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INTRODUCTION

In the process of antigen recognition, the molecular structure

detected by a T cell is never a soluble ligand. Recognition

always requires the association between an antigenic peptide

and a MHC molecule, present either on the surface of dedi-

cated antigen-presenting cells (APCs, bearing class I and class

II MHC) or on the surface of any other type of cell (bearing

class I MHC). Thus, antigen recognition starts with a cell±cell

interaction. At the interface between a T cell and an APC,

concentrations of membrane receptors, intracellular adaptors,

cytoskeletal components and enzymes form a structure con-

trolling the communication between the two cells. In particular,

this structure controls activation of the T cell. The contact is

reminiscent of that observed at synapses of the nervous system,

and hence the term `immunological synapse' has been pro-

posed.1,2 The main properties of this structure, which we will

call `I-synapse', have already been discussed in excellent

reviews.3±5 In the present review, we will focus on how our

present knowledge of this synapse is limited by the cells and the

methods used to visualize this structure. We will then present a

current view of the synapses formed by neurons (N-synapses)

and, ®nally, examine how the more detailed information

available for N-synapses can guide our studies of I-synapses.

CHARACTERISTICS OF THE I-SYNAPSE

Let us ®rst examine the different experimental models which

have been used to characterize the I-synapse and the speci®c

information obtained from each of them. We de®ne an I-

synapse as a region of membrane apposition between two

cells of the immune system. This usage is more restrictive and

appropriate than that found in some of the literature, where

the term `synapse' is sometimes employed to describe receptor

clustering, or capping, induced by cross-linking antibodies.

Immuno¯uorescent studies of ®xed cellular conjugates

More than 15 years ago, Abraham Kupfer and colleagues

pioneered the study of T-cell±APC (T±APC) interactions at

the single-cell level. Immuno¯uorescence of ®xed cellular

conjugates was used to identify the molecules and structures

concentrated at the T±APC interface. The ®rst molecular

reorganization described was the polarization of the micro-

tubule organizing centre (MTOC) in CD8+ T-cell clones, the

MTOC turning towards the target cell.6 Similar observations

were then made during antigen-speci®c interactions between

CD4+ T-cell clones and APCs, i.e. B-cell hybridomas or

lymphomas7,8 or MHC II-transfected ®broblasts.9 This MTOC

polarization was observed only in the T cells but not in the

APCs. These initial observations were followed by several

reports describing the redistribution of various proteins, such

as the coreceptor CD4, the integrin LFA-1 and the cytoskeletal

adaptor talin, which all colocalized with the T-cell receptor

(TCR) at the T±APC contact zone.10,11 More recently, Kupfer,

Monks and collaborators showed that PKC-h was also

recruited at this antigen-speci®c interface, and that its serine/

theonine kinase activity was necessary for TCR-induced NF-

kB activation and T-cell proliferation.12,13 The most recent

experiments took advantage of an improvement of the imag-

ing system, deblurring after deconvolution of a Z-series of

images, giving access to a third dimension of the I-synapse

and to further details of its structure. After about 30 min of

antigen-speci®c interaction between a T-cell clone and a B-cell

lymphoma, concentrations of several molecules (PKC-h, CD3,

TCR, and two tyrosine kinases, Fyn and Lck) were found at

the centre of the I-synapse. This cluster was called the cSMAC

(central supra-molecular activation cluster). Talin and LFA-1

surrounded this cSMAC to form the pSMAC ( peripheral

supra-molecular activation cluster).14 This molecular organiza-

tion was antigen-speci®c, since it was not found when B-cell

lymphomas did not present the speci®c antigen peptides to

T-cell clones. However, I-synapse formation did not appear to

depend solely upon a TCR-speci®c signal. Indeed, PKC-h

clustering was observed in T-cell clones but not in T-cell

hybridomas.12

Thus, immuno¯uorescence experiments show the accumu-

lation of a large number of molecules at the I-synapse. This

accumulation is probably facilitated by the formation of

a lamellipodium protruding from the T cell towards the APC,

most clearly seen in scanning electron microscopy.15 However,

one should not conclude that all types of cell surface protein

accumulate at this interface. Indeed, the speci®c exclusion from

the I-synapse of CD43 has recently been reported,4,16 while the

exclusion of CD45 from the I-synapse is still a matter of

controversy.16,17
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Imaging the dynamics of I-synapse formation

between T and B cells

The monitoring in living cells of ¯uorescent, GFP-tagged

proteins expressed in either APCs or T-cell clones has pro-

vided another set of interesting data on the I-synapse. This

method was ®rst used to visualize the rearrangement of

ICAM-1 during antigen-speci®c T±APC interaction.18

ICAM-1 accumulation in the presynaptic element, i.e. in a

B-cell hybridoma, was detectable a few minutes after the

intracellular Ca2+ rise. This study con®rmed that polarization

of LFA-1 molecules occurring in the postsynaptic (T cell)

element was a very early event, probably necessary to sustain

Ca2+ signalling.18 The same type of approach allowed Monks

and colleagues to show that translocation of T-cell MEK

kinase 2 (MEKK2-GFP) occurred within 10 s after exposure

of the D10 T-cell line to an antigen-pulsed B-cell line.19 In

another study, the movement of CD3f-GFP or CD4-GFP

molecules was followed during antigen-speci®c T±APC inter-

actions.20 During the ®rst few minutes, both CD3f and CD4

accumulated at the centre of the T-cell±B-cell (T±B) interface,

but shortly afterwards, while CD3f remained in the central

zone, CD4 migrated away from this central spot, suggest-

ing that CD4 was only necessary to trigger initial signalling.

Using a slightly different approach, in which beads were

attached non-speci®cally to T cells, Wul®ng and Davis

provided evidence that the molecular accumulation at the

I-synapse was driven by an active cytoskeletal mechanism

requiring costimulatory molecules and an intracellular Ca2+

increase.21 However, they did not observe a general movement

of proteins on the B-cell surface towards the T±B interface,

despite the ICAM-1 accumulation in the B cell described

above.

Imaging the dynamics of I-synapse formation

between T cells and lipid bilayers

A face-on view of an arti®cial synapse with an outstand-

ing spatial resolution has been obtained by observing with

interference-re¯ection microscopy (IRM) the contact formed

between T cells and a planar bilayer containing glycosylphos-

phatidylinositol-anchored ¯uorescent MHC, ICAM-1, CD48

or CD80 molecules.2 In this system, surprisingly, it was LFA-1

which initially accumulated at the centre of the contact and was

surrounded by a ring of TCRs. Then, within a few minutes,

TCRs and LFA-1 exchanged their respective positions in the

centre and periphery, to end up in an arrangement strikingly

similar to that of the SMACs described by Kupfer's group.

This con®guration, which was called a `mature immunological

synapse', was stable for at least 1 hr. The addition to the planar

bilayer of either CD48 or CD80 molecules did not modify

the behaviour of LFA-1. Similar experiments demonstrated

that CD2 accumulated at the centre of the interface, inside the

LFA-1 ring.

The same approach has been used to analyse the dynamic

redistribution of the membrane phosphatase CD45 at the

T-cell surface, simultaneously with those of MHC and ICAM-1

in the lipid bilayer.22 Johnson et al. described an initial exclu-

sion of CD45 which subsequently migrated back into the

central zone. Their interpretation is that initial CD45 exclusion

from the synapse would permit integrin activation, whereas the

return of CD45 to the vicinity of the TCR would maintain

Src kinase activity for the duration of the TCR engagement.

Indirect information on the structure of the I-synapse

Although our knowledge of the molecules that accumulate at

the I-synapse has improved considerably, simple questions

related to the structure of the I-synapse are still unresolved.

In particular, what is the distance between the membranes of

the T cell and those of the APC at the I-synapse? The direct

answer to this question will come from electron microscopy

experiments (Fig. 1). Despite this lack of direct information,

immunologists tend to favour a scheme in which the synaptic

cleft is approximately 15 nm at the centre of the synapse,

where the TCR and MHC are assumed to interact with each

other, the size of these molecules being around 7 nm. In the

immediate vicinity of these molecules, one could easily imagine

the presence of molecules of the same size, i.e. CD2, CD28

and their ligands. In contrast, large molecules such as LFA-1

and ICAMs and the even larger CD45 and CD43 could hardly

be the immediate neighbours of TCRs at the I-synapse.

All these predictions ®t neatly with the observed exclusion of

CD43 from the synapse, and with the detrimental effects on

synapse formation of the expression in a T cell of large

chimeric CD2 molecules.23 Mike Dustin and Anton van der

Merwe have thoroughly discussed these points and even

proposed that formation of the synapse could be driven to a

large extent by size-based segregation of receptors and adhe-

sion molecules. They have discussed an additional point,

related to the low af®nity of CD2 for its ligand when measured

in solution. When CD2 (for example) is restricted to a surface,

it is automatically concentrated and dissociation reactions

are less favoured. Thus, when expressed at the cell membrane,

even low-af®nity receptors like CD2 might well play an

important role in synapse formation/stabilization when their

surface expression is large enough to result in a signi®cant 2D

af®nity.5,24 This is probably the case for CD2, the density of

which has been calculated to range between 200 and 300

molecules/mm2 in Jurkat cells.25

Thus, strong predictions about the structure of the

I-synapse have been derived from theoretical arguments based

on the size, ligand binding af®nity and abundance of a number

of molecules. However, we have seen that only some of them

have been tested experimentally, most often indirectly.

Provisional conclusions

Immunofuorescence studies of ®xed cell-conjugates have

provided important information on the identity of several

molecules included within or excluded from the I-synapse. An

increased spatial resolution was achieved after image decon-

volution. Initial studies provided information on the state of

the synapse after 15±30 min of interaction, but more recently

briefer interactions have been examined, and, in principle,

kinetic information could be obtained from the statistical

analysis of sets of data obtained at different times after the

initiation of the T±APC contact. In addition, the use of GFP-

tagged proteins has given access to direct dynamic informa-

tion and shown some subtle movements, for instance that of

CD4, which is only transiently in a position to interact

with TCR±CD3, in a T/B interaction. Finally, by far the best
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spatio-temporal information is obtained in the IRM±lipid

bilayer system, but at the expense of using a surrogate APC

quite different from true APCs.

T±DC SYNAPSE

The fact that many studies have been performed on model

synapses is often overlooked and the results extrapolated to all

I-synapses. However, some important I-synapses have not been

studied directly. A signi®cant example is the synapse formed

between naive T cells and dentritic cells (DCs).

Several factors appear to contribute to the unique ability

of DCs to activate naive T cells. In an initial differentiation

stage, DCs avidly capture antigen in the periphery of the

organism (in the skin or various mucosae). They then leave the

antigen capture spots to migrate to the T zone of the secondary

lymphoid organs, a meeting point that is visited daily by

circulating naive T cells. DCs there have partially lost their

ability to capture antigen, and can now present to T cells the

antigens previously captured in the periphery.26

DCs at this stage are the only cells able to make conjugates

with T cells in an antigen-independent manner,27,28 a property

which very probably favours antigen recognition when only

scarce speci®c MHC±peptide complexes are available at the

APC surface. We shall use the term `presynapse' for the

structure that forms at the T±DC interface either in the absence

of antigen or, presumably, just before the antigen is recognized.

Putative adhesion molecules involved in presynapse formation

Despite the large number of adhesion and coactivation

molecules expressed on DCs and T cells, the identities of the

surface molecules that initiate the contact between T and DCs

remain elusive. Candidate molecules must ful®l two condi-

tions. First, the molecules initiating this interaction must have a

suf®cient avidity, or 2D af®nity, for their ligand. Secondly,

they must have the appropriate subcellular distribution.

Antigen-independent adhesion visualized by transmission

electron microscopy reveals that the initial contact between

T cells and DCs occurs through villus±villus interactions.27

This situation is reminiscent of the initial interaction between

leukocytes and endothelial cells during the homing process, an

interaction mediated by selectins and a4 integrins, preferen-

tially expressed at the tips of microvilli.29 Such a distribution is

expected to facilitate contact between the two cells.30,31

As already mentioned, the TCR is unlikely to promote the

initial T±DC adhesion. Experimental evidence for this is that

the initial T±DC adhesion is antigen-independent. Also, from

Figure 1. Comparison between N- and I-synapses. Top: electron micrographs of glycinergic synapse (left, courtesy of Dr A. Triller)

and of a T±DC synapse (right, courtesy of Dr G. Raposo). Scale: 0.5 mm (0.25 mm for the insets). The inset of the N-synapse highlights

the presence of a PSD. Bottom: schematic summary of molecules involved at the N- and I-synapses (left and right).

R, neurotransmitter receptor; Nx, neurexin; Ng, neuroligin; Cad, cadherin; PA, ®rst row adaptors; PSD, postsynaptic density;

TCR, T-cell receptor; MHC, major histocompatibility complex.
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a theoretical viewpoint, the expected avidity of trace levels of

speci®c MHC±peptide complexes (y10±100 complexes/APC,

corresponding to an average surface density of 0.1 molecules/

mm2)27,32,33 does not ful®l the conditions described above.

The integrin LFA-1 is likely to participate in the formation

of stable T±DC conjugates. Thus, T cells from LFA-1 de®cient

mice show reduced cluster formation with antigen-pulsed

APCs.34 However, LFA-1 is not a good candidate for initiat-

ing T±DC interaction. In resting T cells, LFA-1 is inactive and

unable to bind its ligand35 (otherwise, T cells expressing LFA-1

would bind to any ICAM-expressing cell, including T cells).

This is due to cytoskeletal restraints that reduce the lateral

diffusion of LFA-1.36±38 However, certain external stimuli free

LFA-1 from its cytoskeletal anchorage, allowing it to diffuse

freely and to form high-avidity clusters. The cross-linking of

a number of surface molecules (including CD3, CD2 and

CD28) can lead to LFA-1 activation.39±41 Thus, the binding

of LFA-1 to ICAM-1 can strengthen cell±cell adhesion, but is

not expected to initiate it.

The recent description of a novel C-type lectin, DC-SIGN,

exclusively expressed on DCs has attracted much attention.42

Human DC-SIGN binds well to ICAM-3, a large adhesion

molecule which extends above the glycocalix and is expressed

by several cell types including naive T cells. ICAM-3 ligation

with antibodies triggers an increase in LFA-1 avidity for

ICAM-1.43 Thus, DC-SIGN is an interesting candidate for

the initiation of T±DC interaction, though it probably does

not act alone.

We prefer the idea that initiation of interaction relies on

a redundant system involving a number of different molecules.

This would be consistent with experiments in which blocking

antibodies were used to analyse the contribution of adhe-

sion molecules to antigen-independent T±DC interaction.44 At

least four adhesion receptors (including CD2, CD28, ICAM-3

and LFA-1) seem to contribute to this adhesion, although none

of the blocking antibodies presented strong inhibitory effects.

Preliminary experiments performed with T cells puri®ed from

CD2- or CD28-de®cient mice led to the same conclusions, since

the absence of one of these two molecules did not affect the

ability of DCs to form stable conjugates with T cells (Patrick

Revy, unpublished results).

From the presynapse to the T±DC synapse

In the absence of antigen, several T-cell responses elicited by

DCs have been detected.27,45,46 Antigen-independent contact

triggers marked morphological alterations of T cells and small

Ca2+ responses. In addition, recruitment of several surface and

signalling molecules to the T±DC interface has been observed

in T cells contacting unpulsed DCs (Revy et al., submitted).

These ®ndings show that, in the absence of antigen-speci®c

interactions, DCs have the ability to form a presynapse. This

could allow the T cell to scan the surface of the DC for cognate

MHC±peptide complexes. On a longer time-scale, these

experiments also revealed that a weak but reproducible T-cell

proliferation is induced by DCs27 (Revy et al., submitted).

Intracellular signalling pathways controlling these responses

are not yet known.

It was recently reported that antigen-speci®c T±DC

interactions taking place in a tissue-like environment ± a

collagen matrix ± were highly dynamic and lasted only for

a few minutes.46 The cumulative effect of such short inter-

actions was suf®cient to lead to T-cell proliferation. These

surprising ®ndings shed a new light on the accepted idea that

a T±APC contact must be sustained for several hours in order

to fully activate T cells.47 In addition, such fast dynamics are

hardly compatible with the idea of an I-synapse progressively

evolving towards a stable structure (`mature immunological

synapse') with a well-de®ned cSMAC surrounded by a

pSMAC. The T±DC synapse is likely to be much more

fragmented27 and ¯uid than indicated in the classical but

schematic view of the I-synapse.

Now that some aspects of the I-synapse have been

established or questioned, and even though the structure of

the T±DC synapse remains to be described, what can we learn

from the comparison between I- and N-synapses? First, what

are the main features of the N-synapse?

CHARACTERISTICS OF THE N-SYNAPSE

Two ideas were common a few years ago concerning neuronal

synapses: (1) for neurotransmission to occur, the pre- and

postsynaptic cells do not (need to) interact directly, since

neurons use neurotransmitters for their communication (except

at electrical synapses), and (2) N-synapses are long-lived,

permanent, ®xed structures. From these points of view, N- and

I-synapses should be very different. We shall see that these

ideas are in need of drastic revision.

Receptor clustering at the neuromuscular junction

At one peculiar synapse, found at the vertebrate neuro-

muscular junction (NMJ), there is indeed an absence of direct

contact between the pre- and postsynaptic cells. At the NMJ,

the distance between the two cells is >40 nm, and a basal

lamina is interposed between the two cells (Fig. 1). However,

even in this situation, information concerning their positioning

needs to be exchanged between the two cells: the postsynaptic

concentration of acetylcholine receptors (AChRs) must be

exactly opposite the presynaptic terminal with acetylcholine-

containing synaptic vesicles. We know now that the motor

nerve terminal can release clustering factors such as agrin,

which remains trapped in the basal lamina and then interacts

with receptors of the muscle plasma membrane such as the

dystroglycan complex,48,49 and Musk, a transmembrane

receptor with a tyrosine kinase activity.50,51 These molecules

appear to be directly involved in the clustering of AChRs below

the nerve terminal.

Direct cell-cell contacts in the central nervous system

The situation is somewhat different at all the other N-synapses,

in which there is no synaptic basal lamina, and where the

synaptic cleft is only 15±30 nm wide.52 The molecular events

that initiate the process of synapse formation in the central

nervous system have only begun to be elucidated. It appears

that the pre- and postsynaptic neurons interact directly with

each other through homo- and heterophilic interactions.

The homophilic interactions take place through cadherins.

Various classes of cadherins have speci®c patterns of distri-

bution in the brain, delineating neural pathways.53 Cadherin-

dependent synaptic adhesion is dynamically and locally
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controlled, and modulated by synaptic activity54 (and see

below). Heterophilic interactions of several pre- and post-

synaptic molecules control neuronal connections. Among them

are b-neurexins in the presynaptic element, and neuroligins in

the postsynaptic cell. In the human brain, which has approxi-

mately 1012 neurons, a daunting question concerns the precise

control of the ®tness of the connections. At least part of the

underlying recognition events takes place through speci®c

b-neurexin±neuroligin interactions.55 Neurexins belong to a

family of polymorphic cell-surface proteins. Hundreds of

neurexin isoforms are generated from three genes by usage of

alternative promoters and alternative splicing. Like neurexins,

neuroligins are encoded by three genes and alternatively

spliced.

Other pre- and postsynaptic molecules regulate initial steps

of synapse formation. Eph B receptor tyrosine kinases form

a large family of at least 14 receptors with eight ligands, called

ephrins. The binding of presynaptic ephrin to postsynaptic

Eph triggers a signalling cascade that can lead to NMDA

receptor clustering at the synapse.56

Surprisingly, key molecules of the I-synapse such as MHC

class I and CD3f are also functionally important in the nervous

system. Thus, MHC I and CD3f are expressed by neurons,

and mice lacking these molecules exhibit abnormalities in the

development of certain neuronal connections.57

Finally, the existence of direct cell±cell contact at the

I-synapse does not exclude the importance in synapse

formation of soluble factors such as Wnt-7a.58

Receptor clustering and speci®c adaptors

Another important feature of N-synapses is that they are

clearly endowed with effective mechanisms for clustering mem-

brane proteins. In the presynaptic nerve terminal, the high

density of clustered Ca2+ channels allows them, when open-

ing synchronously, to create transient microdomains of very

high intracellular Ca2+ concentrations, required for the

exocytosis of neurotransmitter-containing vesicles. In the same

microdomain must be concentrated all the machinery for

synaptic vesicle fusion and recycling. These various clusterings

require the presence of special adaptor proteins, which fre-

quently possess PDZ (PSD-95/Discs Large/ZO-1) domains.

Some of these proteins also belong to the MAGUK family

(membrane-associated guanylate kinase), which contain a

guanylate kinase-like domain devoid of enzymatic activity,

SH3 (src-homology 3) and PDZ domains. CASK is a MAGUK

with one PDZ domain,59 which interacts with b-neurexins in

the presynaptic terminal and contributes to the recruitment of

the presynaptic secretory apparatus.55 PSD-95 is present in

postsynaptic densities (see Fig. 1), disk-shaped organelles

30 nm thick attached to the postsynaptic membrane (fre-

quently, although not exclusively, at excitatory synapses),

providing a structural framework for anchoring functional

molecules.60 PSD-95 possesses three PDZ domains and is able

to interact with distinct proteins: neuroligins, some neuro-

transmitter receptors such as NMDA receptors and the

associated signalling complex.61,62

Different postsynaptic scaffold proteins are involved in

the clustering of neurotransmitter receptors: similarly to

PSD-95 for NMDA receptors (but structurally unrelated),

gephyrin contributes to the clustering of glycine receptors63,64

and rapsyn to that of AChRs receptors at the NMJ.65 These

scaffold proteins also interact with other membrane receptors.

For instance, rapsyn interacts also with the dystroglycan

membrane complex at the muscle membrane.66,67

Brie¯y, the speci®city of an N-synapse does not depend

only upon the speci®c interaction of postsynaptic receptors

with the appropriate neurotransmitter released by the nerve

terminal. It also relies upon a ®rst set of molecules (neurexins-

neuroligins) which control the appropriate cell±cell adhesion

and also couple with a certain degree of speci®city to a second

set of proteins, which could be called `primary adaptors'. Some

of these, though not all, contain PDZ domains. These adaptors

allow the coclustering of adhesion molecules and the recruit-

ment of the speci®c synaptic machinery (presynaptic Ca2+

channels plus secretory apparatus or postsynaptic neuro-

transmitter receptors plus signalling complex). The signal-

ling complex, in turn, includes various enzymes and another

set of adaptors, including those allowing anchoring to the

cytoskeleton.

Activity-induced synapse remodelling

How stable are N-synapses? These structures are certainly

stable to a large extent, with several important exceptions.

First, they are highly dynamic during development.68,69 For

instance, there is one stage of development of the NMJ where

one motoneuron establishes multiple contacts with a given

muscle cell. In the following days, all but one of these con-

tacts regress.68 At the end of development, there is less than

1 AChR/mm2 at the muscle surface, except below the nerve

terminal, where the AChR density can reach a quasi-crystalline

density of 104/mm2! Secondly, video recordings from living

neurons expressing GFP-tagged actin revealed spontaneous,

rapid (within seconds), and apparently random changes in

spine shapes (spines are small and numerous dendritic

processes upon which excitatory synapses are formed), which

contrast conspicuously with the relative morphological stabi-

lity of the underlying dendrite.70 Thirdly, there is a relationship

between the synaptic structure and its functioning. Neuro-

transmitter-speci®c information can only be transmitted once a

rudimentary synapse has formed. Thereafter, synaptic activity

will result in synaptic plasticity. Thus, the density of

neurotransmitter receptors is controlled by activity-dependent

mechanisms. For instance, paralysis of the motor neuron

results in a redistribution of AChRs at the muscle surface,68

whereas chronic blockade of NMDA receptors in hippocampal

neurons increases the synaptic clustering of NMDA recep-

tors.71 But, more subtly and interestingly, as early as 30 min

following a speci®c type of stimulation, synapse remodelling

can be observed: when hippocampal dendrites are subjected to

a tetanic stimulation known to induce long-term potentia-

tion (a cellular model for the basic mechanisms of memory

formation), for several tens of minutes, one can observe an

enhanced growth of small ®lopodia-like protrusions, giving

rise to new dendritic spines a few microns long.72,73 Stabiliza-

tion of the new contacts seems to involve the elevation of

protein levels of N-cadherins, a phenomenon depending upon

the activation of protein kinase A.74

It is still unclear how synaptic activity can induce synapse

remodelling, but it is possible that the `primary adaptors'

described above are involved in this phenomenon. Thus,
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in Drosophila synapses, the postsynaptic distribution and

function of the PDZ protein discs large is regulated by

calcium/calmodulin-dependent protein kinase II.75

COMPARISON BETWEEN N- AND I-SYNAPSES

Synapse speci®city and adaptors

Both I- and N-synapses are structures specialized for the

exchange of information between two cells. As summarized in

Fig. 1, the speci®city of the N-synapse is determined by the

combination of at least three sets of molecules: (1) speci®c

adhesion molecules, (2) neurotransmitter-speci®c molecules,

including both the presynaptic apparatus and neurotrans-

mitter receptors, and (3) `primary adaptors', several of which

possess PDZ domains. In the I-synapse, (1) adhesion mole-

cules presenting some speci®city are also present, and (2) a

major part of the speci®city is associated with the ®t between

MHC±peptide complexes and speci®c TCRs. Finally, very little

is known about the equivalent of `primary adaptors', a set of

molecules that would be able both to cluster TCRs and to link

directly TCR and adhesion molecules. Either these links are

only indirect, and are provided by components of the signalling

complex already described, or the direct linkers await to be

discovered. Vav is a T-cell-speci®c molecule potentially

involved in the link between TCRs and the cytoskeleton. Its

in¯uence has been observed on antibody-induced receptor

clustering76,77 but more importantly on TCR±MHC accumula-

tion at the T±APC interface.78 However, it should be stressed

that Vav is not a `primary adaptor' since it does not bind

directly either to the TCR or to the cytoskeleton. Vav is

therefore simply an element of the signalling complex necessary

for Rho GTPases activation. Interestingly, B and T lympho-

cytes do possess a MAGUK, PDZ-containing protein, hDLG

(human homologue of discs large), which is recruited at the

CD2 cap induced by anti-CD2 antibodies.79 It must be stressed

that this cap is not a synapse and the role of hDLG in bona

®de I-synapses remains to be determined.

Direct cell-cell contacts and soluble messengers

In both I- and N-synapses (except at the NMJ), the size of the

synaptic cleft (<30 nm) allows both direct cell±cell interactions

and communication through soluble molecules to take place

in parallel. The importance of direct cell±cell interactions is

well established in both cases, but the importance of soluble

mediators at the I-synapse has not yet been properly examined.

More precisely, we do not know how soluble messengers

contribute to I-synapse formation, although it is known that,

after several hours of contact between a T and a B cell, a

signi®cant and polarized secretion of cytokines takes place

from the T cell towards the B cell,80 delivering retrograde

information to the presynaptic B cell.

Which soluble factors could participate in the initial T±DC

interaction? Chemokines are particularly important in the

direction of T cells to sites of in¯ammation. They also play an

important role in promoting the adhesion of T cells to endo-

thelial cells.81 DCs are known to secrete several chemokines

that have the ability to attract T lymphocytes.82 In addition,

chemokines have been shown to trigger LFA-1 activation.83

Therefore, a possible role of chemokines in T±DC synapse

formation would be worth examining more closely, even

though negative effects of chemokines on TCR-induced

signalling pathways have been reported.84

Synapse formation/stabilization and functioning:

bidirectional in¯uences

In the nervous system, a presynapse allows the transmission

of initial synaptic activity, which in¯uences the ®nal matura-

tion and stabilization of the synapse. The molecules partici-

pating in the presynapse and in the mature synapse are

not necessarily identical. For instance, it seems that N-cadherin

adhesion may stabilize early synapses that can then be

remodelled to express different cadherins.85 In our opinion,

similar principles may apply to the I-synapse: a presynapse,

which can form and start to function even in the absence of any

antigen-speci®c information, probably undergoes further

maturation and stabilization to become an I-synapse.

Can one determine the order of the different protein±protein

interactions which allow the formation of the presynapse, then

of the synapse? A strict prede®ned order seems unlikely; we

favour the idea that the ®nal assembly may be initiated in

several different ways by transient, random interactions which

are progressively stabilized by additional interactions. Never-

theless, the restricted expression of adhesion molecules at

speci®c locations (microvilli) is very likely to in¯uence the order

of interactions.

At T±DC synapses, everything happens as if `a DC delivers

a signal promoting T cell membrane ruf¯ing, in addition to

triggering a Ca2+ signal which tends to round up and

immobilize the T cell'45. Similarly, at the N-synapse, according

to a hypothetical scheme for the effect of glutamate receptors

on dendritic spine development, glutamate might ®rst promote

the outgrowth of motile ®lopodia through the stimulation of

NMDA receptors and, after some growth, acquisition of

AMPA receptors provides a mechanism that may suppress

actin-based spine motility.69 In addition to these postsynaptic

mechanisms in¯uencing synapse formation and plasticity,

retrograde mechanisms must also be taken into account. Thus,

at the T±DC synapse, Ca2+ responses have been observed in

DCs following their interaction with T cells,45 and dynamic

actin polarization in DCs has been described at the T±DC

interface,86 showing that DCs receive early signals from the

T cells, which could in¯uence the formation of a mature T±DC

synapse.

Receptor clustering

Does receptor clustering precede or follow synapse formation?

It probably does both. Thus, it appears that NMDA receptors

may initially aggregate in the absence of PSD-95, and

their association with PSD-95 may function to retain

preformed receptor clusters at synapses.71 Similarly, gephyrin-

independent formation of glycine receptor clusters precedes the

gephyrin-mediated postsynaptic accumulation of clusters.64 At

the T±DC synapse, TCR clustering may precede full TCR

signalling, since TCR clustering occurs even in the absence

of antigen (Revy et al., submitted). In addition, a number of

results indicate that TCR signalling extends and stabilizes the

I-synapse. The existence of TCR/CD3 clusters in the absence

of stimulation helps to explain why, after activation, both
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stimulated and unstimulated TCRs are found colocalized in the

same patches.87 Similarly, it appears that the number of MHC

molecules which accumulate at the I-synapse is much larger

than that of speci®c MHC-peptide complexes,78 which implies

that only a minority of the clustered MHC molecules have

interacted with TCRs in a speci®c way. Whether these clusters

result from direct, homophilic interactions (e.g. between

MHC molecules) or require the presence of `primary adaptors'

remains to be established.

CONCLUSION

In the past few years, our knowledge of the molecular

dynamics taking place at the contact zone between an APC

and a T cell has advanced rapidly. The validity of the sche-

matic view of the so-called immunological synapse remains to

be tested in physiological models, in particular at the inter-

face between DCs and naive T cells. Calling this structure a

synapse may be justi®ed, due to a number of similarities

between I- and N-synapses. However, one should not forget

that, in addition to the T±APC interaction, other well-

structured cell±cell contacts can be observed in the immune

system, for instance in NK cell±target cell conjugates.88 More

importantly, the connotations of the word `synapse' may have

biased our thinking towards considering I-synapses as stable

structures. This was partly due to a certain ignorance of

N-synapses, since we know now that there is more movement

and remodelling in N-synapses than previously thought. But, in

addition, N- and I-synapses do differ, and physiological

I-synapses are likely to be much more fragmented and

¯uid than currently thought. The comparison between N-

and I-synapses proves to be quite stimulating, raising a number

of questions, in particular concerning the mechanisms of

receptor clustering and the role of soluble messengers in the

formation and functioning of the I-synapse.
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