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Memory storage in the brain involves adjustments in 
the strength of individual synapses to form new neural 
networks1. Changes in strength at excitatory synapses 
in the CNS are exquisitely controlled by patterns of 
activity at the synapse and by hormonal influences. 
Over the past decade, a host of studies have investigated 
the signalling systems that underlie ‘activity-dependent 
synaptic plasticity’. Two rules have emerged that seem 
to govern such plasticity. First, the precise timing of 
transmitter release in relation to the firing of a back-
propagating action potential in the postsynaptic neuron 
determines the direction of change in strength that is 
induced at a synapse2,3. This rule is referred to as ‘spike-
timing-dependent synaptic plasticity’. When release 
occurs within 5–15 ms before the firing of a back-
propagating action potential, LONGTERM POTENTIATION 
(LTP) of the synapse is induced, whereas when release 
occurs within a similar time window after the firing of a 
back-propagating potential, LONGTERM DEPRESSION (LTD) 
of the synapse is induced. This precise timing controls 
the NMDA (N-methyl-d-aspartate)-type glutamate 
receptor (NMDAR), which allows influx of Ca2+ into 
the spine when the receptor binds glutamate at the 
same time that it is subjected to membrane-depolari-
zation4,5. Curiously, Ca2+ influx through the NMDAR 
is required to produce both LTP and LTD. This fact 
has led to the second rule, or ‘Ca2+ hypothesis’, which 
holds that relatively rapid and large influxes of Ca2+ into 

the spine produce LTP, whereas more prolonged and 
lower influxes of Ca2+ produce LTD2. The parameters 
that govern both of these rules are still being discovered 
and debated; however, they have raised a new and dif-
ficult question: what are the molecular mechanisms 
through which small changes in Ca2+ influx into a spine 
can produce such distinct functional outcomes?

In the search for molecular mechanisms of LTP 
and LTD, almost every major signalling pathway 
has been implicated. The often contradictory stud-
ies prompted an influential review by Sanes and 
Lichtman entitled, ‘Can molecules explain LTP?’6 The 
authors bemoaned the tendency to confuse indirect 
effectors and modulators of synaptic plasticity with 
crucial mediators, and attributed the problem, in part, 
to the absence of clear cellular definitions of LTP and 
LTD. We certainly agree that these phenomena are 
ill-defined at the experimental level. However, Sanes 
and Lichtman also acknowledged that some cellular 
phenomena, no matter how well defined, might have 
no ‘core programme’, and might, instead, emerge from 
interactions among many biochemical pathways. We 
suggest that synaptic plasticity might fall more fully 
into this category than, say, the action potential, or 
even transmitter release. To interpret molecular 
experiments on the mechanisms of postsynaptic 
regulation more usefully, we need to begin building 
rigorous quantitative models (BOXES 1 and 2) of the 
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LONGTERM POTENTIATION
(LTP). An enduring increase in 
the amplitude of excitatory-
postsynaptic potentials as a 
result of high-frequency 
(tetanic) stimulation of afferent 
pathways. It is measured as an 
increase in the amplitude of 
excitatory-postsynaptic 
potentials or in the magnitude 
of the postsynaptic cell 
population spike. LTP is most 
frequently studied in the 
hippocampus and is often 
considered to be the cellular 
basis of learning and memory 
in vertebrates.

NATURE REVIEWS | NEUROSCIENCE  VOLUME 6 | JUNE 2005 | 423

REVIEWS

© 2005 Nature Publishing Group 

 



a  Reactions modelled
    with ordinary differential
     equations

b  Calcium signalling in a spine

Reacting molecules well-mixed;
reaction rates diffusion-limited

Spatially-inhomogeneous environment;
many reactants immobilized

LONGTERM DEPRESSION
(LTD). An enduring weakening 
of synaptic strength that is 
thought to interact with long-
term potentiation (LTP) in the 
cellular mechanisms of learning 
and memory in structures such 
as the hippocampus and 
cerebellum. Unlike LTP, which 
is produced by brief high-
frequency stimulation, LTD can 
be produced by long-term, 
low-frequency stimulation.

interacting signalling events that can lead to changes 
in spine functions, and then apply quantitative experi-
mental tests to refine or alter these models. This will 
be a new endeavor for molecular neurobiologists and 
will require new tools and new ways of thinking. In 
this review, we lay out an initial schematic on which 
such models could be based.

We make the assumption that the biochemical path-
ways that control changes in the strength of synapses 
in the brain were built and linked together by the logic 
of evolution. Synapses must respond to environmental 
stimuli and adjust their strength appropriately so that 
the information that is stored will be useful for the 
survival and reproductive fitness of the organism. The 
signalling pathways must control these responses and, 
at the same time, institute homeostatic changes that 
preserve the health and stability of individual neurons 
and of the brain as a whole7. Because we do not have 
access to the range of influences that shaped the evolu-
tion of these pathways, we are probably in for many 
surprises as we study their organization.

A revolution has been brewing in our view of 
cellular signalling cascades over the past decade. Two 
growing realizations have transformed our thinking 
about how biochemical control pathways work. First, 
we now know that signalling cascades, once believed 
to be linear, interact extensively with each other, often 
starting to interact just a few biochemical steps away 
from the initiation of a signal by transmembrane recep-
tors8,9. Second, the remarkable specificity of regulation 
that is achieved by relatively few classes of pathway 
arises from carefully controlled intracellular localiza-
tion10–12. Arrays of scaffold molecules hold receptors 
near to their appropriate effectors and protein kinases 
near to their appropriate targets, and might even deter-
mine the precise kinetics of individual cascades. Our 
understanding of the synapse is also being transformed 
by these revelations13,14. Indeed, it is not surprising that 
interactions among signalling pathways are particularly 
complex in brain synapses. The subtlety of information 
encoding in the mammalian brain dictates that synaptic 
plasticity must be sensitive to many influences.

Box 1 | Quantitative models of interacting signalling events

The purpose of ‘rigorous quantitative 
models’ of signal transduction pathways 
is simply to act as an aid for 
understanding the consequences of our 
assumptions about the kinetics of the 
reactions in the pathway and their 
organization with respect to each other. 
Most regulatory pathways are too 
complex to be understood intuitively in 
all their ramifications. A good model 
can be used to make quantitative 
predictions about measurable outputs 
of the pathway in response to defined 
inputs. If experiments then show that 
the predictions are not accurate, we 
know that the model is missing critical 
elements or is built with faulty 
parameters. Models are often most 
useful to help us to isolate which 
assumptions are likely to be inaccurate 
and to indicate additional 
measurements or experiments that 
might be useful. A quantitative model 
can also help to identify ‘critical 
parameters’ — those for which a small 
change in value produces a large change 
in the output under study.

Compartmental and reaction-diffusion models (for a review, see REF. 9) are based on ordinary differential equations 
(ODEs) and partial differential equations (PDEs), respectively, and assume that reactions are diffusion-limited and 
that the reacting elements are well-mixed (panel a). In compartmental models, the spatial localization of reactions in 
a cell is represented by independent ‘compartments’ that interact only through diffusion of a small subset of reactants 
across compartmental boundaries. In reaction-diffusion models, localization is represented by spatial variables in 
the PDEs. Key assumptions of such models are violated in subcellular domains in which the number of molecules is 
statistically small or in which many of the interacting molecules are immobilized. For example, in spines (panel b), 
Ca2+ signalling is initiated by NMDA (N-methyl-d-aspartate) receptors when Ca2+ flows through the channel and 
encounters a meshwork of Ca2+-binding effector molecules, most of which are immobilized or diffuse only very 
slowly. This situation can be simulated by a stochastic model in which binding and reaction rates are represented as 
probabilities that can be calculated from kinetic rates measured in solution (see BOX 2).
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Cellular processes regulated by spine signalling 
The Poster accompanying this review depicts path-
ways that regulate five postsynaptic physiological 
processes that have been studied intensively in 
recent years. Three of these — regulation of AMPA 
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid)-type glutamate receptors (AMPARs)15, regula-
tion of the actin cytoskeleton16–18 and regulation of 
local protein synthesis19,20 — are crucial for synaptic 
plasticity. A fourth process (not shown explicitly in 
the Poster) that is important for long-term synaptic 
plasticity and homeostasis is gene expression in the 
nucleus, which is regulated by signals that arise from 
several pathways21 (potential influences on gene 
expression22 are indicated by arrows and bars pointing 
out of the diagram). Finally, neuronal apoptosis23 has 
an important role in brain development, and might 
underlie the pathology of some neurodegenerative 
diseases24,25.

The strength of glutamatergic synapses can be 
regulated postsynaptically by changing the number 
of AMPARs and/or the current through each AMPAR 
channel. Phosphorylation of specific serine residues 
on the glutamate receptor subunit 1 (GluR1) of the 
AMPAR by Ca2+/calmodulin-dependent protein 
kinase II (CaMKII), protein kinase A (PKA) or pro-
tein kinase C (PKC) increases the current through the 
activated receptor channel26,27. Mutation of these sites 
leads to defects in both LTP and LTD in mice older 
than ~4 weeks of age, and interferes with the retention 
of spatial memory28. In mice younger than ~4 weeks of 
age, regulation of the number of AMPARs is an impor-
tant mechanism that underlies synaptic plasticity15. 
Insertion of AMPARs into the postsynaptic membrane 

during LTP is driven by activation of the small GTPase 
Ras and CaMKII by the NMDAR29. Interestingly, in 
addition to activation of CaMKII and Ras, insertion 
of AMPARs into the spine membrane also requires 
the association of GluR1 with a PDZ domain-contain-
ing protein30. By contrast, activation of Rap drives the 
endocytic removal of AMPARs that occurs in conjunc-
tion with LTD29. At present, one challenge is to discern 
how the rates of insertion and removal of receptors 
are balanced at each synapse to produce appropriate 
synaptic strengths.

Together with the regulation of AMPARs, changes 
in the spine cytoskeleton have a crucial role in syn-
aptic plasticity16,31,32. Several mutations in human 
proteins that regulate the actin cytoskeleton cause 
mental retardation18. The strength of a synapse is 
correlated with the size of the spine head, which is, 
in turn, correlated with the size of the postsynaptic 
density33,34. Therefore, it seems that changes in the 
number of receptors in the postsynaptic membrane, 
the size of the postsynaptic density and the size of 
the spine head are coordinated. Several studies have 
shown that synaptic stimulation alters the spine 
cytoskeleton35, and that altering the actin dynamics 
interferes with synaptic plasticity 36,37. Actin dynamics 
in the spine are influenced by Ca2+ flux through acti-
vated NMDARs36,38 and by signalling through ephrin 
receptors, which activate the small GTPase Rac39,40. 
Activation of Rac and other small GTPases of the Rho 
family initiates the enzymatic reactions that control 
actin polymerization18,41. It will be important for us to 
understand how regulation of the spine cytoskeleton 
is coordinated with the other processes that modify 
synaptic strength.

Box 2 | Stochastic models and parameters in MCell

MCell117,118 is a publicly-available program designed for building spatially-accurate stochastic models of synaptic 
signalling. DReAMM (Design, Render and Animate MCell Models) is a visualization tool that can be used to create 
images that represent MCell output. The program was originally created by Miriam and Edward Salpeter and their 
students to study the neuromuscular junction119 and has since been extensively updated. A new version (MCell 3), 
which is soon to be released, will allow the simulation of pairwise interactions among diffusing molecules in a 
spatially organized cytosol (T. Bartol, personal communication). 

Parameters that are required for an MCell model include: the shape of the compartment to be modelled; the upper 
and lower boundaries of the number of each molecular species; the diffusion rates of moving molecules; the spatial 
positions of immobilized proteins to be modelled in the compartment; the relative probabilities of pairs of 
molecules binding on collision; and the probabilities of state changes of molecules that could occur after a binding 
event, such as channel opening or activation of enzyme activity. 

Because the numbers of signalling proteins in different synapses are likely to vary, it is necessary to know only 
the range of possible numbers. Different models can then be used to explore the effects of variable numbers on 
the desired output. Estimates of the numbers of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid) and NMDA (N-methyl-d-aspartate) receptors in synapses range from tens to a few hundred120. The 
average numbers of many other signalling molecules that have been shown to be present in the majority of 
spines throughout the forebrain can be estimated by determining their stoichiometries relative to glutamate 
receptor subunits in synaptosomes or in the postsynaptic density fraction. Such measurements can be made 
using semi-quantitative mass spectrometry121 or immunoblotting (A. R. Rosenstein, V. Lucic and M.B.K., 
unpublished observations). The spatial positioning of proteins can be determined using electron microscopy, 
as in the elegant studies of Valtschanoff and Weinberg110. Finally, the relative probabilities of binding and 
molecular state changes can be calculated from kinetic rate constants that are measured by electrophysiological 
or biochemical methods117. 
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LTP that lasts longer than 1–2 h (late-phase LTP 
or L-LTP) requires protein synthesis, some of which 
occurs locally in the dendrite near the activated 
synapses19,42. Although L-LTP also seems to require 
increased gene expression in the nucleus, current 
models suggest that the input specificity that is charac-
teristic of LTP depends on local protein synthesis that 
drives the remodelling of active spines and, perhaps, a 
small number of neighbouring spines, along a dendritic 
segment43,44. Local protein synthesis can be stimulated 
by the activation of NMDARs, metabotropic gluta-
mate receptors (mGluRs) or tyrosine receptor kinase B 
(TrkB)20. Therefore, several regulatory pathways in the 
spine converge on the dendritic translational machin-
ery. The protein kinases CaMKII and aurora activate 
translation that is regulated by the cytoplasmic polya-
denylation element (CPE)45, whereas a protein kinase 
cascade that involves the protein kinases mammalian 
target of rapamycin (mTOR) and S6 kinase (S6K) stim-
ulate the rate of translation initiation for all mRNAs20. 
The number of local synapses that are modified, and 
the extent and duration of their modification, might 
all be affected by the combination of different signals 
that impinge on the protein-synthetic machinery of 
dendrites.

An important aspect of homeostatic regulation of a 
neuron is the control of gene expression in the nucleus, 
such that appropriate RNA messages are sent into the 
cytosol in the correct amounts to support the level of 
activity and the specialized functions of the neuron21,46. 
This interesting and complex topic is beyond the scope 
of this review. However, it has become clear that syn-
aptic activity and the activation or inhibition of sig-
nalling pathways in spines contributes to the ongoing 
regulation of transcription in each neuron. As with the 
other processes discussed above, the collective effects 
of individual synapses and groups of synapses on gene 
expression depend on the integration of signalling 
across several pathways over time.

Finally, the accompanying Poster indicates path-
ways that contribute to the regulation of apoptosis in 
neurons. Although neuronal cell death is unlikely to be 
important for normal synaptic plasticity, the apoptotic 
pathways do have a role in maintaining the homeostasis 
of brain tissue as a whole, and the signalling path-
ways that regulate apoptosis also influence a host of 
other synaptic and neuronal functions23. One leading 
hypothesis about the pathology of Alzheimer’s disease 
is that it begins as a synaptic failure47,48. Therefore, it is 
important to understand how even subtle dysregulation 
of glutamatergic spines might result in the triggering of 
neuronal apoptosis. This information might lead to the 
development of therapies for Alzheimer’s disease and 
other neurodegenerative disorders.

In this review, we concentrate on how the spine 
signalling pathways that control these functions inter-
act with each other to coordinate regulation, paying 
particular attention to new studies on the small 
GTPases Ras, Rap and Rac. The pathways depicted 
in the Poster are loosely grouped into five categories: 
those controlled by the second messenger Ca2+; by 

the second messenger cyclic AMP (cAMP); by growth 
factors and Ras and Rap; by ephrin receptors and 
Rac; and by metabotropic receptors and G proteins. 
Except where indicated, each pathway depicted has 
been implicated in spine function by pharmacological 
and/or genetic studies. In many cases, the individual 
proteins have also been localized to spines by struc-
tural studies. Excellent reviews cited throughout our 
discussion summarize recent studies on the individual 
signalling pathways. We focus on an integrated view 
of the five categories, and on what we believe might 
be crucial coordinating interactions among Ras, Rap 
and Rac.

Ca2+ influx through the NMDAR
The principal receptor that controls activity-dependent 
plasticity in the spine is the NMDAR. Ca2+ flowing 
through the NMDAR channel can bind to several 
effectors inside the spine, prominent among which is 
calmodulin (CaM), a ubiquitous Ca2+-binding regula-
tory protein. As the effective concentration of Ca2+ 
in the spine increases from a baseline of ~70 nM to 
a maximum of ~10–30 µM, CaM binds four calcium  
ions in sequence49–51. The Ca2+ buffering capacity of 
spines mostly results from proteins with very low 
mobility, and these buffers, many of which are also 
effectors, are not saturated even during the large and 
relatively prolonged Ca2+ influx that is produced by 
the activation of NMDARs52. About 95% of incom-
ing Ca2+ is bound to buffers at any given time and 
5% is free in the cytosol. Ca2+ effectors in the spine, 
including CaM, compete to bind this available Ca2+. 
Therefore, only a fraction of the CaM molecules in 
the spine become saturated with Ca2+ each time an 
NMDAR channel opens53,54. 

There is also competition for the binding of 
Ca2+/CaM to its targets. At least six CaM-dependent 
enzymes can be activated by Ca2+ flowing through the 
NMDAR: adenylate cyclase55, CaMKII REF. 56, Ras-
guanine nucleotide-releasing factor 1 (RasGRF1)57,58, 
neuronal nitric oxide synthase (nNOS)59, phosphodi-
esterase 1 (PDE1) and calcineurin60. These targets 
compete for limited amounts of Ca2+/CaM61. Of the 
six direct Ca2+ targets and the six Ca2+/CaM targets 
depicted in the Poster, eight are enzymes that medi-
ate ‘cross-talk’ with other signalling pathways. So, 
extensive branching of spine regulatory pathways 
begins immediately after the opening of an NMDAR 
channel. In fact, it can be argued that competition for 
Ca2+ and Ca2+/CaM near the mouth of the NMDAR 
channel, and in the more distal spine cytosol, 
orchestrates the divergent biochemical responses 
to NMDAR activation. Many spines also contain a 
small number of voltage-dependent Ca2+ channels62. 
The timing and location of Ca2+ entry through these 
channels is different from that of Ca2+ entering 
through NMDARs52. It will be interesting to deter-
mine the influence of such channels on biochemical 
signalling in spines; however, here we focus on the 
NMDAR, which seems to be the primary regulator of 
Ca2+-dependent biochemical signalling in spines.
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Ras and Rap
An influx of Ca2+ through NMDARs leads directly or 
indirectly to the activation of the small GTPases Ras, 
Rap, Rac and Cdc42 (derived from cell division cycle 
42; FIG. 1). Ras and Rap are closely related members 
of the Ras subfamily63,64 that have both distinct and 
shared regulators and effectors BOX 3. Despite their 
close relationship, the activation of these two GTPases 
produces opposite effects on the number of AMPARs 
in the postsynaptic membrane. As mentioned earlier, 
Ras activation leads to the insertion of AMPAR sub-
units, whereas Rap activation leads to their removal29. 

For this reason, there is great interest in understanding 
the processes that control the differential activation 
of Ras and Rap. RasGRF1, a Ca2+/CaM-dependent 
Ras-guanine nucleotide-exchange factor58 (GEF; see
TABLE 1), can be activated directly by Ca2+ flowing 
through NMDARs. RasGRF1 specifically activates 
several Ras isoforms, but does not activate Rap. It 
binds to the NR2B subunit of NMDARs and has been 
shown to mediate 60–70% of the NMDAR-mediated 
activation of the Ras/Raf/extracellular signal-regulated 
kinase (ERK) cascade in cultured hippocampal neu-
rons and a significant fraction in the intact brain57,65. 

Figure 1 | Signalling from the NMDA receptor to Ras, Rap, Rac and Cdc42. As discussed in the text, Ca2+ flowing through 
the NMDA (N-methyl-D-aspartate) receptor regulates pathways that influence the ratio of the activated small GTPases Ras, Rap, 
Rac and Cdc42 (derived from cell division cycle 42) in the spine. Small GTPases are highlighted in bold letters. The activity of the 
guanine-nucleotide exchange factors (GEFs) RasGRF1 and TIAM1 (from T-cell lymphoma invasion and metastasis 1) and the 
synaptic GTPase-activating protein SynGAP are influenced by NMDA receptor activity. Cdc42 can be activated by the p21-
activated kinases 1 and 3 (PAK1/3) through the GEF α-p21-activated kinase-interacting exchange factor (α-PIX). Four 
interlocking signalling pathways are depicted: those initiated by the second messengers Ca2+ (orange) and cyclic AMP (cAMP; 
yellow); by growth factors and the small GTPases Ras and Rap (green); and by ephrin receptors and Rac (pink). Proteins 
depicted by symbols with lighter shading and a dashed outline are highly expressed in specific brain areas, but have not yet 
been explicitly implicated in postsynaptic regulation or directly localized to spines. Solid lines with arrows indicate activation or 
stimulation. Dashed lines with a bar indicate inhibition. We have not tried here to distinguish between small and large influences 
between proteins because their magnitudes will vary under different circumstances. ASK1 (MAP3K5), mitogen-activated protein 
kinase kinase kinase 5; B-Raf, v-raf murine sarcoma viral oncogene homologue B1; CalDAG-GEF1/2, calcium and DAG-
regulated guanine nucleotide exchange factor 1/2; CaM, calmodulin; CaMKII, Ca2+/calmodulin-dependent protein kinase II; 
DAG, diacylglycerol; ERK1/2, extracellular signal-regulated kinase 1/2; JNK, c-Jun amino (N)-terminal kinase; MEK1/2, MAPK/
ERK kinase1/2; MEKK1/2/3, mitogen-activated protein kinase kinase kinase 1/2/3; MKK3/4/6/7, mitogen-activated protein 
kinase kinase 3/4/6/7; MLK2/3, mitogen-activated protein kinase kinase kinase 10/11; p38 MAPK, p38 mitogen-activated 
protein kinase; PDE1, phosphodiesterase 1; PDK1, phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase; 
PIP3/4, phosphatidylinositol-bisphosphate 3/4; PKA, protein kinase A; Raf-1, v-raf-1 leukaemia viral oncogene 1; RasGRF1, 
Ras-guanine nucleotide-releasing factor 1; SPAR, spine-associated Rap GTPase-activating protein.
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Interestingly, tyrosine phosphorylation by Src (v-src 
sarcoma viral oncogene homologue) seems to activate 
latent RacGEF activity in RasGRF166.

In many neurons, Rap is activated by the cAMP 
pathway 67. Ca2+ flowing through NMDARs stimulates 
the synthesis of cAMP by the Ca2+/CaM-sensitive 
adenylate cyclases AC1 and AC8 REFS 55,68. Rap and 
its target B-Raf (v-raf murine sarcoma viral oncogene 

homologue B1) can then be activated by a mechanism 
that depends on cAMP-dependent PKA69. The synthesis 
of cAMP can be potentiated by the coincident activation 
of  β-adrenergic receptors that release the G-protein 
subunit Gsα, which then activates adenylate cyclase70. 
The removal of cAMP is also regulated by Ca2+/CaM 
through the activation of the phosphodiesterases 1A, 
B and C (PDE1A/B/C), which are expressed in most 
neurons. Although it has not been shown directly, it 
is generally assumed that these phosphodiesterases are 
regulated by the influx of Ca2+ through NMDARs. Mice 
with a targeted disruption of PDE1B show impaired 
spatial learning71, which suggests that PDE1B has a 
crucial role in synaptic plasticity.

Additional families of neuronal Ras and Rap GEFs 
have recently been characterized. Ca2+ and diacylglyc-
erol (DAG)-regulated GEFs 1 and 2 REF. 72 (CalDAG-
GEFs 1 and 2, also known as Ras-GRPs 2 and 1, 
respectively73) are activated synergistically by Ca2+ and 
diacylglycerol. CalDAG-GEF1 principally activates Rap 
GTPases and CalDAG-GEF2 activates Ras GTPases. 
CalDAG-GEF2 is highly expressed in neurons through-
out the forebrain74, whereas CalDAG-GEF1 is particu-
larly highly expressed in the medium spiny neurons of 
the striatum72,74. Their location in synapses and modes 
of activation in neurons have not yet been reported; 
however, they might represent additional direct targets 
of Ca2+ entering through NMDARs in spines. cAMP-
GEFs (also known as EPACs; TABLE 1) are activated by 
cAMP, catalyse the specific activation of Rap and are 
widely expressed in the nervous system75. One study 
has shown that in hippocampal neurons, the activation 
of ERK by the 5-hydroxytryptamine (5-HT, serotonin) 
receptor 7 (HTR7) requires cAMP-GEFs and does not 
require PKA76. The full range of regulatory roles for 
CalDAG-GEFs and cAMP-GEFs in neurons remains 
to be investigated.

Ras and Rap GTPases differ in their influence on 
the downstream effector Raf-1 (v-raf-1 leukaemia 
viral oncogene 1). Ras activates Raf-1, whereas Rap 
inhibits it. Rap and Ras both activate a distinct Raf 
kinase, B-Raf. Both Raf-1 and B-Raf activate the ERK 
pathway, but B-Raf also leads to the activation of p38 
mitogen-activated protein kinase (MAPK)77. Therefore, 
an increase in the proportion of activated Rap over Ras 
leads to a relative increase in the level of activation of 
p38 MAPK in hippocampal neurons29. Recent evidence 
indicates that p38 MAPK can, in turn, activate Rab5, 
a small GTPase that regulates membrane traffic from 
the plasma membrane to early endosomes and drives 
endocytosis of AMPARs78,79.

The ratio of activation of Ras and Rap in synapses 
can also be controlled by the differential activation 
of GTPase-activating proteins (GAPs) that bind the 
activated GTPases and stimulate the hydrolysis of 
bound GTP to GDP, leading to their inactivation. Two 
GAPs TABLE 1 that are both highly enriched in spines 
contribute to this regulation. The synaptic GTPase-
activating protein SynGAP is an abundant component 
of the NMDAR signalling complex80, and binds to the 
NMDAR scaffold protein PSD-95 (from postsynaptic 

Box 3 | Achieving signalling specificity: the Ras superfamily

The Ras-related GTPases that make up the Ras superfamily (figure) have high 
sequence identity (40–85%)63,64,122, although the individual proteins have unique 
functions and preferred targets. For example, Rap1 and p21 Ras seem to have 
opposing actions on several cellular functions, including AMPA (α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid) receptor trafficking in the spine29. Recent 
studies have begun to clarify several mechanisms that allow the highly similar and 
ubiquitous Ras proteins to mediate distinct biological functions.

Ras GTPases act as molecular switches by cycling between an inactive GDP-bound 
state and an active GTP-bound state. This cycling is facilitated by guanine nucleotide 
exchange factors (GEFs) and GTPase-activating proteins (GAPs), which can be highly 
specific for individual Ras family members (see TABLE 1). Therefore, the timing and 
location of the activation of Ras proteins is controlled by tissue-specific expression, 
subcellular localization and temporal regulation of specific GEFs and GAPs. For 
example, Ras-guanine nucleotide-realeasing factor 1 (RasGRF1), which is activated 
by the binding of Ca2+/calmodulin, binds directly to the NR2B subunit of the NMDA 
(N-methyl-d-aspartate) receptor and is, therefore, responsible for a large fraction of 
Ras activation by Ca2+ influx 57. 

Another mechanism through which signalling specificity can be achieved is the 
targeting of GTPases to distinct membrane subdomains by post-translational 
modifications. The addition of prenyl groups to a CAAX (cysteine-alanine-alanine-
any amino acid) motif in the carboxy (C)-terminal domain anchors Ras proteins in 
the membrane. Furthermore, individual Ras proteins contain either a polybasic 
sequence that targets them to relatively disordered domains of the plasma membrane, 
or a palmitoylation site that targets them to lipid rafts. In this way, for example, H-Ras 
is sequestered in lipid rafts, whereas K-Ras 4B is targeted to the more disordered 
plasma membrane123,124.

Ras family members have significant differences in their affinities for certain 
effectors. For example, Raf-1 (v-raf-1 leukaemia viral oncogene 1) is preferentially 
activated by Ras proteins in the following order: K-Ras>N-Ras>H-Ras125, whereas 
R-Ras and M-Ras only weakly activate Raf-1 REF. 126. Therefore, the regulation of 
GEFs and GAPs, post-translational modification and effector affinity are all 
mechanisms by which signalling specificity is achieved in the Ras superfamily.
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density-95)80,81. SynGAP stimulates the GTPase activity 
of both Ras and Rap, thereby stimulating their rate of 
inactivation80–82. Phosphorylation of SynGAP by CaMKII 
increases SynGAP’s stimulation of the GTPase activity of 
Ras83. This would increase the rate of inactivation of Ras, 
which, consequently, could reduce the rate of AMPAR 
insertion into the postsynaptic membrane. It has not yet 
been determined whether SynGAP phosphorylation by 
CaMKII similarly alters SynGAP’s stimulation of the 
GTPase activity of Rap. Because NMDAR activation 
results in the phosphorylation of SynGAP by CaMKII, 
it is likely that NMDARs modulate the steady-state levels 
of Ras and, perhaps, Rap, through the activation of both 
GEFs and GAPs in the spine83.

The importance of SynGAP in the regulation of 
several synaptic and neuronal functions is evident 
from the various phenotypes shown by mice with 
SynGAP deletions. Mice with a heterozygous deletion 

are deficient in spatial learning84. Hippocampal slices 
from these mice have reduced LTP84,85. Mice with a 
conditional deletion of SynGAP that causes the level 
of SynGAP to begin to fall in forebrain pyramidal 
neurons about one week after birth show enhanced 
neuronal apoptosis in the hippocampus and cortex 86. 
Homozygous mutant mice die a few days after birth, 
and hippocampal neurons cultured from these mice 
show precocious spine and synapse formation, and 
have larger spine heads87.

In an important recent study, Krapivinsky et al.82 
showed that SynGAP and CaMKII also bind to the 
scaffold protein MUPP1 (from multiple PDZ domain 
protein 1). They found that activation of synaptic 
NMDARs for 5 min causes dissociation of SynGAP 
from MUPP1, which is accompanied by dephospho-
rylation of SynGAP and decreased activation of p38 
MAPK. When they artificially dissociated SynGAP 

Table 1 | Selected regulators of small GTPases in brain neurons

Abbreviation Alternative name Specificity Activators Expression References

Guanine nucleotide exchange factors

Ras-guanine 
nucleotide-
releasing factor 1

RasGRF1 H-Ras, N-Ras, 
K-Ras, R-Ras 
(Rac*)

Ca2+/calmodulin 
(Src*)

Brain neurons; binds 
NMDA receptors

57,58,65,66

Ras-guanine 
nucleotide-
releasing factor 2

RasGRF2 H-Ras, N-Ras, 
K-Ras, Rac

Ca2+/ calmodulin Widely expressed 58,65

Kalirin 7 Duo Rac EphB Brain specific; enriched 
in spines

39,91

TIAM1 Name derived from 
‘tumour invasion 
and metastasis 1’

Rac H-Ras-GTP, CaMKII Widespread; highly 
expressed in brain and 
synapses

38,92,93

Calcium and 
diacylglycerol- 
regulated guanine 
nucleotide 
exchange factor 1

CalDAG-GEF1 RasGRP2 Rap1, Rap2 DAG, Ca2+ Highly expressed in 
medium spiny neurons of 
the striatum

72–74

Calcium and 
diacylglycerol- 
regulated guanine 
nucleotide 
exchange factor 2

CalDAG-GEF2 RasGRP1 H-Ras, K-Ras, 
M-Ras, 
R-Ras2, 
R-Ras

DAG, Ca2+ Highly expressed in 
neurons in the forebrain 
and cerebellum

73,74

Cyclic AMP-
regulated guanine 
nucleotide 
exchange factor I

cAMP-GEF I EPAC 1 Rap1A, 
Rap2B

Cyclic AMP Expressed in most 
tissues including the 
brain

75,76

Cyclic AMP-
regulated guanine 
nucleotide 
exchange factor II

cAMP-GEF II EPAC 2 Rap 1A Cyclic AMP Highly expressed in 
neurons in the forebrain 
and cerebellum

75,76

GTPase-activating proteins

SynGAP Name derived from 
‘synaptic GTPase 
activating protein’

Rap1, Rap2, 
Ras

CaMKII Brain neurons; highly 
enriched in spines

80,81

SPAR Name derived from 
‘spine-associated 
Rap GTPase-
activating protein’

Rap1A, Rap2A (Downregulated 
after expression 
of serum-induced 
kinase (SNK))

Enriched in spines 88,89

*Phosphorylation of RasGRF1 by Src family kinases activates its Rac-guanine nucleotide exchange factor (GEF) activity. CaMKII, Ca2+/calmodulin-dependent protein 
kinase II; DAG, diacylglycerol; EphB, ephrin B receptor; Kalirin 7, RhoGEF kinase; NMDA, N-methyl-D-aspartate; Rac, Ras, Rap, small GTPases.
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TAT PEPTIDES 
These are protein domains of 
interest, fused to the carboxyl 
terminus of the 11-residue 
protein transduction domain 
(PTD) of the human 
immunodeficiency virus 1 
(HIV-1) transcriptional 
activator Tat protein. The Tat 
PTD allows the TAT peptide to 
be taken up into cells by 
macropinocytosis and then to 
move across the vesicle 
membrane into the cytosol.

from MUPP1 in neurons by introducing inhibiting 
TAT PEPTIDES, they found an increase in the insertion of 
AMPARs into the postsynaptic membrane. At present, 
the biochemical events that underlie these observa-
tions are not fully understood. However, it is clear that 
SynGAP can influence the levels of active Ras and Rap 
at synapses, and thereby influence the steady-state level 
of synaptic AMPARs.

Homeostatic regulation of spines over a period 
of many hours occurs through a completely differ-
ent mechanism that involves the synaptic RapGAP 
known as SPAR (from spine-associated RapGAP). 
Enhancement of excitatory synaptic activity in hip-
pocampal neurons for 18–24 h induces the expression 
of serum-activated kinase (SNK), which binds to and 
phosphorylates SPAR in spines, leading to the degrada-
tion of SPAR by the proteosome88,89. Overexpression 
of recombinant SNK in neurons has the same effect, 
and results in the loss of mature spines and enhanced 
formation of dendritic filopodia. The precise role of 
the RapGAP activity of SPAR in these events has not 
yet been determined; however, it is possible that loss 
of SPAR leads to upregulation of active Rap and p38 
MAPK, which would drive endocytosis of AMPARs 
and contribute to the loss of mature synapses.

The insertion and removal of AMPARs is just one 
of many neuronal functions that might be influenced 
by the balance of activated Ras and Rap. FIGURE 1 
illustrates how these two GTPases participate in the 
regulation of the three main MAPK families: ERK, p38 
MAPK and c-jun amino (N)-terminal kinase (JNK). 
Each of these protein kinases regulates a distinct set 
of transcriptional regulators, and, depending on their 
location, participates in the regulation of various cel-
lular processes90. So, we still have much to learn about 
the consequences of biochemical events that are 
initiated just a few steps downstream of Ca2+ influx 
through NMDARs.

Rac
Rac, along with the other Rho family members Cdc42 
and RhoA, has an important role in the regulation of the 
actin cytoskeleton in spines18. During the develop ment 
of synapses, the activation of NMDARs and ephrin 
B receptors (EphBs) influences spine morpho logy by 
regulating actin remodelling38. In mature spines, the 
activation of NMDARs increases actin polymeriza-
tion36, and activation of EphBs is necessary to maintain 
spine morphology91. Tolias et al.38 recently reported that 
regulation of the cytoskeleton by NMDARs is mediated 
by TIAM1 (from T-cell lymphoma invasion and meta-
stasis 1), a Rac-specific GEF that is expressed at high 
levels in the developing and adult brain. Knockdown of 
TIAM1, or expression of a dominant-negative TIAM1, 
in hippocampal neurons disrupts the effects of NMDAR 
activation on the spine cytoskeleton38. TIAM1 is present 
in dendrites and spines38 where NMDAR stimulation 
could lead to activation of its RacGEF activity, either 
by direct binding of activated Ras to TIAM1 REF. 92 
or through phosphorylation by CaMKII REF. 93. This 
cascade is an important example of cross-talk bridging 

three signalling streams in the spine: the Ca2+, Ras and 
Rac pathways (FIG. 1).

An entirely separate mechanism for activat-
ing Rac also has a prominent role in controlling the 
spine cytoskeleton. Activation of postsynaptic EphB 
by ephrin B1 induces the rapid formation of mature 
spines along the dendrites of 10-day old hippocampal 
neurons in culture39. Penzes et al. showed that activated 
EphB recruits the RacGEF kalirin 7 into clusters in the 
dendritic shaft and spines39. The recruitment of kalirin 7 
causes the activation of Rac and its targets, which leads 
to actin polymerization and spine formation. A reduc-
tion in kalirin 7 expression in mature cultured neurons 
by antisense RNA leads to loss of spines and, ultimately, 
to a reduction in dendritic complexity, which suggests 
that the activation of kalirin 7 by EphB is important for 
the maintenance, as well as the formation, of spines91. 
Once Rac is activated, it, in turn, activates the effectors 
cyclin-dependent kinase 5 (CDK5)94,95 and p21-acti-
vated kinase 1 or 3 (PAK1/3)96. PAK then activates the 
cytoskeletal regulator LIM-domain-containing protein 
kinase 1 (LIMK1), which facilitates actin polymeriza-
tion32. PAK can also orchestrate the activation of Cdc42, 
another Rho subfamily member, which drives the 
nucleation of new actin filaments and the branching of 
existing filaments18.

Integration and modulation
Our new understanding of the key roles of Ras fam-
ily proteins in the regulation of postsynaptic plasticity 
helps to provide a framework in which we can begin to 
understand how the many pathways that regulate syn-
apses are integrated and coordinated (see accompany-
ing Poster). Here, we discuss a few examples to illustrate 
how physiological functions in the spine are subject to 
combinatorial regulation by many signalling pathways, 
often including one or more small GTPases.

We described how the balance of active Ras and 
Rap can be controlled in the spine by GEFs and GAPs 
that are activated by the second messengers Ca2+ and 
cAMP. This balance can also be shifted by signals from 
the three other classes of pathway that are depicted in 
the Poster. TrkB is activated in spines and dendrites 
by brain-derived neurotrophic factor (BDNF) that is 
released from neighbouring neurons97,98. Depending 
on the number and availability of cytosolic adaptor 
proteins, TrkB can then activate Ras, Rap or both. 
Ras can also be activated by direct recruitment of the 
adaptors Src homology 2 domain-containing trans-
forming protein C (Shc) and son of sevenless (SOS) to 
the plasma membrane following phosphorylation of 
Shc by Src99. In spines, Src can be activated in various 
ways. For example, metabotropic receptors, including 
mGluR1, activate Src through the intermediate kinase 
protein tyrosine kinase 2 (PYK2)100,101. Activation of 
EphB leads to phosphorylation of the tyrosine resi-
dues in its cytosolic tail that bind to and activate Src102. 
Therefore, the ratio of activated Ras and Rap at a given 
time will be determined by the sum of signals from 
several pathways. However, we do not yet know what 
influence the spatial localization of receptors and targets 
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has on this summation. Most receptors are positioned 
in the spine or postsynaptic density by interaction with 
scaffold proteins14,103 (see below). So, to fully understand 
their combinatorial influences, it will be important to 
directly measure the influence of each receptor on 
specific targets in different types of synapse.

We have already discussed the different ways that 
Ras and Rap regulate Raf-1, B-Raf and p38 MAPK. A 
second crucial difference in their effects is that Ras 
activates the phosphatidylinositol-3 kinase (PI3K) 
pathway and Rap does not. PI3K catalyses the addi-
tion of phosphate to hydroxyl group 3 on the inositol 
moiety of phosphatidylinositol-bisphosphate (PIP2)104. 
The resulting phospholipids (PIP3 and PIP4) recruit 
and activate two potent protein kinases, Akt (v-akt 
murine thymoma viral oncogene homologue, also 
known as protein kinase B (PKB)) and phospho-
inositide-dependent kinase 1 (PDK1)105. Akt is an 
upstream regulator of mTOR, a protein kinase that 
activates S6 protein kinase 1 (S6K1). S6K1 phosphor-
ylates ribosomal protein S6 and stimulates the rate of 
ribosomal translation20. Therefore, any pathway that 
contributes to the activation of Ras in the spine could 
help to drive local protein synthesis. NMDARs stimu-
late local protein synthesis through the activation of 
CaMKII, which phosphorylates cytoplasmic polya-
denylation element-binding protein (CPEB), leading 
to enhanced initiation of translation of a specific 
class of dendritic mRNA20,45. The mTOR–S6K1 and 
CaMKII–CPEB pathways are the principal mecha-
nisms by which dendritic protein synthesis is activated 
to stabilize long-term synaptic plasticity19,20.

A second crucial function of Akt is to phospho-
rylate and repress proteins that initiate apoptosis23. 
These include the BCL-associated death promoter 
(BAD), which is a universal inducer of mitochondrial 
apoptosis; members of the forkhead family of tran-
scription factors, which drive expression of the death 
ligand FASL; glycogen synthase kinase 3 (GSK3), 
which can stimulate apoptosis and orchestrate actin 
depolymerization; and mitogen-activated protein 
kinase kinase kinase 5 (MAP3K5, also known as 
ASK1), which stimulates apoptosis through the p38 
MAPK and JNK pathways23. CaMKII can oppose 
some of the effects of Akt on apoptosis pathways by 
phosphorylating and activating ASK1 REF. 106. So, 
the same two pathways that are important for regu-
lating AMPARs and dendritic protein synthesis also 
contribute to the regulation of pathways that can lead 
to neuronal apoptosis.

In the complex regulatory environment of the spine, 
the ideas of  ‘modulation’ of a process versus ‘mediation’ 
begin to lose their meaning. We suggest that changes 
in synaptic plasticity, such as LTP and LTD, have, in 
fact, no single core programme as discussed by Sanes 
and Lichtman6, but instead emerge from interactions 
among many biochemical pathways.

Spatial localization by scaffold proteins
The Poster accompanying this review is based on 
information about regulatory interactions that influ-
ence spine functions. It does not include the wealth 
of information that has been gathered about the sub-
cellular localization of many of these proteins within 
spines or the scaffold proteins that are believed to help 
position them with respect to each other in the post-
synaptic density or along the spine cytoskeleton. A 
complete discussion of this work is outside the scope 
of this review. However, because scaffold proteins 
make a crucial contribution to signalling integration, 
and as information about them will be important for 
constructing accurate spatial models of signalling 
pathways in the spine, we discuss a few examples from 
recent studies.

The core components of the postsynaptic density 
scaffold have been reviewed many times14,103,107,108. 
Regulatory machinery is anchored to NMDARs and 
AMPARs at the cytosolic face of the postsynaptic 
membrane by scaffold proteins of the PSD-95 fam-
ily. PSD-95 itself is almost exclusively localized in the 
postsynaptic density and forms a lattice that is located 
at an average of 12 nm from the inner surface of the 
membrane109,110.

In addition to its interactions with specific signal-
ling proteins14, PSD-95 binds other scaffold proteins. 
Presumably, these interactions both appropriately 
position additional signalling proteins and stabilize the 
entire postsynaptic lattice. One of these scaffold pro-
teins is Shank (from SH3 and multiple ankyrin repeat 
domains), a sort of ‘scaffold of scaffolds’, that is centred 
at an average of 24–26 nm from the cytosolic face of 
the membrane110. Shank links together proteins that 
interact with NMDARs, AMPARs and mGluRs111–113. 

Figure 2 | New scaffolding interactions in the postsynaptic density. Three newly described 
sets of interactions among signalling proteins in the postsynaptic density illustrate how the 
positioning of signalling enzymes might influence signalling pathways (see text). The scaffold 
protein AKAP79/150 (from A-kinase-associated protein of molecular weight 79 and 150 kDa) 
can immobilize protein kinase A (PKA) and protein kinase C (PKC) near the NMDA 
(N-methyl-D-aspartate) receptor complex through its association with PSD-95 (from 
postsynaptic density-95), a scaffold protein that binds to the NMDA receptor. The interaction of 
the ephrin B receptor (EphB) with its ligand, ephrin-B, stabilizes an association between the 
extracellular domains of EphB and the NMDA receptor. Finally, the interaction of MUPP1 (from 
multiple PDZ domain protein 1) with Ca2+/calmodulin-dependent protein kinase II (CaMKII) at 
PDZ-2 and with SynGAP (from synaptic GTPase activating protein) at PDZ-13 helps to control 
the regulation of SynGAP by the NMDA receptor. The interaction might also place SynGAP near 
Ras proteins that have been activated by Ras-guanine nucleotide-releasing factor 1 (RasGRF1).
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Another scaffold protein is AKAP79/150 (A-kinase-
associated protein of molecular weight 79 and 150 
kDa), which can bind PKCα, PKA and calcineurin114 
(FIG. 2). Interestingly, PKCα and PKA co-precipitate 
from a postsynaptic density fraction with PSD-95 
and AKAP79/150, but calcineurin does not. Instead, 
PSD-95 competes with calcineurin for binding to 
AKAP79/150, which indicates that calcineurin is not 
bound to the portion of AKAP79/150 molecules that 
bind PSD-95. Specific localization of PKC and PKA 
near the NMDAR complex will influence the probability 
with which targets like the AMPAR are phosphorylated 
when either kinase is activated. 

Two newly reported binding interactions (FIG. 2) 
influence signalling through the Ras and Rac path-
ways in the NMDAR complex. Krapivinsky et al.82 
documented the presence of MUPP1 REF. 115, a 
ubiquitous scaffold protein that contains 13 tandem 
PDZ domains, in the postsynaptic density fraction82. 
MUPP1 associates with SynGAP through PDZ-13 and 
with CaMKII through PDZ-2. As discussed above, 
activation of NMDARs dissociates SynGAP from 
MUPP1 and causes it to become dephosphorylated. 
This interaction helps to regulate the activation of p38 
MAPK by the NMDAR. Dalva et al. found that bind-
ing of an ephrin ligand to EphB promotes its direct 
association with NMDARs at synapses116. The interac-
tion does not require tyrosine kinase activity of EphB 
and is mediated by the extracellular domains of the 
two receptors. It is easy to imagine that this interaction 
might position CaMKII and RasGRF1, both of which 
bind the NMDAR, near TIAM1 and Rac, and thereby 
promote their activation by CaMKII and RasGRF1, 
respectively (see Poster).

Each of these new scaffolding interactions provides 
useful information for the formulation of spatially 
accurate models of spine signalling. It will be interest-
ing to see whether models that incorporate such scaf-
folding interactions can begin to predict the kinetics 
of the regulation of pathways through PKA, PKC, 
SynGAP or EphB. It is likely that postsynaptic scaf-
folding interactions will comprise an important set of 
parameters that will need to be understood before we 
form an accurate picture of the integration of signalling 
pathways in the spine.

Future directions
We have seen remarkable progress in our under-
standing of mechanisms of synaptic plasticity 
and are now at a juncture where we need to begin 
framing questions about mechanisms differently. 
Rather than attempting to design experiments to 
distinguish between mediation and modulation, it 
will be more useful to ask questions about the quan-
titative contribution of each pathway to a change in 
synaptic strength. For example, when we learn that 
a particular pathway regulates a synaptic process, it 
will be important to ask what proportion of the total 
influence comes from that pathway, paying careful 
attention to how that proportion changes under var-
ying conditions and in different classes of synapse. 
Stochastic biochemical models that incorporate spa-
tial localization of signalling proteins and measured 
kinetic parameters will be useful for understanding 
which parameters determine the contribution of each 
pathway. It seems that the answers to many questions 
about the regulation of synaptic plasticity are, like the 
devil, in the details.

1.  Bliss, T. V., Collingridge, G. L. & Morris, R. G. Introduction. 
Long-term potentiation and structure of the issue. Philos. 
Trans. R. Soc. Lond. B 358, 607–611 (2003).

2.  Sjostrom, P. J. & Nelson, S. B. Spike timing, calcium 
signals and synaptic plasticity. Curr. Opin. Neurobiol. 12, 
305–314 (2002).

3.  Dan, Y. & Poo, M. M. Spike timing-dependent plasticity of 
neural circuits. Neuron 44, 23–30 (2004).

4.  Markram, H., Lübke, J., Frotscher, M. & Sakmann, B. 
Regulation of synaptic efficacy by coincidence of 
postsynaptic APs and EPSPs. Science 275, 213–215 
(1997).

5.  Magee, J. C. & Johnston, D. A synaptically controlled, 
associative signal for Hebbian plasticity in hippocampal 
neurons. Science 275, 209–213 (1997).

6.  Sanes, J. R. & Lichtman, J. W. Can molecules explain 
long-term potentiation? Nature Neurosci. 2, 597–604 
(1999).

7.  Turrigiano, G. G. & Nelson, S. B. Hebb and homeostasis in 
neuronal plasticity. Curr. Opin. Neurobiol. 10, 358–364 
(2000).

8.  Neves, S. R. & Iyengar, R. Modeling of signaling networks. 
Bioessays 24, 1110–1117 (2002).

9.  Eungdamrong, N. J. & Iyengar, R. Computational 
approaches for modeling regulatory cellular networks. 
Trends Cell Biol. 14, 661–669 (2004).
An excellent introduction to methods for modelling 
signalling networks.

10.  Garrington, T. P. & Johnson, G. L. Organization and 
regulation of mitogen-activated protein kinase signaling 
pathways. Curr. Opin. Cell Biol. 11, 211–218 (1999).

11.  Elion, E. A. The Ste5p scaffold. J. Cell Sci. 114, 
3967–3978 (2001).

12.  Pawson, T. & Scott, J. D. Signaling through scaffold, 
anchoring, and adaptor proteins. Science 278, 
2075–2080 (1997).

13.  Katz, P. S. & Clemens, S. Biochemical networks in nervous 
systems: expanding neuronal information capacity beyond 
voltage signals. Trends Neurosci. 24, 18–25 (2001).

14.  Kennedy, M. B. Signal-processing machines at the 
postsynaptic density. Science 290, 750–754 (2000).

15.  Malinow, R. & Malenka, R. C. AMPA receptor trafficking 
and synaptic plasticity. Annu. Rev. Neurosci. 25, 103–126 
(2002).

16.  Matus, A. Actin-based plasticity in dendritic spines. 
Science 290, 754–758 (2000).

17.  Nakayama, A. Y. & Luo, L. Intracellular signaling pathways 
that regulate dendritic spine morphogenesis. 
Hippocampus 10, 582–586 (2000).

18.  Ramakers, G. J. Rho proteins, mental retardation and the 
cellular basis of cognition. Trends Neurosci. 25, 191–199 
(2002).
An illuminating review of the human genetics that 
underlie X-linked mental retardation. The author 
presents the hypothesis that regulation of the actin 
cytoskeleton is crucial for human cognition.

19.  Steward, O. & Schuman, E. M. Compartmentalized 
synthesis and degradation of proteins in neurons. Neuron 
40, 347–359 (2003).

20.  Klann, E. & Dever, T. E. Biochemical mechanisms for 
translational regulation in synaptic plasticity. Nature Rev. 
Neurosci. 5, 931–942 (2004).

21.  West, A. E., Griffith, E. C. & Greenberg, M. E. Regulation of 
transcription factors by neuronal activity. Nature Rev. 
Neurosci. 3, 921–931 (2002).

22.  Aamodt, S. M. & Constantine-Paton, M. The role of 
neural activity in synaptic development and its 
implications for adult brain function. Adv. Neurol. 79, 
133–144 (1999).

23.  Datta, S. R., Brunet, A. & Greenberg, M. E. Cellular 
survival: a play in three Akts. Genes Dev. 13, 2905–2927 
(1999).

24.  Katayama, T. et al. Induction of neuronal death by ER 
stress in Alzheimer’s disease. J. Chem. Neuroanat. 28, 
67–78 (2004).

25.  Ethell, D. W. & Buhler, L. A. Fas ligand-mediated apoptosis 
in degenerative disorders of the brain. J. Clin. Immunol. 
23, 439–446 (2003).

26.  Roche, K. W., O’Brien, R. J., Mammen, A. L., Bernhardt, J. 
& Huganir, R. L. Characterization of multiple 
phosphorylation sites on the AMPA receptor GluR1 
subunit. Neuron 16, 1179–1188 (1996).

27.  Derkach, V., Barria, A. & Soderling, T. R. Ca2+/calmodulin-
kinase II enhances channel conductance of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate type glutamate 
receptors. Proc. Natl Acad. Sci. USA 96, 3269–3274 
(1999).

28.  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).

29.  Zhu, J. J., Qin, Y., Zhao, M., Van Aelst, L. & Malinow, R. 
Ras and Rap control AMPA receptor trafficking during 
synaptic plasticity. Cell 110, 443–455 (2002).
This report shows that Ras and Rap have opposing 
roles in the regulation of the numbers of AMPARs at 
synapses. Ras relays the NMDAR and CaMKII 
signalling that drives synaptic delivery of AMPARs 
during LTP, whereas Rap mediates the NMDAR-
dependent removal of synaptic AMPARs, which 
dominates during LTD.

30.  Hayashi, Y. et al. Driving AMPA receptors into synapses by 
LTP and CaMKII: requirement for GluR1 and PDZ domain 
interaction. Science 287, 2262–2267 (2000).

31.  Yuste, R. & Bonhoeffer, T. Morphological changes in 
dendritic spines associated with long-term synaptic 
plasticity. Annu. Rev. Neurosci. 24, 1071–1089 (2001).

32.  Carlisle, H. J. & Kennedy, M. B. Spine architecture and 
synaptic plasticity. Trends Neurosci. 28, 182–187 (2005).

432 | JUNE 2005 | VOLUME 6  www.nature.com/reviews/neuro

R E V I E W S

© 2005 Nature Publishing Group 

 



33.  Harris, K. M. & Stevens, J. K. Dendritic spines of CA1 
pyramidal cells in the rat hippocampus: serial electron 
microscopy with reference to their biophysical 
characteristics. J. Neurosci. 9, 2982–2997 (1989).

34.  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).

35.  Lin, B. et al. Theta stimulation polymerizes actin in 
dendritic spines of hippocampus. J. Neurosci. 25, 
2062–2069 (2005).
By visualizing neurons filled with rhodamine-
phalloidin during patch-clamp recordings, the 
authors showed that LTP induced by theta-burst 
stimulation in CA1 pyramidal neurons is correlated 
with an increase in actin polymerization in spines as 
early as 2 min after stimulation.

36.  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).

37.  Rabenstein, R. L. et al. Impaired synaptic plasticity and 
learning in mice lacking β-adducin, an actin-regulating 
protein. J. Neurosci. 25, 2138–2145 (2005).

38.  Tolias, K. F. et al. The Rac1-GEF Tiam1 couples the NMDA 
receptor to the activity-dependent development of 
dendritic arbors and spines. Neuron 45, 525–538 (2005).
The authors show that the RacGEF TIAM1 is present 
in postsynaptic densities in vivo and that NMDAR 
activation results in phosphorylation of TIAM1 and 
increased formation of RacGTP. Furthermore, 
stimulation of spine growth by the activation of 
NMDARs is blocked by knockdown of TIAM1 with 
RNA interference.

39.  Penzes, P. et al. Rapid induction of dendritic spine 
morphogenesis by trans-synaptic ephrinB-EphB receptor 
activation of the Rho-GEF kalirin. Neuron 37, 263–274 
(2003).
The authors show that activation of EphB regulates 
spine morphology and that this regulation requires 
activation of the RacGEF kalirin, Rac and the 
downstream target of Rac, PAK.

40.  Henkemeyer, M., Itkis, O. S., Ngo, M., Hickmott, P. W. & 
Ethell, I. M. Multiple EphB receptor tyrosine kinases shape 
dendritic spines in the hippocampus. J. Cell Biol. 163, 
1313–1326 (2003).

41.  Meng, Y. et al. Abnormal spine morphology and enhanced 
LTP in LIMK-1 knockout mice. Neuron 35, 121–133 (2002).

42.  Martin, K. C., Barad, M. & Kandel, E. R. Local protein 
synthesis and its role in synapse-specific plasticity. Curr. 
Opin. Neurobiol. 10, 587–592 (2000).

43.  Frey, U. & Morris, R. G. Synaptic tagging: implications for 
late maintenance of hippocampal long-term potentiation. 
Trends Neurosci. 21, 181–188 (1998).

44.  Martin, K. C. & Kosik, K. S. Synaptic tagging — who’s it? 
Nature Rev. Neurosci. 3, 813–820 (2002).

45.  Wu, L. et al. CPEB-mediated cytoplasmic polyadenylation 
and the regulation of experience-dependent translation of 
α-CaMKII mRNA at synapses. Neuron 21, 1129–1139 
(1998).

46.  Meffert, M. K. & Baltimore, D. Physiological functions for 
brain NF-κB. Trends Neurosci. 28, 37–43 (2005).

47.  Klein, W. L., Krafft, G. A. & Finch, C. E. Targeting small Aβ 
oligomers: the solution to an Alzheimer’s disease 
conundrum? Trends Neurosci. 24, 219–224 (2001).
The first statement of the increasingly accepted 
hypothesis that small soluble oligomers of the 
amyloid-β peptide interfere with synaptic plasticity 
at spines and initiate the pathology of Alzheimer’s 
disease.

48.  Selkoe, D. J. Alzheimer’s disease is a synaptic failure. 
Science 298, 789–791 (2002).

49.  Chin, D. & Means, A. R. Calmodulin: a prototypical calcium 
sensor. Trends Cell Biol. 10, 322–328 (2000).

50.  Linse, S., Helmersson, A. & Forsen, S. Calcium binding to 
calmodulin and its globular domains. J. Biol. Chem. 266, 
8050–8054 (1991).

51.  Klee, C. B. in Calmodulin Vol. 5 (eds Cohen, P. & Klee, C. B.) 
35–56 (Elsevier, Amsterdam, 1988).

52.  Sabatini, B. L., Oertner, T. G. & Svoboda, K. The life cycle 
of Ca2+ ions in dendritic spines. Neuron 33, 439–452 
(2002).

53.  Franks, K. M., Bartol, T. M. & Sejnowski, T. J. An MCell 
model of calcium dynamics and frequency-dependence of 
calmodulin activation in dendritic spines. Neurocomputing 
38–40, 9–16 (2001).

54.  Franks, K. M. & Sejnowski, T. J. Complexity of calcium 
signaling in synaptic spines. Bioessays 24, 1130–1144 
(2002).

55.  Ferguson, G. D. & Storm, D. R. Why calcium-stimulated 
adenylyl cyclases? Physiology (Bethesda) 19, 271–276 
(2004).

56.  Lisman, J., Schulman, H. & Cline, H. The molecular basis 
of CaMKII function in synaptic and behavioural memory. 
Nature Rev. Neurosci. 3, 175–190 (2002).

57.  Krapivinsky, G. et al. The NMDA receptor is coupled to the 
ERK pathway by a direct interaction between NR2B and 
RasGRF1. Neuron 40, 775–784 (2003).
The authors show that the RasGEF RasGRF1 binds 
directly to the NR2B subunit of the NMDAR. 
Disruption of this interaction reduces the activation 
of ERK that normally follows NMDAR activation by 
~60% in hippocampal neurons.

58.  Farnsworth, C. L. et al. Calcium activation of Ras mediated 
by neuronal exchange factor Ras-GRF. Nature 376, 
524–527 (1995).

59.  Garthwaite, H. Glutamate, nitric oxide and cell–cell 
signalling in the nervous system. Trends Neurosci. 14, 
60–67 (1991).

60.  Quinlan, E. M. & Halpain, S. Postsynaptic mechanisms for 
bidirectional control of MAP2 phosphorylation by 
glutamate receptors. Neuron 16, 357–368 (1996).

61.  Persechini, A. & Stemmer, P. M. Calmodulin is a limiting 
factor in the cell. Trends Cardiovasc. Med. 12, 32–37 
(2002).

62.  Sabatini, B. L., Maravall, M. & Svoboda, K. Ca2+ signaling 
in dendritic spines. Curr. Opin. Neurobiol. 11, 349–356 
(2001).

63.  Colicelli, J. Human RAS superfamily proteins and related 
GTPases. Sci. STKE 2004, RE13 (2004).

64.  Ehrhardt, A., Ehrhardt, G. R., Guo, X. & Schrader, J. W. 
Ras and relatives — job sharing and networking keep an 
old family together. Exp. Hematol. 30, 1089–1106 (2002).

65.  Tian, X. et al. Developmentally regulated role for Ras-GRFs 
in coupling NMDA glutamate receptors to Ras, Erk and 
CREB. EMBO J. 23, 1567–1575 (2004).

66.  Kiyono, M., Kaziro, Y. & Satoh, T. Induction of Rac-guanine 
nucleotide exchange activity of Ras-GRF1/CDC25Mm 
following phosphorylation by the nonreceptor tyrosine 
kinase Src. J. Biol. Chem. 275, 5441–5446 (2000).

67.  Morozov, A. et al. Rap1 couples cAMP signaling to a 
distinct pool of p42/44MAPK regulating excitability, 
synaptic plasticity, learning, and memory. Neuron 39, 
309–325 (2003).

68.  Chetkovich, D. M. & Sweatt, J. D. NMDA receptor 
activation increases cyclic AMP in area CA1 of the 
hippocampus via calcium/calmodulin stimulation of 
adenylyl cyclase. J. Neurochem. 61, 1933–1942 (1993).

69.  Grewal, S. S. et al. Neuronal calcium activates a Rap1 and 
B-Raf signaling pathway via the cyclic adenosine 
monophosphate-dependent protein kinase. J. Biol. Chem. 
275, 3722–3728 (2000).

70.  Wayman, G. A. et al. Synergistic activation of the type I 
adenylyl cyclase by Ca2+ and Gs-coupled receptors in vivo. 
J. Biol. Chem. 269, 25400–25405 (1994).

71.  Reed, T. M., Repaske, D. R., Snyder, G. L., Greengard, P. 
& Vorhees, C. V. Phosphodiesterase 1B knock-out mice 
exhibit exaggerated locomotor hyperactivity and 
DARPP-32 phosphorylation in response to dopamine 
agonists and display impaired spatial learning. J. Neurosci. 
22, 5188–5197 (2002).

72.  Kawasaki, H. et al. A Rap guanine nucleotide exchange 
factor enriched highly in the basal ganglia. Proc. Natl 
Acad. Sci. USA 95, 13278–13283 (1998).

73.  Ebinu, J. O. et al. RasGRP, a Ras guanyl nucleotide-
releasing protein with calcium- and diacylglycerol-binding 
motifs. Science 280, 1082–1086 (1998).

74.  Toki, S., Kawasaki, H., Tashiro, N., Housman, D. E. & 
Graybiel, A. M. Guanine nucleotide exchange factors 
CalDAG-GEFI and CalDAG-GEFII are colocalized in striatal 
projection neurons. J. Comp. Neurol. 437, 398–407 (2001).

75.  Kawasaki, H. et al. A family of cAMP-binding proteins that 
directly activate Rap1. Science 282, 2275–2279 (1998).

76.  Lin, S. L., Johnson-Farley, N. N., Lubinsky, D. R. & 
Cowen, D. S. Coupling of neuronal 5-HT7 receptors to 
activation of extracellular-regulated kinase through a 
protein kinase A-independent pathway that can utilize 
Epac. J. Neurochem. 87, 1076–1085 (2003).

77.  Stork, P. J. Does Rap1 deserve a bad Rap? Trends 
Biochem. Sci. 28, 267–275 (2003).

78.  Brown, T. C., Tran, I. C., Backos, D. S. & Esteban, J. A. 
NMDA receptor-dependent activation of the small GTPase 
Rab5 drives the removal of synaptic AMPA receptors 
during hippocampal LTD. Neuron 45, 81–94 (2005).

79.  Huang, C. C., You, J. L., Wu, M. Y. & Hsu, K. S. Rap1-
induced p38 mitogen-activated protein kinase activation 
facilitates AMPA receptor trafficking via the GDI.Rab5 
complex. Potential role in (S)-3,5-dihydroxyphenylglycene-
induced long term depression. J. Biol. Chem. 279, 
12286–12292 (2004).

80.  Chen, H.-J., Rojas-Soto, M., Oguni, A. & Kennedy, M. B. 
A synaptic Ras-GTPase activating protein (p135 SynGAP) 
inhibited by CaM Kinase II. Neuron 20, 895–904 (1998).

81.  Kim, J. H., Liao, D., Lau, L.-F. & Huganir, R. L. SynGAP: 
a synaptic RasGAP that associates with the PSD-95/
SAP90 protein family. Neuron 20, 683–691 (1998).

82.  Krapivinsky, G., Medina, I., Krapivinsky, L., Gapon, S. & 
Clapham, D. E. SynGAP-MUPP1-CaMKII synaptic 
complexes regulate p38 MAP kinase activity and NMDA 
receptor-dependent synaptic AMPA receptor potentiation. 
Neuron 43, 563–574 (2004).
The authors show that SynGAP and CaMKII bind to a 
newly identified postsynaptic density scaffold, 
MUPP1. They show that SynGAP stimulates 
inactivation of Rap as well as Ras, and that 
dephosphorylation of SynGAP subsequent to 
NMDAR activation can lead to a net increase in the 
insertion of AMPARs into the postsynaptic 
membrane.

83.  Oh, J. S., Manzerra, P. & Kennedy, M. B. Regulation of the 
neuron-specific Ras GTPase activating protein, synGAP, 
by Ca2+/calmodulin-dependent protein kinase II. J. Biol. 
Chem. 279, 17980–17988 (2004).

84.  Komiyama, N. H. et al. SynGAP regulates ERK/MAPK 
signaling, synaptic plasticity, and learning in the complex 
with postsynaptic density 95 and NMDA receptor. 
J. Neurosci. 22, 9721–9732 (2002).

85.  Kim, J. H., Lee, H. K., Takamiya, K. & Huganir, R. L. 
The role of synaptic GTPase-activating protein in neuronal 
development and synaptic plasticity. J. Neurosci. 23, 
1119–1124 (2003).

86.  Knuesel, I., Elliott, A., Chen, H. J., Mansuy, I. M. & 
Kennedy, M. B. A role for synGAP in regulating neuronal 
apoptosis. Eur. J. Neurosci. 21, 611–621 (2005).
This study provides evidence that relatively subtle 
derangement of a synaptic signalling pathway can 
bias neurons towards abnormal activation of 
apoptotic pathways. 

87.  Vazquez, L. E., Chen, H. J., Sokolova, I., Knuesel, I. & 
Kennedy, M. B. SynGAP regulates spine formation. 
J. Neurosci. 24, 8796–8805 (2004).
The authors show that spine and synapse formation 
are accelerated in neurons cultured from mice with a 
SynGAP deletion, and that the spines of mature 
mutant neurons are significantly larger than those of 
wild-type mice. Both the GAP domain of SynGAP 
and the terminal-T/SXV motif that binds PDZ 
domains are necessary to rescue the phenotype.

88.  Pak, D. T., Yang, S., Rudolph-Correia, S., Kim, E. & 
Sheng, M. Regulation of dendritic spine morphology by 
SPAR, a PSD-95-associated RapGAP. Neuron 31, 
289–303 (2001).

89.  Pak, D. T. & Sheng, M. Targeted protein degradation and 
synapse remodeling by an inducible protein kinase. 
Science 302, 1368–1373 (2003).

90.  Kyriakis, J. M. & Avruch, J. Mammalian mitogen-activated 
protein kinase signal transduction pathways activated by 
stress and inflammation. Physiol. Rev. 81, 807–869 (2001).

91.  Ma, X. M., Huang, J., Wang, Y., Eipper, B. A. & Mains, R. E. 
Kalirin, a multifunctional Rho guanine nucleotide exchange 
factor, is necessary for maintenance of hippocampal 
pyramidal neuron dendrites and dendritic spines. 
J. Neurosci. 23, 10593–10603 (2003).
The authors show that a reduction of endogenous 
kalirin expression in hippocampal neurons by 
antisense methods reduces spine density and 
dendritic complexity.

92.  Lambert, J. M. et al. Tiam1 mediates Ras activation of Rac 
by a PI(3)K-independent mechanism. Nature Cell Biol. 4, 
621–625 (2002).

93.  Fleming, I. N., Elliott, C. M., Buchanan, F. G., Downes, C. P. 
& Exton, J. H. Ca2+/calmodulin-dependent protein 
kinase II regulates Tiam1 by reversible protein 
phosphorylation. J. Biol. Chem. 274, 12753–12758 (1999).

94.  Nikolic, M., Chou, M. M., Lu, W., Mayer, B. J. & Tsai, L. H. 
The p35/Cdk5 kinase is a neuron-specific Rac effector 
that inhibits Pak1 activity. Nature 395, 194–198 (1998).

95.  Dhavan, R. & Tsai, L. H. A decade of CDK5. Nature Rev. 
Mol. Cell Biol. 2, 749–759 (2001).

96.  Bokoch, G. M. Biology of the p21-activated kinases. 
Annu. Rev. Biochem. 72, 743–781 (2003).

97.  Poo, M. M. Neurotrophins as synaptic modulators. 
Nature Rev. Neurosci. 2, 24–32 (2001).

98.  Huang, E. J. & Reichardt, L. F. Trk receptors: roles in 
neuronal signal transduction. Annu. Rev. Biochem. 72, 
609–642 (2003).

99.  Luttrell, L. M. et al. Role of c-Src tyrosine kinase in 
G protein-coupled receptor- and Gβγ subunit-mediated 
activation of mitogen-activated protein kinases. J. Biol. 
Chem. 271, 19443–19450 (1996). 

100.  Heidinger, V. et al. Metabotropic glutamate receptor 
1-induced upregulation of NMDA receptor current: 
mediation through the Pyk2/Src-family kinase pathway in 
cortical neurons. J Neurosci. 22, 5452–5461 (2002).

NATURE REVIEWS | NEUROSCIENCE  VOLUME 6 | JUNE 2005 | 433

R E V I E W S

© 2005 Nature Publishing Group 

 



101.  Salter, M. W. & Kalia, L. V. Src kinases: a hub for NMDA 
receptor regulation. Nature Rev. Neurosci. 5, 317–328 
(2004).

102.  Takasu, M. A., Dalva, M. B., Zigmond, R. E. & 
Greenberg, M. E. Modulation of NMDA receptor-
dependent calcium influx and gene expression through 
EphB receptors. Science 295, 491–495 (2002).

103.  Kim, E. & Sheng, M. PDZ domain proteins of synapses. 
Nature Rev. Neurosci. 5, 771–781 (2004).

104.  Vanhaesebroeck, B. et al. Synthesis and function of 
3-phosphorylated inositol lipids. Annu. Rev. Biochem. 
70, 535–602 (2001).

105.  Chan, T. O., Rittenhouse, S. E. & Tsichlis, P. N. AKT/PKB 
and other D3 phosphoinositide-regulated kinases: kinase 
activation by phosphoinositide-dependent phosphorylation. 
Annu. Rev. Biochem. 68, 965–1014 (1999).

106.  Takeda, K. et al. Involvement of ASK1 in Ca2+-induced p38 
MAP kinase activation. EMBO Rep. 5, 161–166 (2004).

107.  Scannevin, R. H. & Huganir, R. L. Postsynaptic organization 
and regulation of excitatory synapses. Nature Rev. 
Neurosci. 1, 133–141 (2000).

108.  Sheng, M. & Sala, C. PDZ domains and the organization of 
supramolecular complexes. Annu. Rev. Neurosci. 24, 
1–29 (2001).

109.  Petersen, J. D. et al. Distribution of postsynaptic density 
(PSD)-95 and Ca2+/calmodulin-dependent protein 
kinase II at the PSD. J. Neurosci. 23, 11270–11278 (2003).

110.  Valtschanoff, J. G. & Weinberg, R. J. Laminar organization 
of the NMDA receptor complex within the postsynaptic 
density. J. Neurosci. 21, 1211–1217 (2001).
An exemplary study that provides quantitative 
information at the electron microscopic level about 
the restricted locations of several signalling and 
scaffold proteins in spines.

111.  Naisbitt, S. et al. Shank, a novel family of postsynaptic 
density proteins that binds to the NMDA receptor/PSD-95/
GKAP complex and cortactin. Neuron 23, 569–582 (1999).

112.  Tu, J. C. et al. Coupling of mGluR/Homer and PSD-95 
complexes by the Shank family of postsynaptic density 
proteins. Neuron 23, 583–592 (1999).

113.  Sheng, M. & Kim, E. The Shank family of scaffold proteins. 
J. Cell Sci. 113, 1851–1856 (2000).

114.  Colledge, M. et al. Targeting of PKA to glutamate 
receptors through a MAGUK-AKAP complex. Neuron 27, 
107–119 (2000).

115.  Ullmer, C., Schmuck, K., Figge, A. & Lubbert, H. Cloning 
and characterization of MUPP1, a novel PDZ domain 
protein. FEBS Lett. 424, 63–68 (1998).

116. Dalva, M. B. et al. EphB receptors interact with NMDA 
receptors and regulate excitatory synapse formation. 
Cell 103, 945–956 (2000).

117. Stiles, J. R., Bartol, T. M., Salpeter, M. M., Salpeter, E. & 
Sejnowski, T. J. in Synapses (eds Cowan, W. M., 
Stevens, C. F. & Sudhof, T. C.) 681–731 (Johns Hopkins 
Univ. Press, Baltimore, USA, 2001).

118. Franks, K. M., Stevens, C. F. & Sejnowski, T. J. 
Independent sources of quantal variability at single 
glutamatergic synapses. J. Neurosci. 23, 3186–3195 
(2003).

119. Bartol, T. M., Land, B. R., Salpeter, E. E. & Salpeter, M. 
M. Monte Carlo simulation of miniature endplate current 
generation in the vertebrate neuromuscular junction. 
Biophys. J. 59, 1290–1307 (1991).

120. Edwards, F. A. Anatomy and electrophysiology of fast 
central synapses lead to a structural model for long-term 
potentiation. Physiol. Rev. 75, 759–787 (1995).

121. Peng, J. et al. Semiquantitative proteomic analysis of rat 
forebrain postsynaptic density fractions by mass 
spectrometry. J. Biol. Chem. 279, 21003–21011 
(2004).
A semi-quantitative study of the relative 
stoichiometry of three receptor subunits and three 
scaffold proteins in the postsynaptic density 
fraction. This is the first example of the use of the 
AQUA (absolute quantification of proteins and post-
translational modifications) mass spectrometric 
technique to determine the absolute 
concentrations of proteins in the postsynaptic 
density fraction.

122. Reuther, G. W. & Der, C. J. The Ras branch of small 
GTPases: Ras family members don’t fall far from the tree. 
Curr. Opin. Cell Biol. 12, 157–165 (2000).

123. Prior, I. A. & Hancock, J. F. Compartmentalization of Ras 
proteins. J. Cell Sci. 114, 1603–1608 (2001).

124. Roy, S. et al. Dominant-negative caveolin inhibits H-Ras 
function by disrupting cholesterol-rich plasma membrane 
domains. Nature Cell Biol. 1, 98–105 (1999).

125. Voice, J. K., Klemke, R. L., Le, A. & Jackson, J. H. Four 
human Ras homologs differ in their abilities to activate 
Raf-1, induce transformation, and stimulate cell motility. 
J. Biol. Chem. 274, 17164–17170 (1999).

126. Marte, B. M., Rodriguez-Viciana, P., Wennstrom, S., 
Warne, P. H. & Downward, J. R-Ras can activate the 
phosphoinositide 3-kinase but not the MAP kinase arm 
of the Ras effector pathways. Curr. Biol. 7, 63–70 
(1997).

Acknowledgements
This work was supported by grants from the National Institutes of 
Health to M.B.K., fellowships from the National Institutes of Health 
to H.J.C. and to the Division of Biology for support of H.C.B., and 
a fellowship from the John Douglas French Alzheimer’s Foundation 
to L.R.W. We thank E. Marcora of the Kennedy lab for valuable 
comments on the manuscript.

Competing interests statement
The authors declare no competing financial interests.

 Online links

DATABASES
The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gene
CalDAG-GEF1 | CalDAG-GEF2 | cAMP-GEF | RasGRF1 | SPAR | 
SynGAP | TIAM1

FURTHER INFORMATION
Mcell: http://www.mcell.cnl.salk.edu/
DReAMM: http://www.mcell.psc.edu/DReAMM

POSTER
Integrated biochemical signalling in postsynaptic spines: 
http://www.nature.com/reviews/poster/nrn/signalling
Access to this links box is available online.

434 | JUNE 2005 | VOLUME 6  www.nature.com/reviews/neuro

R E V I E W S

© 2005 Nature Publishing Group 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




