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Introduction

Synapse formation and remodeling are one of the key mechanisms that regulate the
development and function of synaptic networks. Recent evidence from in vivo
imaging experiments has shown that synapse formation and elimination represent
a major process contributing to the build-up and shape of brain networks [1-3].
Interestingly, this process remains active throughout life, although at a significantly
lower level [4], it can be reactivated following injury or brain lesions [5], and it
possibly underlies or is associated with cognitive functions and learning mechanisms
[6]. Understanding how two partners establish and maintain a stable and functional
synaptic connection between them has therefore become a major issue. The importance
of this question is further strengthened by accumulating evidence suggesting that
many of the cognitive or psychiatric disorders that affect human behavior, such as
autism, mental retardation, or even schizophrenia, could involve alterations of the
mechanisms regulating synapse formation in the brain [7].

At the molecular level, the number of proteins, enzymes, or messengers identified
as contributing to the formation of a functional synapse has exploded over the last
years. On the postsynaptic side, more than hundred molecules, including receptors,
scaffold proteins, protein kinases, adhesion molecules, cytoskeletal components, or
intracellular messengers, appear to participate one way or the other in the organiza-
tion, function, or plasticity of the postsynaptic density. Similarly, the complexity
and properties of the machinery responsible for transmitter release and the fusion
of docked synaptic vesicles become progressively better and better elucidated.
The challenge to establish a synaptic contact is to coordinate the interactions
required between the two partners for the formation and differentiation of these
specialized structures. Much recent evidence indicates that adhesion molecules
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play an important role in these mechanisms and analyses of their contribution to
synaptogenesis have been the subject of several recent reviews [8—12]. Here, we
focus on NCAM and discuss recent advances in our understanding of the mechanisms
of excitatory synapse formation, as revealed by repetitive confocal imaging, and the
role of NCAM in this process.

Adhesion Molecules and Synaptogenesis

Formation of a synaptic contact requires a complex coordinated interaction between
pre- and postsynaptic structures leading to the differentiation of highly specialized
and regulated structures [13]. At the presynaptic level, synaptic vesicles have to
accumulate in the region of contact and become organized in a meshwork able to
sustain vesicle fusion at high speed. This implicates various protein complexes, but
also channels and signaling pathways. Postsynaptically, at excitatory synapses, a
major step involves the formation of a protrusion, the differentiation into a dendritic
spine and the expression of a postsynaptic density facing the release site. More than
one hundred different proteins organized into complexes have been identified to
contribute to these events [7]. In general, pre- and postsynaptic protein complexes
are present in neurons and axons before the contact is made and they accumulate in
mobile transport packets that are recruited to sites of contact [14, 15]. Once
expressed at the synapse, these proteins still undergo a continuous turnover that
may even be quite fast as demonstrated for example for glutamate receptors [16] or
PSD-95 [17].

Several steps in the process of synapse formation can now be identified and most
of these have been found in recent years to involve a contribution of adhesion mol-
ecules. A first step at excitatory synapses is to form a contact with an adequate
partner on a dendritic spine. Early work in hippocampal neurons has suggested that
this process could be initiated by the postsynaptic partner through the growth of a
highly motile filopodium, which then stabilizes as a dendritic spine when it gets in
contact with the right axon [18]. More recent 2-photon video time lapse analyzes
have however shown that dendritic spines may also simply pop out from the
dendrite within a few minutes without initial formation of a filopodium [19, 20].
It remains unclear in this case whether a presynaptic partner is already present to
initiate the growth of the spine. However, as will be discussed later, the observation
that newly formed spines usually lack postsynaptic densities until a few hours
after appearance suggests that they might initially grow without identified partner
[21, 22]. Expression of adhesion molecules on the growing structures could be
important during this step for the matching of pre- and postsynaptic components.
Molecules such as cadherins, nectins or neurofascin have been proposed to exhibit
such recognition functions, although the evidence remains sparse for excitatory
synapses [23]. A second important step is the differentiation of pre- and postsynaptic
structures in order to make functional and morphologically mature synapses. This
in particular implies the accumulation of release-competent vesicles and proper
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receptors at the site of contact. Neurexin and neuroligins have been shown in this
respect to be unique among synaptogenetic factors because each of them has the
capacity to induce the differentiation of a complementary hemi-synapse on the
corresponding partner [10]. Neuroligin expression can induce presynaptic differen-
tiation of nearby axons, while neurexin stimulates the aggregation of postsynaptic
components such as receptors or PSD proteins. While the example of neuroligins
is certainly the most impressive, it is certainly not the only one and, as will be
discussed later, the other adhesion molecules and in particular NCAM and
PSA-NCAM might also contribute to bring specific molecular components to the
synapse. Finally, a last important step might be the long-term stabilization of the
newly formed synapse. Evidence from recent in vivo and in vitro work does indeed
indicate that while some spines are definitely highly stables, there are others that
are essentially transient [2]. It is very likely that this process could be directly
related to activity or even also to synaptic plasticity. Molecules such as BDNF, but
also ephrins, cadherins, PSD-95 or even NCAM have been shown to participate to
forms of activity-dependent plasticity and could play a role in these aspects of
synapse maturation [11, 24-26]. Together, these results point clearly to the notion
that the same adhesion molecule may in fact contribute to various aspects of the
mechanisms that are required to form a functional and mature synapse and that
several adhesion molecules may very well have overlapping functions.

Role of NCAM and PSA-NCAM in Synaptic Function
and Plasticity

An important step in our understanding of NCAM function in the brain has come
from studies of transgenic mice deficient in NCAM, which showed deficits in
learning and memory [27]. Consistent with this observation, numerous subsequent
studies confirmed a role of NCAM and more specifically PSA-NCAM in mechanisms
of synaptic plasticity such as long-term potentiation, an increase in synaptic
strength considered as one of the physiological bases for information storage by a
synaptic network. In the CA1 region of the hippocampus, interference with NCAM
through specific antibodies or suppression of PSA from NCAM by the enzyme
Endo-N or simply suppression of NCAM all resulted in a reduced or even abolished
LTP [28-30]. This effect occurred without noticeable changes in the properties of
synaptic transmission. Similar results were then further observed in conditional
NCAM knockout mice [31], an experiment which allowed to exclude possibilities of
developmental anomalies as a possible cause of the defect. Additionally, transgenic
mice deficient in the sialyltransferase enzyme responsible for adding PSA to NCAM
in adult mice (ST8SialV/PST-1) also showed impaired LTP and they were also
selectively deficient in spatial learning tasks and contextual fear conditioning, which
depend upon hippocampal plasticity [32]. Interestingly however, while NCAM
knockout mice are impaired in cued fear conditioning experiments, a behavior,
which depends on synaptic plasticity induced in the amygdala, ST8SialV/PST-1
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deficient mice did not show any deficit, suggesting that different brain regions may
differentially require PSA or NCAM for plasticity [33] A. Consistent with this
interpretation, LTP experiments also suggest that the relative contribution of
PSA-NCAM or NCAM to synaptic plasticity may vary as a function of the region
analyzed. In the CA3 region of the hippocampus, where LTP properties clearly differ
from those expressed in the CAl region, but also in the dentate gyrus, NCAM
seems to be more important than PSA-NCAM since LTP is present in ST8SialV/
PST-1 deficient mice, but abolished in NCAM deficient mice [34]. Although it is
therefore likely that NCAM and PSA-NCAM may play different roles at specific
synapses, these results clearly point to the important regulatory function of
PSA-NCAM and NCAM in the control of synaptic strength.

The mechanisms through which this might be achieved remain however unclear.
Several hypotheses have been considered which mainly go along two main,
non-exclusive lines of thinking. On the one hand, the ratio of PSA-NCAM to
NCAM could modulate the adhesion properties between pre- and postsynaptic
membrane and thus allow dynamic changes to take place [35]. In the case of LTP,
it is now well accepted that a major contribution to the synaptic enhancement
involves the expression of new AMPA receptors [16]. Associated to this, LTP in the
CAL region probably requires a remodeling of the synaptic structures, which includes
a reorganization of the postsynaptic density and an enlargement of the postsynaptic
spine head [36-39]. Variations in the level of expression of PSA-NCAM and
changes in the ratio of PSA-NCAM to NCAM, as it occurs under conditions of
increased activity [29, 40], could provide the structural plasticity required for these
events. A second possibility however is that the ratio of PSA-NCAM to NCAM
modifies homo- and heterophillic interactions and thereby affects NCAM signaling
[41-43]. Evidence from a number of studies indicates that NCAM may indeed
participate in a broad range of biological processes through activation or regulation of
various molecular pathways [43-45]. These include growth factor receptors such as
FGF receptors, which undergo dimerization and autophosphorylation upon NCAM
homophillic binding [46, 47] [43, 48], but also neurotrophin receptors and in par-
ticular the BDNF TrkB or P75 receptors [49, 50], which play an important role for
properties of synaptic plasticity [51], or direct interactions with either glutamate
receptors, cytoskeletal proteins such as spectrin, or the Fyn/MAP kinase cascade [44]
which are also critical for the remodeling of postsynaptic structures. Taken together,
these results suggest that the ratio of PSA-NCAM to NCAM could represent an
interesting system for setting the level of signaling in pathways involved in properties
of synaptic plasticity, thus allowing to link activity with capacity for adaptation.

Role of PSA-NCAM in Synaptogenesis

In addition to their roles in regulation of the function and strength of synapses,
several lines of evidence suggest that NCAM and PSA-NCAM could also partici-
pate in mechanisms of synapse formation. In cell cultures, NCAM accumulate
rapidly, within minutes, at sites of contact formation in nascent synapses [52].
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Because NCAM binds to spectrin coated trans-Golgi derived organelles, it was
proposed that NCAM could work as a trap to allow accumulation of postsynaptic
proteins and components necessary for the formation of the synaptic contact [53].
Consistent with this idea, the same authors recently showed that disruption of
NCAM-spectrin complexes results in a decrease in the size of postsynaptic densities
and a reduced targeting of proteins such as spectrin, NMDA receptors and CaMKIIa
to the synapse [54]. They propose that this mechanism could be important not only
for the formation of a nascent synapse, but also for activity-dependent plasticity,
since, in NCAM deficient neurons, recruitment of CaMKIla to the synapse by
NMDA receptor activation is prevented [54]. Together, this very elegant work
clearly emphasizes the important role of NCAM as a functional building block of the
synapse. How is it then that NCAM knockout mice do not appear to show deficiencies
in synapse number or even in synapse morphology? One possibility clearly is that
some degree of overlap or compensation is made possible between the different
adhesion molecules expressed at synapses. If neurons from NCAM knockout mice are
cultivated together with neurons expressing NCAM and PSA-NCAM, they do show
areduced number of synapses and reduced excitatory activity, indicating preferential
formation of synapses with NCAM expressing cells [55]. Similarly, removal of PSA
from NCAM also abolished preferential formation of synapses on NCAM expressing
cells, pointing to a role of PSA in this process [56]. Another study also indicates that
an NCAM mimetic peptide promotes synapse formation [57]. Further analyzes showed
that this synaptogenetic effect of NCAM probably involved an interaction between
PSA-NCAM and a heparan sulfate proteoglycan and signaling through the FGF
receptor [56]. Interference with this mechanism prevented both NCAM-driven
synaptogenesis and activity-dependent structural remodeling of activated synapses
as indicated by the absence of formation of perforated synapses upon induction of
LTP [56, 57]. Together, these results are consistent with the idea that PSA-NCAM,
by interfering with NCAM homophilic binding, plays a permissive role that promotes
growth and reorganization of the postsynaptic structure such as is required both
for the formation of a new contact and for activity-dependent plasticity. A further
argument supporting a role for NCAM and more specifically PSA-NCAM in
synaptogenesis is the very recent finding that elimination of PSA from NCAM
results in the developing visual cortex in an early maturation of perisomatic
GABAergic innervation by basket interneurons. In this example, PSA-NCAM also
modulates synaptogenesis, but probably through a presynaptic expression, which
prevents interneuron axons to form synapses until visual activity sets the stage for
ocular dominance plasticity [58]. It is not unlikely therefore that NCAM and PSA-
NCAM may have different functional and regulatory role at different synapses.

Dynamic Aspect of Spine Turnover and Synapse Formation

An important new aspect of the mechanisms of synaptic plasticity was revealed by
experiments of repetitive confocal imaging examining spine remodeling in living mice.
Studies by several groups provided evidence that dendritic spines undergo some
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sort of turnover and that there exist a process of continuous growth and elimination
of spines [1-4, 59]. Although there has been some debate about the magnitude
of this turnover and the technological approach used to image living neurons in the
cortex [60], current evidence indicates that spine turnover varies greatly during
development, affecting as many as 10%—-15% of spines per 24 h in very young
animals [2, 3]. Later on, spines become progressively more and more stable with
probably only a few percent of spines undergoing replacement in adult tissue [4].
Furthermore, this process appears to vary in different cortical regions and even
show some cell-type specificity [6]. Finally, more and more data suggest that this
spine turnover process is also affected by sensory activity and may again become
very prominent in regions submitted to a lesion [5, 6].

To be able to better analyze the mechanisms regulating spine turnover, we
recently developed an in vitro approach based on the use of hippocampal slices
cultures. Through repetitive imaging of the same cells over several days (Fig. 1),
we found that dendritic spines showed a high level of turnover, affecting about 20%
of all spines over a 24 h period in 15 days old cultures, but only about 10% after
25 days in vitro [21]. These values, which are quite close to those obtained in very
young animals, suggest that spine turnover retains similar properties in vitro and
in vivo and particularly its developmental dependency. Another interesting aspect
was that this rate of spine turnover is actually underestimated by the use of long
observation intervals. It turns out that in 15 DIV slice cultures, the basal rate of
protrusion formation reaches values in the order of 2% of all spines per hour, which
represents hundreds of new protrusions per day and per neuron. The reason why
spine density remains nevertheless stable is that most of these new protrusions do
in fact disappear fairly quickly and only a small proportion of them become stable
spine synapses. Interestingly, while filopodia were proposed in previous studies to
be precursors of spine synapses [ 18], we found that they only exceptionally lead to
the formation of stable spine synapses (Fig. 1d), a result consistent with other
in vivo data [3]. Protrusions are thus generated at a high rate, but only a fraction of
them become finally stable spines (Fig. le). We also found that this required a
process of maturation that lasted about 24 h. During this period, new spines usually
grew in size (Fig. 1f) and started to express a PSD (Figs. 1g, h). It took however about
5 h in our in vitro experiments to start detecting PSDs on newly formed spines
(Fig. 11), a result that is consistent with results obtained through EM reconstruction of
newly formed spines [22]. Interestingly, expression of this PSD was activity-dependent
in hippocampal slice cultures, since blockade of AMPA and NMDA receptors
prevented its expression and reduced the probability of the spine to be stabilized.

»
>

exceptionally lead to the formation of a stable spine (black columns). (e) Stability of newly formed
spines (black columns) and of their transformation into stubby spines (grey columns). (f) Progressive
enlargement of newly formed spines (bar: 0.5um). (g) Illustration of a newly formed spine
(age<5 h; arrow head, middle panel), which do not express PSD-95-DsRed2 (arrow head, right
panel; bar: 0.5 um). (h) Electron microscopic illustration of a spine devoid of PSD and presynaptic
partner (bar: 0.5um). (i) Time course of Psd-95-DsRed2 expression in newly formed spines
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Fig. 1 Spine dynamics in hippocampal organotypic slice cultures. (a) EGFP transfected CA1
pyramidal neuron (bar: 100 um). (b) Repetitive imaging of a dendritic segment at 24 h interval
reveals the occurrence of new and lost protrusions (bar: 1 um). (¢) Summary of the proportion of
stable spines (open column), which include spines exhibiting changes in morphology (dashed
column), of newly formed (black column) and disappearing (gray column) spines. (d) Stability
over 5 days of newly formed filopodia. Note that most of them disappear within 1-2 days and only
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Taken together, these experiment suggest a model in which development of synaptic
networks proceed through an extensive, non specific growth of dendritic protrusions,
followed by the stabilization of a small number of spines. This stabilization process
involves the expression of a PSD through mechanisms that appear to be driven by
synaptic activity [21].

Regulation of Spine Stability and Function
by PSA-NCAM/NCAM Ratio

The capacity to now examine on a longer time scale the behavior of specific synapses
makes it possible to investigate new aspects of the role of adhesion molecules and
in particular how they may regulate some of the initial or activity-dependent steps
of synaptogenesis. In the case of NCAM and PSA-NCAM, preliminary experiment
in this laboratory (Mendez et al., unpublished) suggest that upon removal of PSA
from NCAM by the enzyme Endo-N, the rate of spine formation is reduced and
more importantly the stability of spines is decreased. At the presynaptic level, other
studies also suggest that the lack of NCAM function leads to a reduction of the
stability of synaptic contacts [61]. These observations would actually be consistent
with the different results reported above and in particular with the hypothesis that
one important function of NCAM might be to help build the architecture of the
postsynaptic density, probably by interacting with molecules such as spectrin and
indirectly with constituents of the PSD such as PSD-95 or CaMKII [54]. One might
also hypothesize that NCAM molecules through homophillic cis- or trans-interactions
tend to form clusters that could give some rigidity to the synapse. It is interesting
in this respect that electron microscopic analyzes of high pressure quickly frozen
hippocampal synapses revealed the presence of a protein network within the synaptic
cleft that shows the periodic arrangement expected from a zipper organization of
NCAM or cadherin molecules [62]. However, in order to remodel or enlarge the
PSD, as it happens during the initial formation of the PSD in a new synapse or
following activity-induced plasticity, one might assume that less rigid interactions
and additional signaling promoting turnover of PSD components would be important.
These changes could be promoted by increasing the ratio of PSA-NCAM to
NCAM, a change that can be mediated by neuronal and synaptic activity [29, 40].
The increase in PSA-NCAM could at the same time disrupt or affect the zipper
organization of NCAM and, through interactions with heparan sulfate proteoglycans
and FGF receptors or even other neurotrophin receptors, activate the signaling
pathways regulating receptor and other PSD protein dynamics [43, 57]. An increased
ratio of PSA-NCAM to NCAM could represent therefore an important regulator or
trigger of plasticity. Accordingly, suppression of PSA from NCAM by the enzyme
Endo-N would be expected to affect several important properties of excitatory
synapses: this should interfere with the process of synapse formation by limiting
the initial growth of the PSD in newly formed spines and thus reduce the probability
for new protrusions to become stabilized, accounting therefore for the decreased
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number of synapses detected on young NCAM knockout neurons [56]; the same
mechanism would however also account for the role of PSA-NCAM in LTP, since the
remodeling of the postsynaptic density and namely the expression of new receptors
and other PSD constituents such as PSD-95 or CaMKII could also require to loosen
the zipper organization of adhesion molecules at the synapse. Elimination of PSA
from NCAM has indeed been shown to prevent the formation of perforated
synapses upon application of high frequency stimulation [56]. Finally, the ratio of
PSA-NCAM to NCAM could also have direct consequences on the long-term
stability of excitatory synapses, if, as suggested by several results, stability corre-
lates with size [63] and if size changes are mediated or associated to expression of
properties of plasticity [24, 39, 64]. The interest of this general hypothesis about
the role of PSA-NCAM and NCAM is that it makes predictions that should now
become testable with the new developments carried out in confocal imaging. For
example the dynamic of synaptic proteins at the PSD should depend upon the ratio
of PSA-NCAM to NCAM or the stabilization of new spines by activity should also
require expression of PSA-NCAM. Additionally, the development of new molecular
tools such as peptides mimicking specific regions of these adhesion molecules
could represent powerful new approaches to identify specific interactions involving
adhesion molecules and their role in synapse formation and plasticity [65].
Evidence from recent results indeed indicates the great potential interest of these
new tools with regard to therapeutic applications [57, 66].

Conclusion

The work reviewed here clearly points to an important function of NCAM and
PSA-NCAM at excitatory synapses. While the evidence that these molecules regulate
synapse formation mechanisms remains as yet scarce, solid data now firmly
established that they play an important role in synaptic plasticity. As proposed here,
these two aspects might actually reflect the same function of NCAM and PSA-
NCAM at synapses, i.e., to regulate the capacity of the PSD to undergo remodeling
and therefore set the stage for the formation and stabilization of the synapse. This
hypothesis is already supported by interesting recent data, but it is very likely that
some new developments in several methodological approaches will make it possible
to test this idea more thoroughly.
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