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INTRODUCTION

Santiago Ramon y Cajal discovered that nervous systems at all stages
of development are composed of neurons as independent cells, rather
than neurons fused into a network. In his Croonian Lecture of 1894, he
showed images where axons terminated in club-shaped endings later
referred to as boutons (Fig. 1A). Sir Charles Sherrington envisioned the
need for a specialized structure that would transmit signals between
neurons in a most efficient way as reflexes indicated, and coined the term
“synapse’” in 1897 to mean a tight embracement. However, both fathers
of Neurobiology were unable to actually see a synapse because the
technical limitations of that time. It was not until 1954 when this
mysterious structure was seen for the first time, using the electron
microscope, thus terminating the agonizing saga of the few last defenders
of the reticular theory (Palade & Palay, 1954). Beyond their electron-
dense aspect and the variety of forms in which synapses can be found in
nervous systems (Fig 1B,C), the constituents and their assemblage
mechanisms are only now beginning to be unraveled. A correspondence
between the electron-dense structure and the neurotransmitter release
site detected by electrophysiological methods is generally accepted.

Address correspondence to Alberto Ferrus, Instituto Cajal, CSIC, Ave. Dr. Arce 37,
Madrid 28002, Spain. E-mail: aferrus@cajal.csic.es
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272 J. M. Devaud & A. Ferrus

FIGURE 1 Synaptic boutons and active zones. A) Drawing by S. Ramoén y Cajal
showing axonal varicosities covering the soma of a neuron in the ventral cochlear
nucleus of the dog. Note the boutons and the fine neurofibrils inside each axon as
revealed by the silver impregnation method. ©Legado Cajal. Instituto Cajal.CSIC.
Madrid. B-C) Electron-dense specializations at synapses in the human brain cortex (B),
and the Drosophila neuromuscular junction (C). Note the abundant small clear vesicles
in the presynaptic component (average ¢ 25nm). Bar in C=50nm. Image in B is a
courtesy of Prof. De Felipe (See Color Plate I at the end of this issue).

Neurotransmitter-containing vesicles accumulate around the so-called
active zone, and vesicles fused to the plasma membrane, either completely
into omega figures or in a short transient (‘‘kiss-and-run’’) state, have
been documented (Aravanis et al., 2003; Gandhi & Stevens, 2003; Palfrey
& Artalejo, 2003; Morgan et al., 2002). The early boutons of Cajal, also
known today as varicosities, can harbor one to several electron-dense
active zones. Similarly, active zones can be found either within or outside
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a varicosity. Notwithstanding the structural differences among synaptic
active zones of different species or tissues (Fig. 1B,C), the synapse
appears a rather conserved mechanism for rapid (millisecond range)
communication between neurons (Atwood & Karunanithi, 2002; Harlow
et al., 2001; Sakaba & Neher, 2001).

Ever since the first observations, including those with the light
microscope, it was clear that the number of synapses in any nervous
system would be an exceedingly large number. In effect, the number is so
large that it has never been counted in any organism. There is a good
reason, indeed, for not attempting this colossal task. As all biological
traits, synapses are dynamic structures. Their number changes at various
rates, along the postembryonic development of an organism, within the
hormonal oestrus cycle in female mammals, with the light/dark peri-
odicity, etc. (McEwen et al., 2001; Naftolin et al., 1996; Hegstrom et al.,
2002; Balkema et al., 2001). We will address here the current status of
molecular mechanisms involved in synaptic changes that occur as a
consequence of neural activity. That is, mainly at a rate of hours or days.
Rather than give a complete catalogue of all molecular interactions
involved in structural changes at the synapse, we would like to present an
overview of the mechanisms at work, with a particular focus on results
obtained from genetic approaches.

SYNAPSES AS DYNAMIC STRUCTURES

Since Hebb’s postulate for a regulation of synaptic strength by neu-
ronal activity, experimental evidence of rapid changes affecting synapses
in mature neurons have been accumulated (for reviews: Segal &
Andersen, 2000; Yuste & Bonhoeffer, 2001). Individual synapses undergo
quick, sometimes long-lasting, functional alterations that affect the in-
formation they transmit. In addition, the size and number of synapses in
a given neuron or circuit are also subject to modifications, and provide a
more permanent way to modify information processing by that neuron
or circuit. Such structural changes can result from a variety of processes
involving long-lasting changes in the organism’s response to sensory
stimuli: several forms of learning and memory, as well as long-time
exposure to sensory stimulations. It should be noted, however, that real-
time observations of synaptic changes in adult animals subject to these
conditions is a technically difficult observation to make. Although some
authors have been successful (Trachtenberger et al., 2002) the overall
available data remain scant and, to a certain extent, not conclusive as
far as the role of these new synapses is concerned (Moser, 1999). It is
clear, however, that the number of synapses shows major changes at
critical developmental periods or following changes of sensory stimuli
(see references above).
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According to the dominant view, structural changes occur at synapses
as a consequence of previous functional modifications, the most studied
of which are long-term potentiation (LTP) and depression (LTD) in the
rodent hippocampus (Paulsen & Sejnowski, 2000; but see Agnihotri et al.,
1998). Experimental manipulation of incoming activity to identified
synapses, neurons or circuits, has led to the observation of synaptic
growth in some models, both in vitro and in vivo. The time-course of
such changes is very rapid: morphological changes of hippocampal
synapses have been reported as early as within the first hour following
LTP induction (Geinisman et al., 1991; 1993; Engert and Bonhoeffer,
1999; Weeks et al., 2000; Toni et al., 2001; Kadota & Kadota, 2002), and
significant variations in synaptic density are documented within a few
hours after learning (O’Malley et al., 1998). Also, correlations between
enhanced activity and dendritic sprouting have been documented in
humans. For example, the size of the hippocampus in taxi drivers is
significantly larger than in controls, suggesting that the frequent use of
spatial representations of city maps stimulates the growth of this brain
center which is clearly involved in this task (Maguire et al., 2000).

Reduction in the number of synapses can also be a result of particular
sensory environments. For example, long-term exposure to restricted
sensory stimuli (Rehn et al., 1988) or drugs (Lundqvist et al., 1994), can
reduce synapse number, presumably through long-term depression.
Experiments in Drosophila eliciting long-term exposure to specific odor-
ants show that selective olfactory glomeruli are reduced in size along with
a decrease of synapse number (Devaud et al., 2001). In the opposite
direction, individuals with mutant antennae where the cells enlarge
forming three times more synapses upon genetically normal postsynaptic
neurons, exhibit up to three orders of magnitude increased sensitivity to
odorant perception (Acebes et al., 2001). These experiments are a direct
demonstration that the number of synapses is a relevant feature in sen-
sory perception and processing. It is interesting to note that in the latter
experiment, the increment of synapse number is produced only in the
primary sensory neurons since the animals are mosaics, and yet, the
increase of sensory input is normally processed by the rest of the brain
yielding a proportionally augmented behavioral response. The
importance of the observation relies in the demonstration that changes in
a sensory organ (e.g., cell size in this case) can result in profound
behavioral changes that might lead to ecological niche diversification
and, ultimately, reproductive isolation.

New synapses can form through budding of axonal or dendritic shafts
(Engert and Bonhoeffer, 1999) or splitting of existing synapses (Weeks
et al., 2001). Electronic microscopy observations suggest that both pro-
cesses can take place in the dendrite (Toni et al., 1999), but whether they
represent responses to different conditions, or at different times, remains
to be determined (see Liischer et al., 2000). Still, several recent studies
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have provided convergent evidence for the remodeling of already formed
synapses, probably leading to their splitting (Muller et al., 2000). Char-
acteristic morphologies, such as perforated synapses usually associated
with synaptic activation (Marrone & Petit, 2002) and presynaptic bou-
tons with multiple postsynaptic elements, are more frequent after LTP
induction (Geinisman et al., 1991; 1993; Jones et al., 1997; Neuhoff et al.,
1999; Weeks et al., 1999; 2000; 2001). Similarly, experience (Geinisman
et al., 2000), as well as LTP induction (Desmond and Levy, 1986;
Geinisman et al., 1991; 1993; Weeks et al., 1999; Toni et al., 2001; Weeks
et al., 2000; 2001), can lead to activity-dependent variations in, compo-
sition first and later the size, of the post-synaptic density (PSD), a
structure involved in the coordinated reception of information at the
postsynaptic element (Okabe et al., 1999; Geinisman et al., 2000) (see
below). Recently, expression of fluorescent-tagged PSD proteins in
cultured hippocampal neurons allowed visualizing over time their accu-
mulation during spine formation (Okabe et al., 1999; Bresler et al., 2001;
Mehta et al., 2001; Qin et al., 2001; Okabe et al., 2001 Ebihara et al.,
2003; reviewed in Inoue & Okabe, 2003). The use of this technique
in combination with LTP induction should be extremely helpful to
determine the precise time-scale of PSD modifications in combination
with activity-induced spine remodeling, and would provide a means to
test the role of different molecules in this process.

Recent observations have provided support to the conception of
perforated synapses as intermediate structures during splitting. First,
smooth endoplasmic reticulum, which is believed to be involved in
membrane synthesis, is more abundant in perforated synapses (Spacek
& Harris, 1997). Second, perforated synapses express more AMPA
receptors than non-perforated synapses (Desmond & Weinberg, 1998).
Thus, this model establishes a link between neuronal activity and struc-
tural remodeling, although it does not explain how presynaptic elements
grow, or form. Whether this can be extrapolated to non-glutamatergic
synapses remains to be seen.

MOLECULAR MECHANISMS THAT MODIFY SYNAPSES

In the past few years it has become increasingly clear that structural
synaptic alterations induced by input modulation share at least some of
the basic cellular and molecular events that underlie functional synaptic
plasticity (Nestler, 2002; Wolf & Heberlein, 2003). The available data
obtained from studies of the hippocampus has been integrated in a model
of the initial steps that lead to the formation of new (glutamatergic)
synapses (Luscher et al., 2000). This model proposes that the increase in
intracellular calcium following the stimulation of postsynaptic glutamate
receptors (those of the N-methyl-D-aspartate [NMDA] type) activates
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several signaling cascades (Fig. 2). One of the first events is the translo-
cation of glutamate receptors of the amino-3-hydroxy-5-metylisoxazole-
4-propionic acid (AMPA) type to PSD (Antonova et al., 2001). Other
PSD components are also aggregated, often in a cooperative way through
diverse molecular interactions. Different modes of targeting appear to be
involved, either dependent or independent of interactions with actin and
tubulin cytoskeleton (Allison et al., 1998; 2000).

Among such components is PSD-95, a membrane-associated guany-
late kinase that interacts with AMPA receptors (AMPA-Rs). Genetic
manipulations that increase (El-Husseini et al., 2000; Schnell et al., 2002)
or decrease (El-Husseini et al., 2002) PSD-95 amounts result in correlated
variations of AMPAR density at the membrane and corresponding
changes in synaptic size. Accordingly, hypomorphic mutants for
Discs-large (Dlg), the Drosophila homologue of PSD95, have reduced
postsynaptic specializations (Guan et al.,, 1996). Similar genetic

— phosphorylation
stimulation

=== translocation

FIGURE 2 Initial events during synaptic growth. Some of the main molecular
events underlying this process are shown: after activation of NMDARs by
released glutamate (@), the resulting increase in postsynaptic calcium con-
centration activates CaMKII (b). In its active state, it can then regulate the
translocation of AMPARs to the PSD (c¢). PKA also control AMPAR targeting
to the synapse, both directly through their phosphorylation (d) and indirectly, by
modulating Interactions between PSD-95 and AMPAR through the phos-
phorylation of Stargazin (e): when phosphorylated, Stargazin no longer binds
PSD-95, and its complex with NMDAR does not remain targeted at the PSD
(f). (See Color Plate II at the end of this issue).
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approaches have provided further evidence for a causal link between PSD
enlargement and accumulation of PSD proteins such as Shank (Sala
et al., 2001; 2003; Usui et al., 2003), SPAR (Pak et al., 2001) and Homer
(Sala et al., 2003). Many of these and other PSD proteins interact with
each other in a cooperative way (Kennedy, 1997; Tu et al., 1999; Ehlers,
2002; Boeckers et al., 2002), so that altering the quantity of a single
component is generally sufficient to induce a change in PSD size through
cooperative targeting. Increased levels of PSD-95 have been detected
during a long-lasting conditioning procedure sufficient to induce changes
in connectivity (Skibinska et al., 2001).

The phosphorylated state of many of these PSD components appears
to be a key factor in the control of their density at the synapse by activity.
Calcium/calmodulin-dependent kinase 1T (CaMKII), also present in the
PSD, plays a crucial role in this process (Toni et al., 1999; Hayashi et al.,
2000), and thus provides a link between synaptic changes of activity and
structure. Under strong stimulation, incoming calcium through the
activated NMDA receptors stimulates the activity of CaMKII, which in
turn results in increased delivery of AMPARs to the synapse (Hayashi
et al., 2000). Surprisingly, available data on the Drosophila neuromus-
cular junction (a glutamatergic synapse) suggest a CaMKII-dependent
regulation of DIg/PSD-95 localization in the opposite direction. Its
aggregation is disrupted when rendering the CaMKII enzyme con-
stitutively active and its localization at perisynaptic sites is favored when
it is dephosphorylated (Koh et al., 1999).

It should be noted that this model can serve also to understand sy-
naptic loss, as the reverse process resulting from insufficient intracellular
calcium. Its generalization to non-glutamatergic synapses still awaits firm
experimental bases. However, that other synapses may be regulated in the
same way is likely. For example, the identified association of PSD-95
and other PSD proteins with nicotinic receptors argues in favor of this
hypothesis (Conroy et al., 2003).

RELEASE FROM CONSTRAINTS OF ADHESION
MOLECULES

Once the post-synaptic density has enlarged, the following step
appears to be its fragmentation, leading to the typical perforated
morphology of post-synaptic elements. Fragmentation of the PSD is
likely to be a limiting step before splitting can occur. The molecular
mechanisms that allow this process still need to be understood, but some
clues are already available. Not surprisingly, perforation, as shown in
hippocampal neurons, depends on NMDA-R activation (Neuhoff et al.,
1999). It also requires a proteolytic cascade that would act downstream,
since inhibiting tissue type plasminogen activator (tPA, an extracellular
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protease) impairs the increase in perforated synapses induced by activity
(Neuhoff et al., 1999). Along the same lines, mice lacking tPA display
impaired activity-dependent reorganization of visual projections follow-
ing sensory deprivation, which can be restored by activation of the gene
(Mataga et al., 2002). Such alterations can be related to reduced
LTP/LTD and memory impairments in those mutants (Calabresi et al.,
2000).

This role of tPA indicates that control of adhesion molecules is a
putative means for destabilizing the PSD. Indeed, a coordinated regula-
tion of adhesion molecules is required for the consequences of activity on
synapse morphology and/or number. Such molecules are present either
at the neuron surface or in the extracellular matrix (ECM). They
maintain the shape and contacts of a given neuron with its cellular and
extracellular environment. Thus, it is easily conceivable that tight con-
tacts between synapses would severely restrict synaptic changes, by
keeping axon terminals and dendritic spines in a rigid state. The recent
work by Togashi and colleagues (2002) is a good illustration of this.
These authors examined the consequences of blocking the adhesion
molecule N-cadherin by transfecting cultured hippocampal neurons with
a dominant-negative form of the protein. Interestingly, this treatment
disrupted dendritic spine morphology (inducing particular bifurcation
events reminiscent of splitting) and altered the distribution of PSD-95.
Thus, reduced levels of cadherin in vivo might be permissive for synaptic
changes to occur, as suggested by the enhanced LTP in cadherin-11
mutants (Manabe et al., 2000). However, previous studies had shown that
cadherin was required for LTP (Tang et al., 1998; Bozdagi et al., 2000), as
many adhesion molecules (see below). An interpretation of these con-
tradictory results is that cadherin activity could be partially inactivated
during early LTP, so that synaptic remodeling could take place without
disrupting the establishment of LTP (Togashi et al., 2002). A possible
model for this process would be the destabilization of adhesive bonds due
to the transient depletion of calcium in the synaptic cleft (Murase &
Schuman, 1999) (Fig. 3).

Thus, a decrease in membrane adhesion should be required to release
this constraint and enable the elaboration of new synapses, or the
elimination of existing ones (Benson et al., 2000). Experimental data
supporting this view is still rather scarce, but give already some insights
into the processes at work. Two adhesion molecules, Nerve Cell Adhe-
sion Molecule (NCAM) and L1, have been shown to be down-regulated
following LTP. Both are cleaved, so that the cell membrane is no longer
attached to the ECM through their extracellular domains (Fazeli et al.,
1994; Matsumoto-Miyai et al., 2003). The Aplysia NCAM homologue,
apCAM, has also been extensively studied for its role in synapse
plasticity. Its regulation involves another mechanism: when long-term
facilitation is induced at sensory-motor synapses, apCAM is internalized
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l N-cadherin 4 Ap-CAM + glutamate <= actin

! N-cAM  catenin . NMDA receptor extracellular matrix

FIGURE 3 Down-regulation of adhesion molecules. During early LTP, adhesion
between pre- and postsynaptic compartments and with the extracellular matrix
may be decreased through several processes. Inactivation: cadherins (green) are
inactivated, which results in the destabilization of their bonds with cytoskeleton.
This inactivation may be due to the fall of extracellular concentration in the
synaptic cleft. Cleavage: N-CAM (in red) loses its adhesive properties as its
extracellular domain, which interacts with the extracellular matrix (pink), is
cleaved. Internalization: ApCAM (in blue) is internalized (adapted from Murase
& Schuman, 1999) (See Color Plate III at the end of this issue).

and degraded (Mayford et al., 1992; Zhu et al., 1995; Bailey et al., 1997).
In Drosophila also, down-regulation of the homologue FaslI is required
for structural remodeling of synapses in the larval neuro-muscular junc-
tion (Schuster et al., 1996a,b), but the underlying mechanism is unknown.

How do changes in adhesion enable synapse remodeling? Adhesion
molecules provide a link between cell surface and the cytoskeletal
apparatus, involved in morphogenetic changes. Thus, interactions, either
direct or indirect, between adhesion molecules and proteins of the
cytoskeleton, are probably crucial for activity-dependent synaptic
remodeling. For example, cadherins bind to intracellular scaffolding
proteins, catenins, that interact with cytoskeletal elements, in particular
actin (Rimm et al., 1995). Several studies have demonstrated the
importance of actin regulation for spine morphogenesis (for review:
Bonhoeffer & Yuste, 2002; Luo, 2002). Key actors of this regulation are
members of the Ras superfamily, particularly the Rho family of small
GTPases. Purkinje cells of transgenic mice expressing a constitutively
active form of one of these GTPases (Racl) had an overproduction of
dendritic spines (Luo et al., 1996), and rat hippocampal slices transfected

270

275

280

285



280 J. M. Devaud & A. Ferrus

with the same construct had also additional spines, while the dominant
negative had the reverse effect (Nakayama et al. 2000). These findings
establish the role of Racl in promoting the formation and stabilization of
spines. Another protein of this family, Rho, has opposite effects (Tashiro
et al., 2000; Wong et al., 2000).

KINASES AND PHOSPHATASES AS MODULATORS OF
SYNAPTIC ORGANIZATION

Synaptic plasticity, either functional or structural, is highly dependent
on the phosphorylation state of many proteins, such as AMPA receptors
and associated PSD proteins (Scannevin & Huganir, 2000), members of
the MAP kinase pathway (Sweatt, 2001a) or cAMP response element-
binding (CREB) (Lonze & Ginty, 2002). Incoming levels of activity
control the balance between competing activities of kinases and phos-
phatases (Wang & Kelly, 1996; Sweatt, 2001b). At least two Ca’>" - and
cAMP-sensitive pathways are implicated (Waltereit & Welter, 2003).
Both involve chains of phosphorylation reactions that contribute to
prolong and amplify the initial response to depolarization. In this regard,
CaMKII autophosphorylating activity plays an important role by
achieving an activity state independent of calcium as it is translocated to
the PSD (Lisman et al., 2002). This “molecular switch” is necessary for
maintaining long-lasting functional and behavioral changes, as shown by
the defects displayed by transgenic mice expressing a constitutively active
form of the kinase (Bach et al., 1995; Mayford et al., 1995). More
recently, evidence for a control by CaMKII of activity-driven structural
plasticity has been obtained as well. Remodeling in the visual cortex
following monocular deprivation was impaired in transgenic mice
expressing a mutant CaMKII unable to autophosphorylate (Taha et al.,
2002). In Drosophila, the role of CaMKII in long-term plasticity remains
to be explored, although mutants are already known to display learning
and memory deficits (Griffith et al., 1993; Joiner & Griffith, 1997;
Griffith, 1997).

Changing cAMP levels in neurons affects drug response (Heyne et al.,
2000; Wolf & Heberlein, 2003), and learning and memory, as well as
functional plasticity at synapses, both in vertebrates and invertebrates
(Waltereit & Weller, 2003). The consequences on structural plasticity
have been less studied so far. An increase in cAMP levels in response to
stimulation induces the down-regulation of the adhesion molecule FaslI
in the Drosophila neuromuscular junction, leading to activity-dependent
sprouting of additional boutons (Davis et al., 1996; Schuster et al.,
1996b). Along the same lines, mutants with deregulated cAMP levels do
not undergo the specific adjustments of connectivity normally observed
in olfactory centers in response to long-term adaptation to an odorant
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(Devaud et al., 2001; 2003). These effects may be mediated by protein
kinase A (PKA), that is activated by cyclic AMP and can phosphorylate
numerous substrates, among which some are common to CaMKII like
NMDARs, AMPARs and CREB. PKA has been shown to be necessary
for reorganization of the visual cortex in response to monocular depri-
vation (Beaver et al., 2001) and for late LTP-associated synaptogenesis
(Bozdagi et al., 2000; Tominaga-Yoshino et al., 2002). Recently, it has
been shown to control AMPAR targeting (either through phosphoryla-
tion of Stargazin [Chetkovitch et al., 2002] or through direct phosphor-
ylation of AMPAR [Esteban et al., 2003]). Its activity is also linked with
synapse stabilization through the induction of N-cadherin synthesis
during late-phase LTP (Bozdagi et al., 2000).

The phosphorylation level of synaptic proteins appears to be crucial
for whether the synapse undergoes LTP or LTD, as shown in particular
by several recent genetic approaches (Malleret et al., 2001; Woo et al.,
2002). Thus, presumably it is also determinant for inducing either for-
mation or elimination of synapses. While kinase activities are generally
associated with strengthening connectivity by increasing synapse number
(see above, Kotak & Sanes, 2002), phosphatases counteract this effect,
and would therefore promote a decrease in synapse number. Several
genetic approaches support this view. For example, PP1A and calcineurin
(the most abundant phosphatases at the synapse) counterbalance the
action of PKA on common targets, and their activity is necessary to
sustain LTD (e.g., Zeng et al., 2001). Also, in Drosophila, abnormal levels
of PP1 activity were shown to impair associative learning (Orgad et al.,
1989). Conversely, as shown by the inducible expression of the its auto-
inhibitory domain in transgenic mice, calcineurin inhibition is associated
with LTP induction and memory formation (Malleret et al., 2001). It also
contributes to control F-actin stability (Halpain et al., 1998). PP1 is
controlled by inhibitor 1 (I1), which is a substrate of both calcineurin and
PKA. Thus, competition between calcineurin and PKA determines the
activity level of PPI.

Mitogen-activated protein kinases (MAPKSs), also known as extra-
cellular signal regulated protein kinases (ERKs), are essential elements of
phosphorylation cascades in the postsynaptic element (Patterson et al.,
2001; Purcell et al., 2003). Their activity is modulated both by CaMKII
and PKA pathways, and link with the regulation of gene expression (see
below). MAPK/ERK activation has been shown to be required for long-
term memory in different species (e.g. Kelly et al., 2003; Sharma et al.,
2003), and is likely to be involved in long-term synaptic effects of drug
exposure (Sanna et al., 2002; Ukike et al., 2002; Roberto et al., 2003). Its
role in the regulation of synapse formation/stabilization is suggested by
several lines of evidence. For example, it mediates the reciprocal reg-
ulation of NCAM levels and tPA activity by antagonistic actions, as it
stimulates both NCAM proteolysis by tPA and NCAM-dependent tPA
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synthesis (Son et al., 2002). Moreover, phosphorylation of a dendrite-
specific MAP2 isoform (by either CaMKII or MAPK/ERK pathways)
was recently shown to be required for dendritic spine stability in cultured
neurons (Vaillant et al., 2002). These authors also showed that this
function is regulated by CaMKII.

PROTEIN SYNTHESIS AND DEGRADATION AT THE
SYNAPTIC TERMINAL

Long-term changes that involve building, or destruction, of synaptic
elements (membranes, cytoskeleton microtubules, PSD and so on) are
dependent on protein synthesis or degradation, respectively. It is well
established that long-term memory (LTM) and its associated synaptic
changes are impaired after blockade of protein synthesis (Bailey et al., 1996;
Beaumont et al., 2001; Matsushita et al., 2001; Barco et al., 2002). Control
at both transcriptional and translational levels are involved. One the one
hand, as mentioned earlier, the signaling cascades activated by activity in
the post-synaptic element ultimately lead to the regulation of gene exp-
ression. On the other hand, ‘silent” mRINAs are present in the cytoplasm,
and their translation can be activated in an activity-dependent manner.

Accordingly, in Drosophila several genes that are part of a pathway
controlling mRNA localization and translation have been identified as
candidate LTM genes. They were selected on the ground of either var-
iations in their expression levels during LTM formation, or a specific
LTM impairment when mutated (Dubnau et al., 2003). So far, quanti-
tative PCR experiments have confirmed the changes in expression levels
detected with microarrays for one such gene, pumilio, that encodes a
translational repressor. Other elements of this pathway have been iden-
tified for their role in long-term memory in a screen for LTM-impaired
mutants, and interestingly show expression in the brain centers involved
in olfactory memory (Dubnau et al., 2003). Thus, this data provide
convergent arguments for the control of mRNA targeting and translation
as essential for the formation and/or maintenance of LTM.

A recently identified, important regulation pathway of protein turn-
over involved in synaptic plasticity is that of ubiquitination. Ubiquitins
are small protein tags added to proteins destinated to degradation in the
proteasome (Hershko & Ciechanover, 1998). The control of this signaling
pathway is thus crucial in determining the stability of those molecular
components necessary to maintain long-term plasticity (Hegde &
DiAntonio, 2002). As shown recently by Ehlers (2003), activity-
dependent remodeling of synapses is associated with changes in protein
turnover that are mediated by ubiquitin signaling. This has direct
consequences on the postsynaptic response to stimulation, as NMDA-
mediated activation of MAP kinases and CREB is also altered.
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TRANSITION FROM PRE- TO POST-SYNAPTIC
MODIFICATIONS: SEARCHING FOR THE
RETROGRADE SIGNALS

As presented in this review, we now begin to understand the regulation
along the network of processes that lead to the growth (and to a lesser
extent, elimination) of a postsynaptic element. Remarkably, although
synaptic transmission clearly triggers the initial postsynaptic changes
detailed so far, a new dendritic spine presumably does not necessarily
need a presynaptic input to develop fully. Data from cultured neurons
even indicate that AMPA and GABA receptors, as well as PSD-95, can
aggregate without neurotransmitter input (Rao et al., 2000). These ob-
servations are consistent with the model of a sequential building of new
synapses that can be initiated, at least in some cases, by the presynaptic
partner (Ziv & Garner, 2001). It is clear though, that coordinated changes
should then occur on the presynaptic side to adjust connectivity. Thus,
reorganization of circuits in the mature nervous system can be conceived
as a sequential process, in which postsynaptic formation/elimination
precedes equivalent presynaptic changes. How is this sequence achieved?
In order to adjust, the presynaptic element should receive information
coming from the postsynapse, as indicated by the increase of presynaptic
function after postsynaptic overexpression of PSD-95 (El-Husseini et al.,
2000) or Shank/Homer (Sala et al., 2003). However, the molecular
substrate of such information is still unknown, but there are already some
candidates for retrograde messengers.

ECM /adhesion molecules are in the ideal position for this role. They
might intervene to form a physical link between pre- and post-synaptic
membranes, either through homophilic interactions or indirectly by an-
choring on the extracellular matrix. (Benson et al., 2000; Dityatev &
Schachner, 2003). In addition to functional interference with antibodies
or peptides, genetical manipulation of expression levels of many
ECM /adhesion molecules has provided strong evidence for their pro-
moting functional plasticity at synapses (reviewed in Dityatev and
Schachner, 2003). Direct evidence of their control of structural changes is
lacking (except during development: e.g., O’Brien et al., 2002; Togashi
et al., 2002). However, consistently with a stabilization model, some
ECM /adhesion molecules are up-regulated in an activity-dependent
manner (Tsui et al., 1996; Nakic et al., 1998; Schuster et al., 1998), and at
least one study reports such an increase to be associated with increased
synaptic number (Bozdagi et al., 2000). More recently, f-catenin was
shown to redistribute from the dendritic shaft to spines in an activity-
dependent manner, through its dephosphorylation (Murase et al., 2002). These
observations contrast with their expected down-regulation while synapses
change. As discussed above, a precise timing and control of the level of
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inhibition could account for remodeling during early LTP and stabilization
during late LTP. Accordingly, most genetic manipulations of ECM/adhesion
molecules have revealed specific alterations of late-phase LTP, while early-
phase LTP and basal transmission were poorly or not affected (Murase &
Schuman, 1999; Benson et al., 2000; Dityatev & Schachner, 2003). Thus,
synaptic adhesion appears to undergo a complex regulation through both
decrease and increase in the levels of ECM/adhesion molecules, probably at
early and late phases of synaptic remodeling. Whether each step involves
different molecules, or whether the same molecule can be regulated in both
directions at different moments of synapse formation remains unclear.

Several recent studies point at CaMKII as a regulator of retrograde
signaling. In the developing Drosophila neuromuscular junction, con-
trasting results have been obtained. On the one hand, an increase in the
number of vesicle-associated active zones was obtained by selectively
expressing an inhibitor of CaMKII in the muscle (Haghighi et al., 2003).
On the other hand, muscular expression of a constitutively active variant
of this enzyme was found to promote the same effect on active zones
(Kazama et al., 2003). The reasons for this discrepancy remain unclear.
Consistently with this second observation, cortical neurons expressing the
same mutant protein also received a greater number of synaptic contacts
(Pratt et al., 2003). Thus, in any case, postsynaptic CaMKII activity
seems to be crucial for retrograde signaling to presynaptic afferents. How
this effect is mediated remains to be clarified, but at least one possible
way would be to regulate amounts of adhesion molecules such as
FasII/NCAM, through the activation of Dlg/PSD-95 (Thomas et al.,
1997; Koh et al., 1999).

LONG-TERM MAINTAINENCE OF SYNAPSES:
THE PROBLEM OF SPECIFICITY

Although all the mentioned changes in the postsynaptic compartment
can take place without the need for gene transcription, the maintenance
of newly formed synapses on the long term requires new gene products. It
is well established in different animal models that the signaling cascades
activated by sustained activity ultimately lead to promote gene expression
(Impey et al., 1999; Platenik et al., 2000). The mitogen-activated protein
kinase (MAPK) pathway plays a central role in this process, through its
major target CREB. CREB is activated (by phosphorylation) in a
MAPK-dependent manner, and then can bind to several genes containing
a CRE (cAMP response element) domain. Among these are the genes
encoding the ubiquitin hydrolase (involved in the recuitment of the
proteasome) (Hegde et al., 1994) and the transcription factor C/EBP
(CCAAT enhancer binding protein). This pathway can be activated by a
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postsynaptic increase of either cAMP, via PKA, or calcium, via small
GTPases of the Ras family (Waltereit & Weller, 2003).

Gene expression is regulated at the scale of the whole neuron, while
long-term modifications usually concern only a fraction of its synapses.
Nonetheless, local enrichment in mRNAs and translation has been
reported (Ostroff et al., 2002; Richter and Lorenz, 2002). Also, selective
protein transport may yield regional synapse heterogeneity within a given
neuron. A recent study by Miller et al. (2002) showed that interfering with
the dendritic localization of CaMKII resulted in reduced amounts of the
protein in the PSD, together with impaired LTP and spatial memory. It is
also likely that this manipulation would have consequences on structural
synaptic modifications. In any case, the strengthening of activated
synapses by products of gene expression poses a problem of specificity
(Kandel, 2001). The dominant explanation is that only those synapses
that contain persistent molecular markers of activation can be strength-
ened by capturing those products. Several candidates exist for such
synaptic ‘tags’ (reviewed in Martin & Kosik, 2002). Any molecule acti-
vated in a local, somehow persistent, but reversible manner may play the
role, provided its activation can lead to variations in changed expression.
Virtually any synaptic component cited here fulfill these criteria, but the
most likely candidates include kinases (CaMKII, PKA), adhesion mole-
cules (N-CAM, cadherins) and regulators of protein translation and
degradation (Martin & Kosik, 2002). The ‘tag’ needs not be unique, and it
is likely that a combination of molecular markers is responsible for the
specificity of synaptic reinforcement. Their identification is one of the
major challenges in neuroscience research in the years to come.

Future avenues of research will benefit from the realization that
synapses are dynamic structures that, at any point in time, represent the
equilibrium between a network of protein interactions that promote their
growth and a counterpart that leads to their regression. As with living
organisms, synapses seem to grow, reproduce, and die.
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