient 
SITA occurs to induce translation. Within 
such dendritic branches, capture associativity 
will convert nearby expressions of E-LTP and 
E-LTD into expressions of L-LTP and L-LTD, 
respectively, and the information encoded 
by those synapses will be bound with the 
information conveyed by the set of synapses 
that originally received the L-LTP- or L-LTD-
inducing stimuli. It is the combination of 
all these synapses with weight changes that 
have been stabilized that constitutes the LTM 
engram (FIG. 3).

As SITA and capture associativity occur 
most efficiently when synapses in close 
proximity to each other are stimulated 
within minutes of each other, those dendritic 
branches in which sufficient input occurs 
to stimulate tag formation and enhanced 
translation are effectively ‘selected’ as the 
locus of persistent memory storage. The 
various synaptic weight changes that form 
an LTM engram are therefore more likely to 
take place at synapses that are clustered in 
a few dendritic branches. We have named 
this model the clustered plasticity model. 
To analyse the computational benefits of 
such a model, we compare it with the model 
reviewed in Yuste and Urban17: we refer to 
this model as the dispersed plasticity model, 

Figure 3 | Formation of long-term memory engrams in dispersed plas-
ticity and clustered plasticity models. In both dispersed and clustered 
plasticity models, inputs arrive at four synapses (black circles marked 1–4) in 
the neuron. Aa | Early-phase long-term potentiation (E-LTP)-inducing stimuli 
(dashed red arrow) arriving at synapse 1 and late-phase LTP (L-LTP)-inducing 
stimuli (solid red arrow) arriving at synapse 2 mark the synapses with poten-
tiation tags (red synapses in panel Ab). Analogously, late-phase long-term 
depression (L-LTD)-inducing stimuli (solid green arrow) at synapse 3 and 
early-phase LTD (E-LTD)-inducing stimuli (dashed green arrow) at synapse 4 
mark the synapses with depression tags (green synapses in panel Ab). 
Ab | In addition, the L-LTP- and L-LTD-inducing stimuli at synapses 2 and 3, 
respectively, stimulate local translation. The proteins produced will be avail-
able to synapses in the dendritic branches (blue). Ac | The single, activated 
synapse in each branch will express L-LTP (synapse 2) or L-LTD (synapse 3). 
Ba | E-LTP-inducing stimuli (dashed red arrow) and L-LTP-inducing stimuli 
(solid red arrow) result in potentiation tags being set at synapses 1 and 2 (red 

synapses in panel Bb). Similarly, E-LTD-inducing stimuli (dashed green arrow) 
and L-LTD-inducing stimuli (solid green arrow) result in depression tags 
(green synapses in panel Bb) being set at synapses 3 and 4. Bb | The L-LTP- 
and L-LTD-inducing stimuli at synapses 2 and 4, respectively, activate local 
translation. The newly synthesized proteins, which comprise the proteins 
necessary for the expression of both L-LTP and L-LTD, are available to all 
synapses in the dendritic branches (blue). Bc | Synaptic capture from this 
pool of proteins leads to all four synapses acquiring the proteins required 
for either L-LTP (synapses 1 and 2) or L-LTD (synapses 3 and 4), which, in turn, 
leads to expression of L-LTD and L-LTP.  In this case, translation could occur 
even if the input at synapse 2 was not strong enough to activate local trans-
lation, due to synaptic integration in translational activation (SITA) between 
the inputs at synapses 1 and 3. So, SITA and capture associativity facilitate 
long-term memory engram formation when inputs occur to clustered syn-
apses, and therefore there will tend to be more clustered long-term memory 
engrams compared with dispersed long-term memory engrams.
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which proposes that the synaptic changes 
that form an LTM engram are randomly 
scattered throughout the neuron17.

Clustered plasticity versus dispersed plasticity. 
Clustered plasticity allows for the binding 
of some neutral or less salient information 
with more relevant informa tion into a single 
LTM engram18,81. This is possible because 
of synaptic tagging and capture — through 
these processes E-LTP/E-LTD-expressing 
synapses can be converted to L-LTP/L-LTD-
expressing synapses by capturing proteins 
that have been synthesized in response 
to L-LTP/L-LTD induction at a nearby 
synapse. By contrast, this process is inher-
ently competitive if the amounts of proteins 
available are limiting. In such cases, the 
strengths of the tags and local availability 
of proteins will determine to what extent 
E-LTP/E-LTD is converted to L-LTP/L-LTD. 
In turn, the strength of the tag will depend 
on the strength of the initial input, which 
could reflect saliency of the information 
encoded by the input81, as well as the amount 
of time elapsed between the initial input 
and the availability of newly synthesized 
proteins81. Moreover, the availability of 
proteins at a synapse will be determined 
by the distance between the synapse and 
the site(s) of activity-induced translation. 
Indeed, Bonhoeffer et al.80 recently showed 
this type of competition during synaptic tag-
ging and capture. This competition among 
tagged synapses allows cells to set a balance 
between information that is to be stored as 
part of the engram and information that is 
to be discarded. This enables optimum use 
of memory capacity, because only the most 
salient subset of available information is 
stored. Although many other processes are 
also likely to be involved, we propose that 
the mechanisms behind protein synthesis-
dependent synaptic plasticity also have a role 
in this binding process.

The clustered plasticity model also 
allows for easier engram reactivation. As 
input arriving at potentiated synapses 
contributes preferentially to the output 
of the neuron, and because the engram is 
stored preferentially at spatially clustered 
synapses, stimulated synapses contributing 
to the neuron’s output will tend to be located 
close to each other. Considering engram 
reactivation, the clustering of such stimulated 
synapses has two advantages over dispersal of 
stimulated synapses throughout the dendritic 
arbor. First, there is considerable evidence, 
both experimental and computational, that 
the stimulation of synapses that are close 
together on the same dendritic branch can 

cooperate synergistically in inducing an 
action potential, something more distant 
synapses on different dendritic branches 
cannot achieve19–21,65,87–89. This means that 
the input arriving as part of engram reactiva-
tion can make a greater contribution to 
the neuron’s output if potentiated synapses 
activated by that input are spatially clustered 
within the same dendritic branch. Therefore, 
fewer stimulated synapses would be needed 
for action potential generation, and, con-
sequently, a smaller number of potentiated 
synapses needs to be stimulated for engram 
reactivation (FIG. 4), which would facilitate 
memory retrieval.

Second, during engram reactivation or 
recall, the clustering of stimulated synapses 
allows neurons to increase the number of 
patterns that can be differentiated. When 
an engram is stored at synapses dispersed 
throughout the dendritic arbor, inputs 
onto potentiated synapses summate lin-
early19–21,65,87–89. This means that the number 
of synapses reactivated in response to 
recall cues and their strengths are the only 
determinants of whether the neuron fires an 
action potential. When an engram is stored 
at synapses clustered within a few dendritic 
branches, inputs onto potentiated synapses 
summate using a sigmoidal function within 
a dendritic branch and linearly between 
dendritic branches19–21,65,87–89. The number 
of different possible summated potentials 
therefore depends not only on the number 
of stimulated synapses and their strengths, 
but also on the spatial distribution of the 
stimulated synapses. The number of possible 
summated potentials is accordingly greater 
in the clustered plasticity model than in the 
dispersed plasticity model, thereby allowing 
for an increase in the number of patterns that 
the neuron can differentiate21.

The advantages of clustered plasticity 
during engram reactivation described above 
significantly extend models put forward by 
Frey, who describes the role of synaptic tag-
ging in a model of cellular consolidation18, 
and Mel and colleagues19–21, who describe the 
active properties of a dendrite in transmit-
ting electrical signals and synapses being 
stimulated in a spatially clustered manner. 
In the Frey model, protein synthesis within 
dendritic domains would be a mechanism by 
which cells could integrate information from 
many afferents over an extended period of 
time, while economizing on protein produc-
tion by having proteins produced locally18. 
Furthermore, the authors argue that many 
dendritic arbors have various afferents in dif-
ferent layers, and therefore dendritic domains 
would allow for local decision-making based 

on local connectivity18. Using data relating to 
local synthesis and limited protein diffusion, 
we have extended this model to provide other 
advantages, as described above, of dendritic 
branch-specific localized protein synthesis 
and capture. Also, we argue that having 
branch-specific engram formation would be 
beneficial even in an arbor in which the 
connectivity is more uniform.

Compared with the Mel model19–21, which 
is based on the active membrane proper-
ties of dendrites, our clustered plasticity 
model uses the properties of translational 
regulation and protein movement, and does 
not require any spatial organization to the 

Figure 4 | Clustered plasticity allows for more 
efficient action-potential firing during recall 
compared with dispersed plasticity. The 
potentiated synapses that are components of the 
long-term memory engram that is being reacti-
vated are depicted as circles. The colour indicates 
the voltage across the cell membrane during this 
reactivation. a | In the dispersed plasticity model, 
reactivation of the engram by recall cues (arrows) 
stimulates synapses that are dispersed across 
many dendritic branches, which, in turn, results in 
linear summation of inputs and the appropriate 
voltage change at the cell soma. In the case 
shown in the figure, this summed potential is 
insufficient to generate an action potential. b | In 
the clustered plasticity model, the recall cues 
activate the engram, which stimulates synapses 
clustered in a few dendritic branches (only one is 
shown). The potentials will therefore summate 
supralinearly19–21,65,88, resulting in a higher inte-
grated potential at the cell soma, which, in turn, 
leads to a higher probability of action-potential 
firing with clustered plasticity than with 
dispersed plasticity.

a  Dispersed plasticity b  Clustered plasticity

Threshold for action 
potential generation

Resting
potential

Decreasing voltage
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stimulation itself during engram for mation. 
Instead, it argues that, during engram 
formation, spatially random stimulation 
will result in an STM engram composed of 
synapses dispersed throughout the neuron. 
Subsequently, SITA and capture associativity 
will favour LTM engram formation at syn-
apses clustered close together, as described 
in the previous sections. Furthermore, Mel’s 
model is based on naive synapses, whereas 
our model applies to potentiated synapses 
during LTM engram reactivation. However, 
as described in this section, the advantages 
of the model proposed by Mel and col-
leagues also apply to our model, when 
engram reactivation is considered. 

Predictions and perspectives
The clustered plasticity model makes 
several testable predictions. First, the model 
predicts an inverse relationship between 
the effectiveness of synaptic capture and the 
distance between stimulated synapses, such 
that synaptic capture is most efficient when 
the interacting synapses are located on the 
same dendritic branch. Second, it posits 
that the enhancement of dendritic transla-
tion that occurs in response to L-LTP-or 
L-LTD-inducing stimuli takes place only 
within the branch containing the stimulated 
synapses. Third, assuming that connectivity 
between the set of presynaptic neurons and 
postsynaptic neurons is random, clustered 
plasticity would be advantageous compared 

with dispersed plasticity only if the density 
of active inputs is high enough to enable 
the setting of potentiation and depression 
tags at multiple synapses within at least one 
dendritic branch in the postsynaptic neuron. 
In support of this, 30–50% of hippocampal 
cells are active in a given environment91,92, 
hippocampal activity resembles theta-burst 
stimulation, which has been used as a robust 
inducer of plasticity93–96, and 45–75% of 
synapses are capable of undergoing plastic-
ity97. Therefore, in an episode (a sequence of 
related events; the hippocampus is important 
for acquiring memory of such sequences), it 
is probable that there is sufficient activation 
so as to result in many dendritic branches in 
the hippocampus containing multiple tagged 
synapses. The probability of this being the 
case is even higher when sharp waves are con-
sidered. In rats, it has recently been shown 
that sharp wave activity during exploration 
carries information about the environment 
explored by the animal98,99. Furthermore, 
sharp wave-type activity would lead to high 
enough activity to enable activation of multi-
ple synapses in a dendritic branch65,87,89.

Finally, clustered plasticity would only 
be favoured over dispersed plasticity if the 
density and amount of activity in a hip-
pocampal neuron did not result in activation 
of translation in most of the branches of the 
neuron. Although data directly address-
ing this issue are not available, it has been 
shown that transcription, as determined 

by observations of the immediate-early gene 
Arc, is activated in ~35% of CA1 neurons 
when an animal is placed in an unusual 
environment100. Despite the large amount of 
input arriving at hippocampal CA1 neurons, 
transcription is activated in less than a half 
of the cells, implying that a given input has 
a low probability of activating transcription. 
Similarly, as transcription and translation are 
activated by similar stimuli in vitro (that is, 
L-LTP- and L-LTD-inducing stimuli), it is 
likely that the probability of a given neuronal 
input activating translation is also low, and so 
it is unlikely that translation will be activated 
in many branches in a neuron.

It is probable that synaptic activity in 
the hippocampus is sufficiently high to set 
multiple tags on many dendritic branches 
in the hippocampus, while upregulating 
translation in a minority of the branches 
— under these conditions, SITA and capture 
associativity will facilitate clustered plastic-
ity. This means that neurons will experience 
enhanced reactivation of engrams, and 
have the capacity to differentiate between 
patterns. However, future experiments are 
required to determine directly the spatio-
temporal spread of translational activation 
and the diffusion rates of the slowest mov-
ing proteins required for the expression of 
L-LTP/L-LTD, as well as the number and 
spatiotemporal distribution of synapses that 
undergo E-LTP, E-LTD, L-LTP and L-LTD 
in vivo after behavioural training. We predict 

Glossary

Antidromic
Conduction of an action potential in the opposite direction 
to normal — that is, towards the cell soma. 

Associativity
When stimulation at one synapse is too weak to induce LTP, 
the simultaneous strong stimulation of another synapse 
can be sufficient to trigger LTP at both. 

Cooperativity
When multiple synaptic inputs that are individually 
insufficient to induce LTP (or LTD) can collectively produce 
a postsynaptic depolarization that is sufficient to trigger 
LTP (or LTD).

Dedepression
A reversal of LTD by high-frequency synaptic stimulation. 
Dedepression shares some characteristics with LTP — both 
are induced by high-frequency stimulation, and both 
require NMDAR and protein kinase activity. However, there 
is evidence that LTP and dedepression are different 
processes.

Depotentiation
A reversal of LTP by low-frequency synaptic stimulation. 
Depotentiation shares some characteristics with LTD — 
both are induced by low-frequency stimulation, and both 
require NMDAR and protein phosphatase activity. 

However, there is evidence that LTD and depotentiation are 
different processes.

Engram
A persistent change in the brain that is formed in response 
to a stimulus, and is the neuronal substrate for a memory 
(also known as a memory trace).

Immediate-early gene
Genes that are induced within minutes of intense neuronal 
activity, even in the absence of protein synthesis. They are 
often induced by behavioural training. Examples include 
Zif268, c-fos and Arc.

Mammalian target of rapamycin
(mTOR). An evolutionarily conserved kinase, originally 
found to be stimulated by nutrients, that is a component 
of one of two key pathways in general translational 
regulation.

Mitogen-activated protein kinase
(MAPK). Any member of a family of evolutionarily 
conserved kinases (consisting of multiple isoforms 
of extracellular signal-regulated kinases, c-Jun 
N-terminal kinases, p38 MAPKs), originally found to 
be stimulated by growth factors, that are important in 
relaying signals from the cell membrane to various parts 
of a cell, including the nucleus, translational machinery, 

ion channels and cytoskeleton. The MAPK pathway is 
one of two key pathways in regulating general translation. 

Sharp waves
Large amplitude electroencephalogram potentials that 
are the result of coherent neuronal discharges observed 
in the hippocampus and are accompanied by high-
frequency (~200 Hz) oscillations during certain 
behavioural states.

Synaptic tag
Stimulated synapses are tagged in a protein synthesis-
independent manner to distinguish them from other 
synapses on the same neuron that have not been activated. 
This mechanism enables tagged synapses to capture 
proteins required for, and to express, late-phase forms of 
plasticity, even when they receive stimuli that would 
normally result in early-phase forms of plasticity.

Synaptic weight
The relative amplitude of the postsynaptic response that is 
generated by the activity of the presynaptic neuron (also 
known as synaptic strength).

Theta-burst stimulation
Rhythmic neural activity with a frequency of 4–8 Hz that 
is present in several parts of the brain during certain 
behavioural states.
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that imaging technologies101–104 that are 
currently being developed will be useful in 
addressing these issues.

Translation is also required for a process 
known as immunity from depotentiation. 
This means that synapses in which L-LTP 
— but not E-LTP — has been induced can-
not be depotentiated with low-frequency 
stimulation105–107. Analogous to L-LTP and 
L-LTD, this immunity from depotentiation 
can also be captured107. The phenomena 
of depotentiation and immunity from 
depotentiation are consistent with our 
model, as they simply accelerate the decay 
of E-LTP without affecting L-LTP. However, 
there are no similar reports of immunity 
from dedepression, and future studies will be 
required to address this issue. In addition, 
although transcription, unlike translation, is 
not required for the initial phases of L-LTP 
and L-LTD, it is essential for the persistent 
maintenance of L-LTP, and some forms of 
L-LTD9,13–15. Furthermore, transcription 
is required for heterosynaptic capture of 
immunity from depotentiation, although it 
is not necessary for homosynaptic immu-
nity from depotentiation107. The relationship 
between activity-induced transcription 
and translation must be better defined with 
respect to their roles in the formation and 
maintenance of LTM engrams.

In addition to the general translational 
enhancement described here, some tran-
script-specific mechanisms that rely on 
sequences in the untranslated regions of 
transcripts are also triggered by neuronal 
activity, and regulate the translation of genes 
that are essential for either the expression 
of L-LTP or L-LTD, but not both9,22. This 
seems irreconcilable with cross-capturing, 
but it is possible that these mechanisms, 
although they regulate genes necessary for 
either L-LTP or L-LTD, are activated by both 
L-LTP and L-LTD-inducing stimuli. As the 
necessity of such process-specific mecha-
nisms has only been shown by stimulating 
naive synapses, it is also possible that the 
induction of L-LTP and L-LTD leads to the 
production of other proteins that can take 
the place of the proteins that are normally 
synthesized by these process-specific mecha-
nisms. Which of these two possibilities 
occurs in neurons remains to be established.

Summary
Computational models have generally 
relied on associational LTP and LTD as the 
predominant learning mechanism, but the 
dependence of learning and LTM engram 
formation on enhanced local protein synthe-
sis has not been previously considered. We 

have argued that, far from being inconse-
quential to the algorithm implemented by a 
neuron, protein synthesis-dependent plastic-
ity, along with the temporal and spatial char-
acteristics of inputs to a neuron, has a crucial 
role in maximizing the memory capacity of 
a neuron, determining which information is 
stored and the binding of stimuli that occur 
over a period of minutes into single LTM 
engrams. The clustered plasticity model 
could subserve a multitude of different 
translation-dependent computational func-
tions through the distinct morphologies of 
dendritic arbors seen in different neuronal 
types, the locations of synapses in the den-
dritic arbors, the widely varying densities of 
connectivity between neurons in different 
parts of the brain108 and the diverse spatial 
and temporal patterns of synaptic activation 
in different brain regions.
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O P I N I O N

Gene–environment interactions 
in psychiatry: joining forces with 
neuroscience
Avshalom Caspi and Terrie E. Moffitt

Abstract | Gene–environment interaction research in psychiatry is new, and is a 
natural ally of neuroscience. Mental disorders have known environmental causes, 
but there is heterogeneity in the response to each causal factor, which gene–
environment findings attribute to genetic differences at the DNA sequence level. 
Such findings come from epidemiology, an ideal branch of science for showing that 
a gene–environment interactions exist in nature and affect a significant fraction of 
disease cases. The complementary discipline of epidemiology, experimental 
neuroscience, fuels gene–environment hypotheses and investigates underlying 
neural mechanisms. This article discusses opportunities and challenges in the 
collaboration between psychiatry, epidemiology and neuroscience in studying 
gene–environment interactions.

Gene–environment interactions occur 
when the effect of exposure to an environ-
mental pathogen on a person’s health is 
conditional on his or her genotype. The 
first evidence that genotype moderates 
the capacity of an environmental risk to 
bring about mental disorders was reported 
in 2002 (REF. 1). Although mental health 
research into gene–environment interac-
tions0 is new, it seems to be gathering 
momentum. We argue that, to fulfill its 
potential, gene–environment interaction 
research must integrate with neuro-
science. Moreover, the gene–environment 
interaction approach brings exciting 
opportunities for extending the range and 
power of neuroscience. Here, we examine 
opportunities for collaboration between 
experimental neuroscience and research on 

gene–environment interactions. Successful 
collaboration can solve the biggest mystery 
of human psychopathology: how does 
an environmental factor, external to the 
person, get inside the nervous system and 
alter its elements to generate the symptoms 
of a disordered mind? Concentrating the 
considerable resources of neuroscience 
and gene–environment research on this 
question will bring discoveries that advance 
the understanding of mental disorders, 
and increase the potential to control and 
prevent them.

Psychiatric genetic approaches
The recent history of psychiatric research 
that has measured genetic differences at 
the DNA sequence level can be divided 
into three approaches, each with its own 

logic and assumptions. The first approach 
assumes direct linear relations between 
genes and behaviour (FIG. 1a). The goal of this 
approach has been to correlate psychiatric 
disorders with individual differences in 
DNA sequence. This has been attempted 
using both linkage analysis and association 
analysis, with regard to many psychiatric 
conditions such as depression2, schizophre-
nia3 and addiction4. Although a few genes 
have accumulated replicated evidence of 
association with disorder, replication failures 
are routine and overall progress has been 
slow5. Because of inconsistent findings, 
many scientists have despaired of the search 
for a straightforward association between 
genotype and diagnosis6, that is, for direct 
main effects.

The second approach has sought to 
make more progress by replacing the 
disorder outcomes with intermediate phe-
notypes, called ‘endophenotypes’ (FIG. 1b). 
Endophenotypes are heritable neurophysio-
logical, biochemical, endocrinological, 
neuroanatomical or neuropsychological 
constituents of disorders7. Endophenotypes 
are assumed to have simpler genetic 
underpinnings than disorders themselves. 
Therefore, this research approach pursues 
the hypothesis that it will be easier to iden-
tify genes associated with endophenotypes 
than genes associated with their correlated 
disorders. Although this approach sub-
stitutes the psychiatric diagnosis with an 
intermediate brain measure, it still searches 
for direct main effects.

The third approach to psychiatric 
genetics, unlike the first two approaches, 
seeks to incorporate information about the 
environment (FIG. 1c). This gene–environ-
ment interaction approach differs funda-
mentally from the ‘main-effect approaches’, 
with regard to the assumptions about the 
causes of psychiatric disorders. Main-
effect approaches assume that genes cause 
disorder, an assumption carried forward 
from early work that identified single-gene 
causes of rare Mendelian conditions. By 
contrast, the gene–environment interac-
tion approach assumes that environmental 
pathogens cause disorder, and that genes 
influence susceptibility to pathogens. In 
contrast to main-effect studies, there is no 
necessary expectation of a direct gene-to-
behaviour association in the absence of the 
environmental pathogen. The gene–envi-
ronment interaction approach has grown 
out of two observations: first, that mental 
disorders have environmental causes; 
second, that people show heterogeneity in 
their response to those causes8.
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