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■ Abstract The chemical synapse is a specialized intercellular junction that oper-
ates nearly autonomously to allow rapid, specific, and local communication between
neurons. Focusing our attention on the presynaptic terminal, we review the current
understanding of how synaptic morphology is maintained and then the mechanisms in
synaptic vesicle exocytosis and recycling.

INTRODUCTION

Synaptic transmission involves fusion of neurotransmitter-containing vesicles with
the plasma membrane and activation of postsynaptic receptors. The process of
transmitter release through vesicle exocytosis is typically repeated many times
a minute, and this rate is maintained for the lifetime of the synapse. To prevent
depletion of the finite number of synaptic vesicles by sustained release, an intricate
web of recycling events restocks the synapse with vesicles. Remarkably, freshly
released vesicles can be recycled and rereleased in just a few seconds under some
conditions (Pyle et al. 2000). In this review, we present a cell biological view of
synaptic function, emphasizing a mechanistic understanding of the organization of
the presynaptic terminal and the dynamics of synaptic vesicles. For details of the
molecular basis of specific aspects of synaptic transmission, the reader is referred
to several recent reviews (Hanson et al. 1997, Fernandez-Chacon & Sudhof 1999,
Lin & Scheller 2000, De Camilli et al. 2001, Rizo & Sudhof 2002, Chapman 2002).

THE ORGANIZATION OF THE PRESYNAPTIC TERMINAL

A typical presynaptic bouton is a specialized portion of the axon. It is character-
ized by an active zone, a region where the presynaptic plasma membrane comes
in close contact with the postsynaptic plasma membrane and an associated cluster
of vesicles (De Camilli et al. 2001). A few synaptic vesicles are adjacent to the
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active zone and are referred to as docked vesicles. Vesicle exocytosis occurs at the
active zone; subsequent endocytic retrieval of vesicular components may occur
both at the active zone and in a peri-active zone area (Roos & Kelly 1999). At least
a fraction of this endocytic uptake is mediated by vesicles that mature directly into
new synaptic vesicles, whereas an additional membrane pool may travel through
a intermediate endosomal station where sorting of components occurs. Vesicle
maturation involves acidification of the lumen, loading with neurotransmitter, as-
sociation with peripheral membrane proteins needed for exocytosis, and recapture
into the vesicle cluster. The vesicle cluster is embedded in an actin-rich area and is
generally located next to mitochondria, which provide energy for the vesicle cycle
and neurotransmitter dynamics and to the endoplasmic reticulum whose function
includes the regulation of local cytosolic calcium. Synapses are typically also sur-
rounded by glial cells, which might perform auxiliary roles such as secretion of
neuromodulatory factors, regulation of extracellular ion concentration, and uptake
of neurotransmitters (Haydon 2001).

We start with a description of the structure of the synapse and then address the
different stages in the life of a synaptic vesicle.

SYNAPTIC ADHESION—KEEPING THE
PARTS TOGETHER

The synapse is an intercellular junction whose structural organization shares sim-
ilarities with other types of junctions such as the immunological synapse or the
intercellular junctions of epithelial cells (Dustin & Colman 2002, Jamora & Fuchs
2002). The close apposition and precise alignment of the presynaptic release site
and the postsynaptic receptive site prompts several basic questions: (i) Which part
of the synapse—the active zone or the periactive zone—is involved in adhesion;
(ii ) what are the molecular glues that cause the adhesion; and (iii ) how is the con-
tact between the pre- and postsynaptic membrane transduced into clustering of
vesicles presynaptically and of neurotransmitter receptors postsynaptically. There
is evidence for the involvement of both the active zone and the surrounding region
in cell adhesion, based mainly on the ultrastructural localization of putative adhe-
sion molecules (Uchida et al. 1996, Phillips et al. 2001). Functionally, adhesive
interactions between the active zone and the postsynaptic density will ensure close
proximity of release and receptive sites. On the other hand, adhesion at the edges
of the active zone may bring the two membranes together while freeing up the
active zone itself for other components. Adhesion at the boundary can also be
dynamic, allowing for expansion or contraction of the active zone (Tanaka et al.
2000, Colicos et al. 2001). The asymmetric nature of the synapse suggests the pres-
ence of different molecules in the presynaptic and the postsynaptic membranes in
the initial stages of synapse formation. Yet, despite the functional polarization
of the synaptic junction, symmetry in the organization of pre- and postsynaptic
compartments is increasingly being recognized.
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Several molecules have been identified in relation to synaptic adhesion, includ-
ing cadherins (Shapiro & Colman 1999, Yagi & Takeichi 2000), protocadherins
(Frank & Kemler 2002), neural cell-adhesion molecule (NCAM), L1, fasciclin II
(Davis et al. 1997), apCAM (Mayford et al. 1992), synCAM (Biederer et al. 2002),
nectin (Mizoguchi et al. 2002), DsCAM (Schmucker et al. 2000), neurexins and
neuroligin (Missler & Sudhof 1998), integrins (Chavis & Westbrook 2001), synde-
cans (Hsueh & Sheng 1999), and sidekicks (Yamagata et al. 2002). Some of these
putative adhesion molecules have also been implicated in regulating the size of the
presynaptic specialization (Broadie & Richmond 2002). All of them are transmem-
brane proteins generally expressed in both pre- and postsynaptic membranes, and
the adhesive properties are thought to result from interaction of their extracellular
domains, either with each other or with components of the extracellular matrix.
Perhaps not surprising, most of these molecules contain multiple immunoglobulin-
like (IgG) domains in their extracellular regions or a related structural feature in the
case of cadherins. In addition, some of them have cytosolic sequence motifs that
bind to PDZ domains typically present in multimodular proteins that function as
molecular scaffolds (Sheng & Sala 2001). In all cases except neurexin-neuroligin,
homophilic interactions occurring in thetrans configuration mediate adhesion.
The multiplicity of these adhesion proteins, further enhanced by the existence of a
large number of splice variants, raises the possibility that they may play essential
roles in the specification of synaptic connectivity (Sanes & Yamagata 1999, Yagi
& Takeichi 2000, Clandinin & Zipursky 2002).

Some of the putative postsynaptic adhesion molecules, neuroligin and synCAM
for example, can induce synapse formation by cocultured neurons when expressed
in heterologous cells (Scheiffele et al. 2000, Biederer et al. 2002). Although it is
unclear if these molecules are the real trigger for synaptogenesis in intact circuits,
the ability of a single postsynaptically expressed molecule to induce presynaptic
differentiation is remarkable and might allow a rational dissection of the steps in
synapse formation.

What is the relationship of these proteins to underlying cytosolic scaffolds?
Cadherins provide a natural link from adhesion to the actin cytoskeleton through
their interaction withβ-catenins (Gottardi & Gumbiner 2001). Similarly, integrins
are connected to the actin cytoskeleton, and several proteins typical of focal ad-
hesion are present at the presynaptic terminal (Qualmann & Kelly 2000, Di Paolo
et al. 2002). Adhesion molecules that have PDZ domain–interacting motifs might
couple to the cytoskeleton through the PDZ domain–containing proteins (Sheng
& Sala 2001). Actin is concentrated primarily around the active zone and vesi-
cle clusters (Dunaevsky & Connor 2000, Colicos et al. 2001, Shupliakov et al.
2002), and the Rho family GTPases may play a key role in their regulation (Sone
et al. 2000). In contrast to the presence of actin, presynaptic specializations are
microtubule-free zones, speaking against a role of microtubules in synaptic vesicle
traffic within the presynaptic bouton. Microtubule-associated proteins, however,
have been recently implicated in synaptic growth and retraction at drosophila neu-
romuscular junction (Eaton et al. 2002, Roos et al. 2000).
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In addition to molecules with a primary role in adhesion, pre- and postsynaptic
proteins, whose interactions play a role in signaling, are also present at the synapse.
At the neuromuscular junction, cross-junctional signaling mediated through agrin
and the postsynaptic transmembrane tyrosine kinase MuSK appear to be critical
for the proper formation of this synapse (Glass & Yancopoulos 1997, Sanes &
Lichtman 2001). A similar cross talk mediated by tyrosine kinases is likely to play
a role at central synapses. For example, ephrins binding to their receptors may con-
tribute to signaling as well as synaptic adhesion (Kullander & Klein 2002). Heparan
sulfate proteoglycans such as agrin, dystroglycan, and syndecan are present at many
synapses and are likely to have important roles in synaptic function (Yamaguchi
2001).

THE ACTIVE ZONE AND HOW IT CAPTURES VESICLES

The active zone is the specialized region of the cortical cytoplasm of the presynaptic
nerve terminal that directly faces the synaptic cleft. It has a dense appearance under
the electron microscope reflecting the presence of a protein scaffold—the presy-
naptic grid—within which docked vesicles are nested (Pfenninger et al. 1969).
Functionally, the vesicles that are docked, or a subset of them, comprise the read-
ily releasable pool of vesicles (Murthy et al. 2001, Schikorski & Stevens 2001).
Scaffolding proteins play a role both in recruiting vesicles to the plasma membrane
as well as in the regulation of release. This arrangement ensures the exocytotic
release of neurotransmitter in close proximity to their postsynaptic receptors and
in setting the release process to the appropriate dynamic range. Recently, the struc-
ture of the active zone was examined in detail at the frog neuromuscular junction
using electron microscopy tomography, and several interesting features such as
pegs, ribs, and beams were described (Harlow et al. 2001). Similar principles of
organization are likely to be maintained at central synapses in spite of differences
in the fine structure.

The identification of protein components of active zones has lagged behind the
characterization of synaptic vesicle proteins. This is explained by the much greater
abundance of synaptic vesicles than of active zone components at synapses as well
as by the difficulty of solubilizing active zone structures. Pre- and postsynaptic
scaffolds are tightly linked together in an insoluble matrix that can be disrupted only
by very harsh treatments (Dresbach et al. 2001, Phillips et al. 2001). Immunological
and genetic techniques, more recently combined with yeast two hybrid studies
and proteomic analysis, have begun to provide some molecular insight into these
structures. Important classes of active zones components include the members of
the rab3-interacting molecule or RIM (Wang et al. 1997), piccolo/aczonin (Fenster
et al. 2000, Wang et al. 1999), and bassoon protein families (tom Dieck et al. 1998).
Piccolo and bassoon are two very large proteins with multiple domains involved in
protein-protein interaction as well as signaling. RIM is a smaller protein that shares
blocks of homology with both piccolo and bassoon and which was identified as an
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interactor of rab3. Rab3 is a small GTPase of the rab family present on synaptic
vesicles (Geppert et al. 1994a). RIM, like Piccolo, has a PDZ (postsynaptic density-
95/discs-large/ZO-1) domain and multiple C2 domains that could provide a direct
linkage to plasma membrane proteins (Wang et al. 1997). The GTP-dependent
interaction of RIM with Rab3 makes RIM a particularly interesting component of
active zones because it could mediate the tethering of synaptic vesicles at release
sites. However, RIM appears to have a role in synaptic dynamics independent of
its interaction with rab3a (Schoch et al. 2002). In both worms and mice, genetic
disruption of RIM function does not produce obvious morphological defects; yet,
the efficacy of release is significantly lower in these animals, suggesting a role in
the regulation of release rather than in defining structural parameters of the synapse
(Koushika et al. 2001, Schoch et al. 2002). The regulatory role of RIM in release
may be mediated in part by its interaction with munc13, a critical player in the
priming of synaptic vesicle for exocytosis (Betz et al. 2001).

Mutations that affect active zone structure and localization have been identified
in model organisms. Mutations of thehighwire/RPM1gene inDrosophila and
Caenorhabditis elegansresult in excessive arborization and abnormally large
synaptic size (Chang & Balice-Gordon 2000, Wan et al. 2000).Highwire is local-
ized at periactive zones, suggesting an indirect role on the active zone structure
(Wan et al. 2000). The protein encoded by theHighwire/RPM1gene contains a
ubiquitin ligase domain, which raises interesting questions on the role of protein
ubiquitination in synaptic ontogenesis (DiAntonio et al. 2001). Mutation of liprin-
α in C. elegansleads to abnormal active zones that are longer and less electron
dense (Zhen & Jin 1999); similar effects are observed in Drosophila (Kaufmann
et al. 2002). Liprins interact with RIM and receptor tyrosine phosphatases, but
how they are involved in organizing the active zone is unclear. The active zone, the
vesicle clusters, and the overall size of the presynaptic compartment need to be reg-
ulated in a concerted manner to set the size of the synapse. In Drosophila, several
genes, includingscribble(Roche et al. 2002),futsch(Roos et al. 2000),spinster
(Sweeney & Davis 2002),dynactin(Eaton et al. 2002), andVAP33(Pennetta et al.
2002), have been implicated in the control of synaptic size, as well as function.
In NCAM-deficient mice, the transition from immature to mature vesicle clusters
was affected, indicating an important cross talk between adhesion molecules and
mechanisms in vesicle clustering (Polo-Parada et al. 2001). A role for NCAM in
stabilizing Golgi-derived vesicles at nascent synapses has been suggested by a
recent study (Sytnyk et al. 2002).

Other components of the active zone include the protein CAST [cytomatrix-
of-the-active-zone-associated structural protein, (Ohtsuka et al. 2002)] and the
tripartite protein complex comprising Mint, CASK, and Veli (Butz et al. 1998).
CASK is a member of the membrane-associated guanylate kinase family of pro-
teins, which interacts with calcium channels, beta-neurexins, mint, and Veli (Butz
et al. 1998). In addition to adhesion molecules discussed above, membrane com-
ponents of the active zone include calcium channels (Robitaille et al. 1993), which
are thought to be localized at synaptic vesicle docking sites, and the t-SNAREs
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(soluble N-ethylmaleimide-sensitive factor attachment protein receptors) syntaxin
and SNAP25 (Garcia et al. 1995). Calcium channels and syntaxin interact with each
other, which may contribute to the regulation of the channels and to the triggering
of fusion in their proximity (Catterall 1999). Syntaxin and SNAP25, however, are
not concentrated at the active zone (Garcia et al. 1995). Other plasma membrane
proteins that play critical roles in presynaptic function, such as transporters in-
volved in neurotransmitter uptake, a variety of ion channels, receptors for growth
factors, and neurotransmitters, may not be selectively concentrated at the active
zone.

Synapses that release transmitter on a continuous basis in response to graded
changes in membrane potential and without precise synchronization by action
potentials have structures called ribbons or dense bodies instead of conventional
active zones (Lenzi & von Gersdorff 2001). These are electron-dense particles
with vesicles attached to them. In addition to concentrating vesicles at release
sites, ribbons and dense bodies may function as conveyer belts that deliver vesi-
cles to the plasma membrane (Zenisek et al. 2000). Ribbon synapses can sustain
very high rates of release, and ribbons may be specially designed to guarantee
a constant supply of vesicles during intense stimulation (Lenzi & von Gersdorff
2001). Many of the components of the active zones, including piccolo, bassoon,
and RIM, are found in the ribbons and dense bodies (Lenzi & von Gersdorff
2001).

Beyond a static description of vesicles at the active zone, there are many ques-
tions regarding the dynamics of the interactions leading to docking. In neurosecre-
tory cells, granules leaving putative docking sites without undergoing exocytosis
have been observed directly using total internal reflection microscopy (Steyer et al.
1998). At synaptic terminals, newly endocytosed vesicles can gain access to the
docking sites within a few minutes even in the absence of significant emptying
of the docking sites due to exocytosis (Murthy & Stevens 1999). Therefore, it
appears that over a timescale of minutes, docking may be reversible. It will be
important to define at the precise sequence of events occurring at docking sites
the rate constants of these events and the stage, if any, at which a docked vesicle
becomes irreversibly committed to fusion.

VESICLE CLUSTERS OR WHAT KEEPS
VESICLES TOGETHER?

Synaptic vesicles docked at active zones represent only a small fraction of vesicles
present in nerve terminals (De Camilli et al. 2001). At most synapses, there appears
to be an abrupt transition in the density of synaptic vesicles at the edge of the
clusters, suggesting the presence of either a “glue” that keeps them together or
a restraining cage around them. Although early hypotheses focused on actin as a
potential scaffold to which vesicles are anchored (Landis et al. 1988, Hirokawa et al.
1989), recent studies have shown that the bulk of presynaptic actin is localized
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around the cluster (Dunaevsky & Connor 2000, Shupliakov et al. 2002), possibly
helping in preventing vesicle dispersion or in the recapture of endocytic vesicles.
Very large proteins with long flexible regions, such as piccolo and bassoon, may
be part of a matrix holding vesicles together (Dresbach et al. 2001). Such a role
would be similar to that of the very long flexible proteins that anchor small vesicles
in the region of the Golgi complex (Nakamura et al. 1995). Accordingly, piccolo
immunoreactivity is seen not exclusively at the cell surface but also within the core
of vesicle clusters (Cases-Langhoff et al. 1996).

Peripheral vesicle membrane proteins that dissociate from vesicles during the
endocytic phase of their cycle may function as protein adaptors in vesicle clus-
tering. One potential candidate is rab3 (Geppert et al. 1994a). However, although
work in worms has shown a dispersion of synaptic vesicles in rab3 mutant synapses
(Nonet et al. 1997), no such effects were observed at mammalian synapses defec-
tive in rab3 function (Geppert et al. 1994a). A series of interactions between rab3
and other scaffolding proteins has been described. For example, rab3a interacts
with the protein Pra1, which in turn interacts with Piccolo and the vesicle protein
synaptobrevin (Fenster et al. 2000). Another peripheral vesicle protein that has
received considerable attention is synapsin (De Camilli et al. 1990, Pieribone et al.
1995, Rosahl et al. 1995). Synapsins bind to each other and to actin filaments,
and these interactions are regulated by phosphorylation (Greengard et al. 1993).
Disrupting synapsin function results in a reduction in the size of the vesicle cluster
and a corresponding reduction of the reserve pool of vesicles, which suggests an
important but not essential role of these proteins in vesicle clustering (Pieribone
et al. 1995, Rosahl et al. 1995). Real-time observation of synapsins labeled with
green fluorescent protein has demonstrated a correlation between the kinetics of its
dissociation from vesicles and the mobilization rate of vesicles (Chi et al. 2001),
but the precise cause-effect relationship of these events remains unclear. An im-
portant open question is whether the ability of synapsin to bind and hydrolyze ATP
(Hosaka & Sudhof 1998) reflects an enzymatic activity critical for vesicle function.
The proteinα-synuclein, which has been implicated in some forms of Parkinson’s
disease, is a vesicle-associated protein of unknown function (Abeliovich
et al. 2000). Recently, some results have pointed to a role for this protein in
vesicle clustering. Genetic deletion ofα-synuclein in mice leads to a reduction in
the reserve pool of vesicles, without a significant change in the docked vesicles
(Cabin et al. 2002, Murphy et al. 2000).

The mechanisms holding vesicles together appear to be already in place prior
to synapse formation. Small clusters of recycling synaptic vesicles, which contain
most components of mature presynaptic vesicle clusters and may define a minimal
synaptic vesicle recycling unit, are already present in developing axons before
they contact a target. These clusters are not stationary but move along the axon
until they are recruited to nascent synapse where they coalesce into large clusters
(Kraszewski et al. 1996, Ahmari et al. 2000, Zhai et al. 2001). These findings
indicate that formation of a vesicle cluster is not necessarily the result of a cascade
of interactions that starts at the active zone of a synapse.
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At mature synapses, vesicle motility within clusters may be limited, as inferred
from studies using the method of fluorescence recovery after photobleaching (Betz
& Henkel 1994, Kraszewski et al. 1996). Newly reformed vesicles, in contrast,
appear to be recaptured at random by the cluster (Ryan & Smith 1995, Schikorski
& Stevens 2001). Application of okadaic acid, a generic inhibitor of phosphatases
to living neurons disperses vesicle clusters both in immature neurons and mature
synapes (Betz & Henkel 1994). Conversely, treatment with the broad spectrum
kinase inhibitor staurosporine inhibits the recruitment of the vesicles from the
reserve pool (Becherer et al. 2001) and retards the return of endocytosed vesicles
back into the vesicle cluster (Li & Murthy 2001). These observations point to a role
of phosphorylation of unknown substrates in vesicle dynamics. Genetic studies in
C. eleganshave identified Sad-1, a protein kinase related to the PAR-1 kinase
that regulates cell polarity, as an important regulator of synaptic vesicle clusters
(Crump et al. 2001). A similar phenotype, which also includes a partial loss of
axonal and dendritic polarity, was observed in Syd-1 mutants inC. elegans(Hallam
et al. 2002).

EXOCYTOSIS

The mechanism of exocytosis has been a subject of intense research. In very basic
terms, the question has been whether bilayer fusion is mediated simply by lipids
or whether intrinsic membrane proteins play a critical, causal role. It is now well
established that efficient membrane fusion in vivo requires the interaction of small
cytoplasmically exposed membrane proteins called SNAREs (S¨ollner et al. 1993).
For synaptic vesicle exocytosis, the relevant SNAREs are synaptobrevin/VAMP 1
and 2, syntaxin 1, and SNAP-25. Synaptobrevins/VAMPs are localized primarily
on synaptic vesicles, syntaxin and SNAP25, primarily on the plasma membrane.
Fusion is driven by the progressive zippering of vesicle and plasma membrane
SNAREs to form a four-helix bundle (Sutton et al. 1998). Although many other
proteins appear to have critical roles in synaptic vesicle exocytosis, it seems likely
that the SNAREs represent the minimal machinery for fusion (Weber et al. 1998).
Once assembled, SNARE complexes are disassembled by NSF, which functions in
conjunction with SNAP proteins. Block of NSF action results in the accumulation
of fusion-incompetent vesicles owing to a progressive loss of SNARE proteins
available for the formation of productivetrans-SNARE complexes (S¨ollner et al.
1993, Hanson et al. 1997).

The SNARE hypothesis of membrane fusion, and of synaptic vesicle fusion
in particular, was first formulated based on studies of membrane fusion in vitro
(Söllner et al. 1993, Rothman 2002) and complemented by results of genetic stud-
ies in yeast (Schekman 2002). Compelling support for this hypothesis came from
the identification of synaptobrevin/VAMP, syntaxin, and SNAP25 as targets for
the proteolytic action of clostridial neurotoxins, which are potent blockers of neu-
rotransmitter release (Blasi et al. 1993, Montecucco 1998, Schiavo et al. 1992).
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Each of these toxins acts by selectively cleaving one of the synaptic SNAREs at
a specific site. Treatment of synapses with various clostridial neurotoxins results
in an increase in the number of docked vesicles, probably as a result of block in
fusion (Hunt et al. 1994, Neale et al. 1999). This observation not only indicates
that SNAREs are not critical determinants of vesicle docking but also demon-
strates a surplus of docking sites for synaptic vesicles. The SNARE hypothesis
has now been further validated by a large number of genetic studies in a variety of
organisms and by the demonstration that SNARE complexes are sufficient to drive
fusion of artificial membrane bilayers. This research has been summarized in many
recent reviews (Lin & Scheller 2000, Rothman 2002, Schekman 2002, Jahn et al.
2003).

Although zippering of SNARE proteins may be the final trigger for membrane
fusion, a variety of other factors play critical roles in exocytosis by controlling
SNARE function, as emphasized by the growing list of SNARE-interacting pro-
teins. Many of these regulatory factors occur as specialized isoforms at synapses.
Two such factors, unc/munc13 and unc/munc18 (a member of the Sec1 family),
are particularly important given the dramatic effect produced by their absence:
a complete block of synaptic vesicle exocytosis (Richmond et al. 1999, Verhage
et al. 2000, Varoqueaux et al. 2002).

Munc18/Sec1 acts by regulating syntaxin function as initially shown by the
property of yeast syntaxins (the SSO proteins) to suppress mutations in Sec1 (Aalto
et al. 1993). The N-terminal region of syntaxin 1 contains a three-helix domain
that folds back onto the SNARE motif forming a closed conformation. Munc18
interacts strongly with this conformation of syntaxin, suggesting an inhibitory role
on fusion (Misura et al. 2000). Yet, the munc18 family of proteins is needed for
fusion as demonstrated, for example, by the complete absence of synaptic vesicle
exocytosis events in Munc18-1 knockout mice (Verhage et al. 2000). Therefore,
munc18 may also have a second role downstream to syntaxin inhibition, as sup-
ported by the property of yeast Sec1 to bind the assembled yeast SNARE complex
(Carr et al. 1999). How syntaxin shifts from a closed munc18-bound state to the
open state capable of forming SNARE complexes is not understood. The displace-
ment of munc18 might be achieved by other proteins known to be important for
priming: munc13 and RIM (Richmond et al. 2001, Rizo & Sudhof 2002). Evi-
dence in support of this idea comes fromC. elegans, where loss of exocytosis due
to mutant unc13 or RIM could be overcome by expression of the open form of
syntaxin (Koushika et al. 2001, Richmond et al. 2001).

Priming of Vesicles

Fusion competence follows vesicle docking with some delay. Acquisition of fu-
sion competence may require multiple steps and may involve both lipid and protein
changes, but it is defined collectively as priming. Munc13 is now thought to play
a central role in the priming reaction. Initially identified in aC. elegansscreen
(unc13), its function is highly conserved from worms to mice (Richmond et al.
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2001, Varoqueaux et al. 2002). The virtually complete absence of synaptic vesi-
cle exocytosis produced by deletion of munc13 in mice is not accompanied by a
reduction in docked vesicle number (Geppert et al. 1994a, Augustin et al. 1999,
Richmond et al. 2001, Varoqueaux et al. 2002). Munc13 has a phorbol ester bind-
ing site, whose activation potentiates transmitter release (Rhee et al. 2002). This
interaction is likely to reflect the property of munc13 to interact with diacylglyc-
erol in the plasma membrane. It will be of interest to determine whether and how
this diacylglycerol pool is regulated. Munc13 interacts with the active zone protein
RIM, and this interaction is critical for priming (Augustin et al. 1999). Further-
more, deletion of an abundant isoform of RIM in mice causes an alteration in the
efficacy of vesicle release without significant alteration in the number of docked
vesicles (Schoch et al. 2002), which points to a potential role of RIM itself in
priming. In a related observation, the absence of rab3, a protein that interacts with
RIM, appears to enhance calcium-triggered exocytosis (Geppert et al. 1997).

Calcium-Triggered Exocytosis

Synaptic vesicles fuse with the plasma membrane constitutively under resting con-
ditions, but the probability of vesicle fusion is increased dramatically by elevations
in cytosolic Ca2+. The rapid effect of Ca2+ (fraction of a millisecond) suggests the
existence of a Ca2+-induced conformational change of a component of a prefusion
complex, rather than an indirect effect mediated by a Ca2+-sensitive enzyme such
as a protein kinase. The Ca2+-dependence of exocytosis most likely reflects the
synergistic action of several Ca2+ sensors, among which some isoforms of synap-
totagmin are likely to play an important role (Chapman 2002, Fernandez-Chacon
et al. 2002). Synaptotagmin is an integral vesicle membrane protein with two C2
domains that bind Ca2+, SNARE proteins, and phospholipids. There are several
isoforms of synaptotagmins with differential intracellular localization and tissue
expression patterns. Synaptotagmin I is selectively enriched in synaptic vesicles
(Geppert et al. 1994b), and its absence causes a severe loss of Ca2+-dependent
synchronous release (Geppert et al. 1994b, Fernandez-Chacon et al. 2002). The
function of synaptotagmin has been the object of a systematic biochemical, ge-
netic, and physiological analysis. A current model suggests that Ca2+ binding
induces the interaction of one or both C2 domains with proteins and lipids in the
plasma membrane, thus helping to catalyze SNARE-mediated membrane fusion
(Chapman 2002, Fernandez-Chacon et al. 2002).

In addition to synaptotagmin, other proteins with tandem C2 domains are
present either on the vesicles (for example, Doc2 and rabphilin) or at the ac-
tive zone (for example, RIM and piccolo) (Rizo & Sudhof 1998). These proteins,
together with other calcium-binding proteins of the presynaptic terminal, may con-
tribute to Ca2+-sensitivity of exocytosis. Studies of dense core granule release from
chromaffin cells suggest a role of SNAP-25 in Ca2+-triggered exocytosis, possi-
bly via its Ca2+-dependent interaction with synaptotagmin and SNARE complexes
(Banerjee et al. 1996). In addition, synaptobrevin and syntaxin may play an indirect
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role in calcium sensitivity of the release process because reducing the levels of
these proteins in flies results in a systematic reduction in the cooperative relation
between calcium concentration and exocytosis (Stewart et al. 2000). A protein
whose absence results in a phenotype very similar to synaptotagmin deletion is
complexin (Reim et al. 2001). Complexins (also called synaphins) are cytosolic
proteins that bind to SNARE complexes. In a study of the squid giant synapse,
disrupting complexin-SNARE complex interaction prevented SNARE complex
oligomerization and decreased release (Tokumaru et al. 2001). Deletion of com-
plexin I and II in mouse resulted in a severe deficit in Ca2+-triggered release of neu-
rotransmitter (Reim et al. 2001). The functionally defined, readily releasable pool
and the number of docked vesicles were, however, unaltered (Reim et al. 2001).

Cysteine string proteins (CSPs), first identified and studied in Drosophila, ap-
pear to have a role in the Ca2+ sensitivity of exocytosis (Dawson-Scully et al.
2000). At synapses lacking CSPs, the Ca2+ dependence of exocytosis shifted to
higher Ca2+ concentrations, without a change in the Ca2+-cooperativity (Dawson-
Scully et al. 2000). CSPs have a DNAJ domain, typically present in proteins that
have a role as molecular chaperones. Accordingly, CSPs associate with the AT-
Pase hsc70 involved in uncoating (Tobaben et al. 2001), and both CSP and hsc70
interact with another protein, SGT, to form a complex with putative molecular
chaperone function (Tobaben et al. 2001).

In summary, exocytosis at synapses shares many features with other intracellular
membrane fusion events, but it also has some unique features related to the exquisite
spatial and temporal control of release. New interacting partners for the proteins
described above continue to be discovered, pointing to a complex regulation of the
basic fusion machinery.

ENDOCYTOSIS

The concept of synaptic vesicle recycling was conclusively established in the early
1970s (Holtzman et al. 1971, Ceccarelli et al. 1973, Heuser & Reese 1973), but
the mode of endocytosis has been a topic of continued investigation and discus-
sion (Ceccarelli et al. 1973, Heuser & Reese 1973, Fesce et al. 1994, Cremona
& De Camilli 1997, Brodin et al. 2000). Studies from Heuser & Reese led to the
formulation of the classical model of endocytosis involving clathrin coats and a
sorting endosome. Although more recent studies have suggested that the endo-
somal station may be bypassed, the role of clathrin-mediated endocytosis in the
recycling of synaptic vesicles is now well established. There is, however, evidence
for additional modes of vesicle retrieval.

Kiss-and-Run

A mode of endocytosis referred to as “kiss-and-run” has attracted considerable in-
terest (Ceccarelli et al. 1973, Fesce et al. 1994). In this model, vesicles release neu-
rotransmitter via a transient fusion pore. Newly reformed vesicles may then stay
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in place, be reloaded, and undergo a new round of exocytosis or may de-dock
and allow other vesicles to take their place. To date, kiss-and-run events have
been directly demonstrated only for dense-core granules in neuroendocrine cells
(Breckenridge & Almers 1987, Albillos et al. 1997, Graham et al. 2002, Holroyd
et al. 2002, Taraska et al. 2003). At neuronal synapses, where these events would
have to occur with much faster kinetics, evidence for kiss-and-run is only indirect.
The most rapid endocytosis measured electrophysiologically at central synapses
has a time constant of around 50 msec (Sun et al. 2002), but whether this represents
kiss-and-run remains unclear. A main line of evidence relies on the use of styryl
dyes, such as FM1-43, as tracers for exo- and endocytosis (Klingauf et al. 1998,
Pyle et al. 2000, Stevens & Williams 2000). During exocytosis from dye-labeled
nerve terminals, vesicles lose dye either through lateral diffusion (and mixing with
the plasma membrane) and/or via direct departitioning into solution. Experiments
with dyes with different departitioning rates have indicated that, under some con-
ditions, exocytosis occurs in a manner that retains a significant portion of the dye
in the vesicle. These results have been interpreted as reflecting rapid endocytosis
without full collapse of the vesicle membrane, thus leading to retention of the
styryl dye. Notably, at the only synapse where exocytosis was directly visualized,
dye could escape from vesicles readily in the plane of the membrane (Zenisek et al.
2002).

Studies of Drosophila endophilin mutants have been invoked to support the
“kiss-and-run” model of neurotransmitter release (Verstreken et al. 2002). Disrup-
tion of the Drosophilaendophilingene, which codes for an important endocytic
protein, resulted in synapses that have very few vesicles but nevertheless sustain
synaptic transmission at low frequencies (Guichet et al. 2002, Rikhy et al. 2002,
Verstreken et al. 2002). At these synapses, release events were not followed by
detectable uptake of styryl dyes. These findings, together with evidence for an
impaired clathrin-mediated recycling pathway, led the authors to propose the oc-
currence of a very rapid form of endocytosis, independent of clathrin, dynamin,
and endophilin—perhaps kiss-and-run events (Verstreken et al. 2002). Studies of
the kiss-and-run events in endocrine cells, however, have demonstrated that they
are not simply the reversal of fusion and have implicated the GTPase dynamin, an
endophilin-interacting protein, in fusion pore closure (Graham et al. 2002, Holroyd
et al. 2002). Thus, the occurrence of kiss-and-run, and the mechanisms underlying
it, remain open questions. If kiss-and-run exists, it will be important to determine
the factors that prevent collapse of the vesicle into the plasma membrane. Lack of
collapse could be explained either by the presence of proteins that promote and
maintain membrane curvature on the vesicle membrane or by a molecular com-
plex that prevents fusion pore dilation, for example, a collar of dynamin and its
interacting proteins. A problem posed by SNARE-mediated fusion is the need to
dissociate SNAREs prior to endocytosis in order to avoid excessive intermixing
of v- and t-SNAREs. Yet, the speed invoked for kiss-and-run events of synap-
tic vesicles (msecs) seems incompatible with NSF-mediated SNARE complex
disassembly.
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Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis at the synapse is a specialized form of the house-
keeping process that plays a general role in the internalization of receptors and their
ligands in all cells (Kirchhausen 1993). Clathrin coats and their accessory factors
function as molecular sorters that select proteins to be internalized and provide the
driving force for membrane invagination (Schmid 1997). Their structure and puta-
tive functions have been summarized in many recent reviews (Marsh & McMahon
1999, Kirchhausen 2000, Pearse et al. 2000). Clathrin coats have two protein lay-
ers: an outer clathrin layer and an inner layer composed of clathrin adaptors. These
adaptors are a set of proteins that function as molecular linkers between the mem-
brane and the clathrin layer and that also have clathrin assembly properties. At
synapses, the main adaptors are the heterotetrameric complex AP-2 and AP180
(Zhang et al. 1998, Kirchhausen 1999, Morgan et al. 1999, Collins et al. 2002).
Other proteins, such as epsin (De Camilli et al. 2002, Ford et al. 2002), HIP/HIPR
(Engqvist-Goldstein et al. 2001), and amphiphysin (Slepnev et al. 2000) have the
expected properties of clathrin adaptors. They are, however, not enriched in purified
clathrin-coated vesicle fractions, which suggests that they are bound to vesicles
less tightly than other adaptors or that they participate in early stages of clathrin-
mediated endocytosis and are then shed as clathrin-coated vesicles mature (Slepnev
& De Camilli 2000). Major steps in clathrin coat dynamics are summarized below.

NUCLEATION OF THE COAT The bulk of clathrin-mediated endocytosis occurs
constitutively in nonneuronal cells, and constitutive clathrin-mediated membrane
recycling may also occur at a low rate in nerve terminals. Superimposed on this
house-keeping recycling, however, is a compensatory form of clathrin-mediated
endocytosis that mediates recapture of synaptic vesicle membrane after exocy-
tosis. Clathrin-coated profiles are seldom observed in resting nerve terminals
but are prominent following stimulation, revealing a large reservoir of clathrin
coat proteins (Heuser & Reese 1973). In a study of the giant lamprey axon
where clathrin-mediated endocytosis was inhibited by removal of Ca2+ after an
exocytosis-dependent depletion of synaptic vesicles, the reintroduction of Ca2+

led to a massive transient wave of clathrin-mediated endocytosis (Gad et al. 1998).
This finding demonstrates a tight correlation between coat nucleation and presence
in the plasma membrane of vesicle proteins to be internalized.

If synaptic vesicle exocytosis is the trigger for clathrin coat assembly, the vesicle
membrane must contain docking sites for clathrin adaptors. Accordingly, synap-
totagmin and tyrosine-based endocytic motif of synaptic vesicle proteins were
shown to bind cooperatively the clathrin adaptor AP-2 (Li et al. 1995, Haucke &
De Camilli 1999). Yet, binding does not occur prior to exocytosis, indicating that
exocytosis represents a critical switch in triggering clathrin coats. Clathrin adaptors
and many clathrin accessory factors share a key property: an interaction with acidic
phospholipids in general, and specifically with PI(4,5)P2 (Gaidarov & Keen 1999;
Itoh et al. 2001; Ford et al. 2001, 2002; Collins et al. 2002), a phosphoinositide
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selectively concentrated in the plasma membrane. In vitro studies and crystallo-
graphic analysis indicate that the interaction of AP-2 with PI(4,5)P2 is synergistic
with the interaction with transmembrane proteins (Haucke & De Camilli 1999,
Collins et al. 2002). Thus, the efficient recruitment of clathrin may require the
cooperation of protein docking sites in the vesicle membrane with PI(4,5)P2—a
conjunction that will occur only after exocytosis. The cytoplasmic tail of synapto-
tagmin also binds PI(4,5)P2, which raises the possibility that the incorporation of
synaptotagmin in the plasma membrane may expose a cryptic binding site for the
adaptors, thus contributing to the switch (Chapman 2002). Finally, membrane ten-
sion has been shown to regulate endocytosis in some nonneuronal cells (Raucher
& Sheetz 1999). Whether a relaxation of plasma membrane tension following ex-
ocytosis plays a role in compensatory endocytosis at the synapse remains an open
question.

Changes in protein phosphorylation may help in the coating reaction. The ac-
tivity of an AP-2-associated serine-threonine kinase (Conner & Schmid 2002) that
phosphorylatesµ adaptin and possibly other accessory factors is thought to help in
coat assembly. Conversely, the reciprocal interaction of several clathrin accessory
factors is enhanced by their Ca2+/calmodulin- and calcineurin-dependent dephos-
phorylation, which is triggered by nerve terminal depolarization when a burst of
endocytic activity is needed (Cousin & Robinson 2001, Slepnev et al. 1998). There
is evidence for the regulation of endocytosis by Ca2+ (Artalejo et al. 1996, Gad
et al. 1998). Calmodulin and calcineurin are likely to be only two of several me-
diators of this regulation.

Studies of other coat-mediated budding reactions have demonstrated a critical
role of small GTPases, such as Sar1 and Arf1, as switches that trigger coat assem-
bly (Schekman 2002). Their effects are mediated by GTP-dependent interactions
with coat proteins and, in the case of Arf, by the independent recruitment and stim-
ulation of lipid metabolizing enzymes (Cremona & De Camilli 2001). The potent
stimulatory effect of GTPγ S on coat recruitment suggests an important role of
GTPases also in endocytic clathrin coat assembly. However, no direct interactions
of small GTPases with endocytic coat proteins have been identified so far. The
effect of GTPases on endocytic coat recruitment may be indirect and mediated,
at least to some extent, by a stimulation of PI(4,5)P2 synthesis by Arf and Rho
family GTPases (Chong et al. 1994, Brown et al. 2001).

As discussed below, new synaptic vesicles may mature directly from the uncoat-
ing of clathrin-coated vesicles. Thus, clathrin-mediated budding in nerve terminals
must ensure the presence on the vesicle of all the critical intrinsic membrane com-
ponents of synaptic vesicles. Synaptic vesicle proteins may remain partially asso-
ciated after exocytosis either via the occurrence of large multiprotein complexes
or via the clustering in specific lipid microdomains. Coat proteins and their acces-
sory factors, however, are likely to play a major role in selecting all the appropriate
cargo proteins in the nascent vesicle bud.

INVAGINATION OF THE PIT It has been proposed that curved clathrin coats arise
from the restructuring of hexagonal flat lattices into icosahedral structures (Heuser
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1989). This change implies a very large number of intermolecule arrangements
of clathrin triskelia but is supported by GFP-clathrin photobleaching experiments,
indicating that clathrin triskelia do exchange with assembled lattices (Wu et al.
2001). It remains unknown, however, whether the curvature of the clathrin lattice
drives, or is the passive result, of the formation of a bud. Many recent studies
have suggested that the driving force for membrane invagination may actually be
provided by clathrin adaptors and by the clathrin accessory factors that have the
intrinsic ability to generate membrane curvature (Farsad et al. 2001, Ford et al.
2002). The rapidly expanding list of these factors, whose lipid deforming proper-
ties are supported by in vitro and in vivo studies, include dynamin, amphiphysin,
endophilin, and epsin (Hinshaw & Schmid 1995, Takei et al. 1999, Farsad et al.
2001, Ford et al. 2002). These proteins act by binding and partially penetrating
the lipid bilayer. For epsin 1, the interaction of its ENTH domain with the head of
PI(4,5)P2 results in the formation of an amphipathic helix, which may account for
bilayer penetration (Ford et al. 2002). In the case of endophilin, its role in curvature
acquisition by nascent clathrin-coated pits has been strongly suggested by ultra-
structural observations of mutant Drosophila synapses and lamprey giant axons
injected with anti-endophilin antibodies (Ringstad et al. 1999, Guichet et al. 2002).

Synaptic clathrin adaptors and clathrin accessory factors not only promote
clathrin recruitment to the membrane and invagination but also help to produce
homogeneously sized vesicles, possibly by inducing the highest possible degree of
membrane curvature (Zhang et al. 1998, Morgan et al. 1999, Takei et al. 1999, Ford
et al. 2002). There is evidence that these factors act at different stages of clathrin
coat invagination (Brodin et al. 2000). Thus, it will be of interest to elucidate their
relative contribution to the opposite curvatures of the bud dome and of its neck.

FISSION The fission of a deeply invaginated endocytic bud to generate a free
vesicle is a step mechanistically and kinetically distinct from invagination. Sev-
eral experimental manipulations produce an arrest or delay of synaptic vesicle
endocytosis at the stage of deeply invaginated bud. The first known example of
a block of endocytosis at this stage was the block observed inshibiremutants of
Drosophila (Koenig & Ikeda 1983), which harbor mutations in thedynamingene.
Subsequent studies have shown a block at a similar stage by other experimental
manipulations known to affect the function of this GTPase, such as GTPγ S, or
dynamin sequestration by the SH3 domains (Hinshaw & Schmid 1995, Koenig
& Ikeda 1983, Takei et al. 1995). These observations have conclusively linked
dynamin to fission, although its precise mechanism of action remains unclear.

Dynamin alone, or together with some of its binding partners, can oligomer-
ize into rings in vitro (Hinshaw & Schmid 1995, Takei et al. 1999, Schweitzer
& Hinshaw 1998). Dynamin-containing rings are observed at the neck of deeply
invaginated pits following a block of dynamin function (Takei et al. 1995). In
addition, dynamin rings can undergo constriction and produce a cleavage of the
underlying tubular membrane upon GTP hydrolysis in vitro. These observations
point to a role for dynamin as a GTP hydrolysis–dependent “pinchase” (Schweitzer
& Hinshaw 1998, Marks et al. 2001). Other studies, however, have suggested that
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GTP hydrolysis may not be required for the fission reaction and that, like other
GTPases, dynamin may function as a switch that recruits downstream effectors in
a GTP-dependent fashion (Sever et al. 2000). So far, no protein that binds dynamin
selectively in its GTP-bound state has been identified (other than dynamin itself).
However, many studies have demonstrated a very close link between dynamin and
actin, raising new questions both on the mechanism of action of dynamin and on
the role of actin in endocytosis. For example, nearly all interactors of the COOH-
terminal region of dynamin are proteins that directly or indirectly participate in
regulating the actin cytoskeleton; dynamin isoforms are present at sites of actin
dynamics, and dynamin mutants were shown to affect some parameters of actin
dynamics (Qualmann & Kelly 2000, Slepnev & De Camilli 2000). Observation of
clathrin-coated pit dynamics using total internal reflection microscopy has indi-
cated that, during fission, dynamin recruitment to coated pits is followed rapidly by
recruitment of actin (Merrifield et al. 2002). Finally, perturbation of actin function
at synapses disrupts the endocytic reaction with the accumulation of coated pits
with wide neck (Shupliakov et al. 2002). It remains to be seen whether these effects
are indirect or whether they reflect a direct role of actin in invagination and fission.

UNCOATING Fission of clathrin-coated vesicles is rapidly followed by clathrin
uncoating. Key players in this step are molecular chaperone Hsc70 and its cofactor
auxilin, a DNAJ protein (Schmid 1997). These proteins bind directly to clathrin and
disrupt triskelia interactions. As for the dissociation of clathrin adaptors, hydrolysis
of PI(4,5)P2 by the polyphosphoinositide phosphatase synaptojanin may play a
role. This hypothesis is supported by the synaptic vesicle exocytosis–dependent
accumulation of clathrin-coated vesicles in nerve terminals following disruption
of synaptojanin function (Cremona et al. 1999). It remains unclear why blocking
synaptojanin function also affects clathrin dissociation. Possibly, persistence of
adaptors on the membrane prevents a catastrophic loss of the clathrin coat upon
Hsc70 action. Clathrin uncoating is probably timed to occur after vesicle fission
and occurs very rapidly after endocytosis. Perhaps a hole or “scar” left where
membrane fission occurred represents a site where uncoating begins, explaining
the close coupling between fission and uncoating.

FATE OF UNCOATED VESICLES AND
BULK ENDOCYTOSIS

In the classical model of clathrin-mediated endocytosis, clathrin-coated vesicles
fuse with early endosome after uncoating and authentic synaptic vesicles bud from
endosomes. The large expansion of an endosome-like compartment visible in nerve
terminals after strong stimulation was thought to reflect this pathway (Heuser &
Reese 1973). At least some of the endosome-like structures are now thought to
result from deep invagination of the plasma membrane (Gad et al. 1998, Takei
et al. 1996), which is consistent with the occurrence in all cells of “bulk” forms
of endocytosis, including Ca2+-triggered rapid endocytosis (Artalejo et al. 1995).
Nonspecific membrane internalization by bulk endocytosis may prevent excess
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expansion of the cell surface under conditions in which clathrin-mediated endocy-
tosis becomes rate limiting. Clathrin-coated buds are present not only at the plasma
membrane but also on these endosome-like structures, which suggests a parallel
pathway for the formation of clathrin-coated synaptic vesicle precursors (Takei
et al. 1996). Styryl dye uptake and release experiments are consistent with this
possibility (Murthy & Stevens 1998). Under moderate conditions of stimulation
a same unit of dye is taken up by endocytosis and then released by exocytosis,
which argues against a sorting station where the dye would unavoidably be diluted
(Murthy & Stevens 1998). The potential role of bona fide endosomes in synaptic
vesicle recycling deserves further investigation.

POSTENDOCYTIC TRANSPORT OF VESICLES
AND RECAPTURE IN THE VESICLE CLUSTER

Newly formed vesicles are immediately acidified and translocated away from the
cell surface, probably through restricted or assisted movement rather than by free
diffusion. A region of polymerized actin that surrounds the vesicle cluster and
overlaps with the endocytic periactive zone is clearly visible at large synapses
(Dunaevsky & Connor 2000, Shupliakov et al. 2002). Further, as discussed above,
there is evidence for a role of actin in vesicle fission, raising the possibility that
actin may also propel vesicles away from the cell surface (Merrifield et al. 2002,
Shupliakov et al. 2002). Such a mechanism may involve actin tails, myosin-based
transport along actin cables, or the trapping of the vesicles in a treadmilling mesh-
work of actin that assembles at the plasma membrane. Some striking electron mi-
croscopic images obtained at lamprey reticular spinal synapses suggest that actin
cables around the synapse represent tracks for targeting endocytic vesicles back to
the vesicle cluster (Shupliakov et al. 2002). Accordingly, actin disruption drasti-
cally affects recycling at these synapses (Shupliakov et al. 2002). At hippocampal
synapses, however, the disruption of actin does not seem to have a major effect
on recycling (Li & Murthy 2001, Morales et al. 2000, Sankaranarayanan et al.
2003). These synapses may be less dependent upon actin for recycling owing to
their different structure.

Recycled vesicles are eventually recaptured by the vesicle cluster through an
unknown mechanism. Vesicles must reassociate with a variety of cytosolic factors
that are shed upon exocytosis but are needed in preparation for it. These include
synapsin, rab3, and rabphilin. It is likely that changes of both lipids and proteins
at the surface of vesicles participate in the “maturation” process leading to reclus-
tering. It is also not known at which stage newly reformed synaptic vesicles are
loaded with neurotransmitters. Transporters present in the vesicle membrane use
the electrical and chemical potential generated by the proton pump to concentrate
nonpeptide neurotransmitters inside vesicles (Reiman et al. 1998). A regulation of
the pump and of neurotransmitter transporters could contribute to control strength
of a synapse by determining the quantal size.

A surprising observation, based on the uptake of styryl dyes, is that even during
sustained stimulation only a fraction of the vesicles in the cluster participate in
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recycling (Murthy & Stevens 1999, Harata et al. 2001). A slow exchange between
the normally recycling vesicles and normally resting vesicles may induce a com-
plete mixing over longer timescales. At the frog neuromuscular junction, there is
evidence that vesicles retrieved slowly after tetanic stimulation reach a deeper pool
of vesicles from which release occurs more reluctantly (Richards et al. 2000). It is
unclear whether this functional difference within the synaptic vesicle pool reflects
an intrinsic heterogeneity of the vesicles or heterogeneity in the matrix that clusters
them. Staurosporine affects the degree of vesicle mixing, which supports a role for
phosphorylation in this regulation.

VECTORIALITY IN THE VESICLE CYCLE

An important question in synaptic vesicle recycling is what mediates the vectorial
progression of the vesicle membrane through the different stations of the cycle.
While some steps seem to be reversible (for example, docking or even an early
stage of SNARE complex zippering), other steps are clearly unidirectional. Some
first understanding of the molecular switches that underlie this vectoriality has
emerged both from studies of synapses as well as from more general studies
of intracellular membrane vesicle traffic. Vectoriality appears to be controlled at
least in part by the rab proteins, which belong to a family of small GTPases. Each
member associates with a specific set of intracellular membranes and interacts in
a GTP-dependent fashion with multiple effectors (Zerial & McBride 2001). The
effectors of a given rab act cooperatively to mediate a specific transport reaction
(Zerial & McBride 2001). In some cases, effectors include proteins that trigger the
recruitment and activation of the rab involved in the next step of transport (Ortiz
et al. 2002). Rab3 may contribute to programming synaptic vesicle for exocytosis
via its interaction with rabphilin and RIM. Conversely, rab5, which is also found
on synaptic vesicle membranes (Fischer von Mollard et al. 1994) and is a regulator
of the early endocytic pathway, may be involved in programming vesicles for
endocytosis. A sequential link between the two processes may be mediated by the
interaction of rabphilin with rabaptin 5 (Ohya et al. 1998). Rabphilin functions
both as an effector and as an activator of Rab5 and is negatively regulated by Rab3
(Ohya et al. 1998, Coppola et al. 2001). It is surprising, however, that the phenotype
of rab3 and rabphilin knockout mice is relatively mild, but their function may be
partially redundant with that of other Rab proteins on synaptic vesicles (Geppert
et al. 1994a, Schluter et al. 1999). As discussed earlier, a potential mediator of
rab3 association with membrane is Pra1, which also interacts with piccolo and
synaptobrevin/VAMP (Fenster et al. 2000). Loading of rab3 with GTP is mediated
by rab3 GEFs, GRAB/Rabin 3, and Rab3-GEF/Aex-3 (Wada et al. 1997, Iwasaki
et al. 2000, Saiardi et al. 2002,). It will be of interest to identify the upstream
regulators of these proteins.

In addition to synaptic proteins, membrane lipids, in particular phosphoinosi-
tides, may also control vectoriality. As discussed above, the selective localization
(or concentration) of PI(4,5)P2 in the plasma membrane may explain why clathrin
coating occurs only after exocytosis, whereas a synaptojanin-mediated cleavage
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of PI(4,5)P2 may act in uncoating. Synaptojanin can degrade PI(4,5)P2 to phos-
phatidylinositol. A PI4-kinase activity has been described on synaptic vesicles
(Wiedemann et al. 1998, Guo et al. 2003). Generation PI(4)P on the uncoated
vesicle could be one of the steps required for its maturation into a new synap-
tic vesicle. If so, it will be important to determine the identity of the PI4-kinase,
its regulation, and potential PI(4)P-interacting proteins. As also discussed above,
PI(4,5)P2 generation is partially under the control of Arf and Rho family GTPases
(Chong et al. 1994, Brown et al. 2001), and the activation of these GTPases is
regulated by phosphoinositides via PH domain containing GTP/GDP exchange
factors (Jackson & Casanova 2000). This complex regulatory cascade involving
lipids and proteins requires further study.

CONCLUDING REMARKS

The basic mechanisms in vesicle mobilization, docking, priming, exocytosis, and
endocytosis probably involve a minimum set of core proteins, but they are then
regulated by a complex array of accessory elements, including kinases and phos-
phatases. As we begin to better understand the different steps in the vesicle cycle,
investigation into short-term and long-term regulation of these steps will increas-
ingly move to center stage. Synaptic modification is thought to underlie many
forms of learning and experience-dependent plasticity. Although much of current
work on synaptic plasticity is focused on changes in postsynaptic function (Sheng
& Kim 2002), it is likely that regulation of presynaptic structure and function
contributes to the adaptation of neural networks. Conversely, there is now evi-
dence for vesicle recycling in the postsynaptic side of the synapse, where vesicle
trafficking participates in receptor regulation and therefore in synaptic plasticity.
Perhaps this serves to remind us that the synapse is a bicellular unit, and its struc-
tural and functional polarity may have evolved from the fundamentally symmetric
characteristics of most intercellular junctions.
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