Traffic 2007, 8: 1129-1136
Blackwell Munksgaard

Review

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

doi: 10.1111/5.1600-0854.2007.00595.x

Clathrin-Mediated Endocytosis at Synapses

Nadja Jung and Volker Haucke*

Department of Membrane Biochemistry, Institute of
Chemistry & Biochemistry, Freie Universitét Berlin,
Takustral3e 6, 14195 Berlin, Germany
*Corresponding author: Voolker Haucke,
v.haucke@biochemie.fu-berlin.de

Neurons are communication specialists that convert
electrical into chemical signals at specialized cell-cell
junctions termed synapses. Arrival of an action potential
triggers calcium-regulated exocytosis of neurotransmit-
ter (NT) from small synaptic vesicles (SVs), which then
diffuses across the synaptic cleft and binds to postsyn-
aptic receptors to elicit specific changes within the post-
synaptic cell. Endocytosis of pre- and postsynaptic
membrane proteins including SV components and post-
synaptic NT receptors is essential for the proper func-
tioning of the synapse. During the past several years, we
have witnessed enormous progress in our understanding
of the mechanics of clathrin-mediated endocytosis (CME)
and its role in regulating exo-endocytic vesicle cycling at
synapses. Here we summarize the molecular machinery
used for recognition of synaptic membrane protein cargo
and its clathrin-dependent internalization, and describe
the inventory of tools that can be used to monitor vesicle
cycling at synapses or to inhibit CME in a stage-specific
manner.
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Clathrin-mediated endocytosis (CME) is a ubiquitous pro-
cess operating in all cell types that provides a pathway for
internalization of extracellular hormones and signaling
factors, and of transmembrane receptors involved in
nutrition uptake or transduction of extracellular signals to
intracellular targets (1). One of the major neuronal func-
tions for CME is synaptic vesicle (SV) recycling within the
presynaptic compartment. It is estimated that ~90% of all
clathrin-coated vesicles (CCVs) in neurons are involved in
SV retrieval (2). Clathrin-mediated endocytosis also regu-
lates the activity-dependent exo-endocytic trafficking of
postsynaptic receptors, thus allowing for the fine-tuning
of signal strength during neurotransmission and plasticity-
associated changes thereof (3), uptake of neurotrophins in
the presynapse, and sculpting of synaptic structure (4).

We will describe first the role of CME in recycling of
presynaptic vesicles and in regulating the number of
surface-active neurotransmitter (NT) receptors. Then, we
will elaborate on the molecular mechanisms by which
clathrin-associated adaptor proteins recognize and inter-
nalize synaptic cargo destined for endocytosis. Based on
these insights, an arsenal of molecular weapons has been
used to monitor clathrin-dependent vesicle cycling at
synapses or to arrest CME at morphologically and physio-
logically discernible stages.

Pathways of Synaptic Vesicle Recycling:
The Tortoise and the Hare?

To sustain high-frequency NT release and to prevent
expansion of the presynaptic plasmalemma, SVs must
undergo local endocytic recycling within the nerve termi-
nal. An important role for CME in the SV recycling pathway
was first suggested more than 30 years ago on the basis of
electron microscopic studies at the frog neuromuscular
junction. Heuser and Reese (5) showed that SV recycling
at the periactive zone coincides with the appearance of
cisternae and clathrin-coated pits (CCPs), presumably
reflecting the internalization of previously exocytosed SV
membranes from the plasmalemma. A plethora of genetic,
morphological, physiological and biochemical studies since
have underscored the importance of CME in SV retrieval
(discussed in detail below). Whether under certain, per-
haps mild stimulation conditions SVs may recycle by
means of an alternative, so-called kiss-and-run pathway
of fast retrieval, first suggested by Ceccarelli et al. (6),
remains a matter of controversial debates. According to
the ‘kiss-and-run’ mechanism, vesicles only fuse tran-
siently and incompletely with the plasma membrane by
means of a narrow fusion pore and are then retrieved
almost instantaneously as intact entities from the active
zone [reviewed in Harata et al. (7)]. SV endocytosis has
been observed to follow two kinetically separable com-
ponents (7): a fast and a slow component. Whether these
correspond to molecularly different mechanisms of SV
retrieval, i.e. CME and kiss-and-run cycling, or reflect
depletion of rate-limiting components of a single pathway
remains uncertain.

Clathrin-mediated endocytosis of SV membranes can occur
directly from the plasma membrane of the periactive
zone or by bulk endocytosis of large membrane infoldings
from which CCVs bud (8,9). Additional sorting steps may in-
volve early endosomal intermediates (10,11). The vesicular
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transporters for glutamate [vesicular glutamate receptor 1
(VGLUTN)I(12) and GABA (VGAT1) (13) have been observed
to at least in part recycle by means of an endosomal
pathway involving the neuronal isoform of the AP3
adaptor complex (AP3B) but not clathrin itself. So far it is
unclear whether a fraction of SVs under certain conditions
follows an endosomal AP3B pathway or whether AP3B-
dependent sorting is required as a ‘proofreading’ mecha-
nism to retrieve escaped SV proteins such as vesicular
NT transporters.

Clathrin-Mediated Endocytosis is a Major
Pathway of SV Recycling

Clathrin-mediated endocytosis presumably represents the
major pathway for compensatory endocytosis and retrieval
of SV membranes following their complete fusion with the
presynaptic plasmalemma during exocytosis. Over the
years, we have witnessed the identification and character-
ization of a number of adaptor and accessory proteins that
cooperate with clathrin in deforming the membrane,
assembling the clathrin scaffold, or assisting dynamin—
GTPase-mediated CCV fission. Many of these proteins
are enriched at synapses, some as neuron-specific iso-
forms. Deletion of clathrin adaptor (14,15), accessory

proteins (16,17) or enzymes involved in regulating the
phosphorylation state of phosphoinositides (18), essential
cofactors in CME, severely reduce the ability of neurons to
functionally recycle SVs in a variety of model organisms. A
similar impairment of SV cycling that correlates with the
accumulation of morphologically distinct endocytic inter-
mediates is seen after perturbation of the clathrin-based
endocytic protein interaction network following application
of dominant interfering peptides or specific antibodies at
the giant synapses of squid and lamprey (8). A complete
block of SV endocytosis was also observed in recent
experiments in central nervous system synapses based
on overexpression of a dominant-negative clathrin/AP2-
binding fragment of the neuronal clathrin adaptor AP180,
RNAi-mediated clathrin knock down (19) or acute chemical
inhibition of dynamin—-GTP-mediated vesicle fission (20)
(see also Figure 1B). A major role for CME in SV recycling
is also supported by proteomic analysis of CCVs isolated
from synaptic terminals (21).

In agreement with these molecular studies, SV proteins
exocytosed and subsequently retrieved by endocytosis
are nonidentical (22,23), suggesting that SV recycling
involves complete fusion followed by an endocytic sorting
process, presumably requiring the activity of adaptor
proteins.
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Figure 1: Stage-specific inhibition of CME. (A) Stages of CME. CME is initiated by the recruitment of AP2 and perhaps other adaptors to
PIP, and cargo-enriched membrane sites (stage 1). Clathrin lattice assembly and concomitant membrane bending by accessory factors
(stage 2) prepares the nascent vesicle for dynamin-mediated fission (stage 3). Finally, CCVs undergo uncoating (stage 4) and are trafficked
to downstream endosomes. (B) Select inhibitors of CME. RNAi-mediated depletion of AP2 and clathrin or dominant-negative AP2- or
clathrin-binding peptides or protein fragments can be used to inhibit early stages of CCP formation (stages 1 and 2). lll-characterized drugs
such as chlorpromazine or high sucrose may yield similar effects, albeit of uncertain specificity. SH3 domains or dynamin-derived proline-
rich (PRD) peptides as well as inactive dynamin mutants interfere with CCV fission (stage 3). Acute inhibition of dynamin-mediated fission
can also be achieved by application of the small molecule inhibitor dynasore. Perturbation of the actin cytoskeleton (i.e. by drugs such as
latrunculin B or jasplakinolide) affects late stages of trafficking such as returning presynaptic endocytic vesicles back to the SV cluster

(stage 4).
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Calming Down the Excitement: CME and
Its Role in Regulating the Number of
Surface-Active Postsynaptic Receptors

Over the past few years, it has become clear that the
strength of synaptic connections, in particular with respect
to postsynaptic responses, is subject to plastic changes.
At excitatory synapses, activation of glutamate receptors,
such as AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid)-type glutamate-gated ion channels, pro-
vides the primary depolarization in excitatory neurotrans-
mission. AMPA receptors, heterotetramers composed of
related GluR1-4 subunits, undergo constitutive as well
as stimulation-dependent internalization through CME (3)
and this correlates physiologically with activity-dependent
long-term depression (LTD). Conversely, during long-term
potentiation, a cellular model for learning and memory, an
increase in the number of functional cell-surface-exposed
AMPA receptors at the postsynaptic membrane is ob-
served (3,24). This observation is consistent with the
predominant localization of endocytic proteins including
clathrin, AP2 and dynamin lateral to the postsynaptic
density (25). The exact molecular mechanisms of the con-
stitutive and regulated pathways for AMPA receptor inter-
nalization are not yet completely understood. Although all
pathways are dependent on the GTPase dynamin and its
SH3-domain-containing binding partners, they seem to be
spatially segregated and differentially influenced by protein
kinases, phosphatases and calcium ions (3,24). Activated
AMPA receptors colocalize with the clathrin adaptor com-
plex AP2 and the accessory protein eps15 in CCPs. Direct
binding of the basic stretch within the cytoplasmic tail
of the AMPA receptor subunits GIuR2 and GIuR3 to the
p-subunit of AP2 (26) (discussed in detail below) is required
for NMDA (N-methyl D-aspartate)-induced AMPA receptor
endocytosis (27). Additional factors, such as the AMPA re-
ceptor auxiliary subunits TARPs (28), the activity-regulated
gene product Arc/Arg3.1 (29) and the BAR-domain-
containing protein PICK1 (30), may exhibit further modula-
tory functions in controlling CME of AMPA receptors. In
nematodes, GIuR is subject to multiubiquitination, which
may target glutamate receptors for CME and late endo-
somal/lysosomal degradation (31). Similar endocytic mech-
anisms may operate in the case of GABAA (g-aminobutyric
acid type A) receptors at inhibitory synapses, where
phosphoregulation controls the association of receptors
with the clathrin adaptor complex AP2 (32).

Fences, Garrottes and Mr Tickle: The
Molecular Machinery of CME in Neurons

We will now turn to the molecular machinery involved in
CME of pre- and postsynaptic proteins. The clathrin
machinery required for compensatory endocytosis at the
synapse is very similar to that used for constitutive or
ligand-stimulated endocytosis in other cell types (1,9).
From a somewhat simplified perspective, the process of
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CME can be divided into several steps: (i) clathrin coat
nucleation and assembly, (i) CCP maturation, (i) CCV
fission and (iv) uncoating (Figure 1A). These morphologi-
cally distinguishable steps presumably represent meta-
stable intermediates of a complex process whose
spatiotemporal dynamics are controlled by a network of
protein—protein and protein-lipid interactions. This clathrin-
based endocytic network is organized around a limited
number of factors central to the pathway that show an
unusually high number of binding partners. These include
clathrin itself, the heterotetrameric AP2 adaptor complex
and the membrane lipid phosphatidylinositol 4,5-bisphos-
phate (PIP,), which recruits AP2 and some of its accessory
protein binding partners to the plasmalemma (18,33). The
structure of AP2 has been solved by X-ray crystallography.
It is comprised of a compact solenoid core that is attached
by means of long flexible arms to two globular appendage
domains that may grasp accessory proteins from the
cytosol for transient coassembly, reminiscent to the
appearance of Mr Tickle (a popular figure from animated
cartoons in the UK; see http://www.mrsneeze.com/
mrmen/meetmrmen.html for further information) (34).
Spatiotemporal control is achieved as the network pro-
gresses from a largely AP2-adaptor-based assembly pro-
cess to one that is driven by polymerization of the clathrin
scaffold into a lattice comprised of a mixed hexa-/pentag-
onal array of assembled clathrin triskelia (35). The clathrin
lattice appears to act as a molecular fence that serves to
organize and concentrate endocytic proteins and lipids
into a two-dimensional interaction network. Along this
pathway, AP2 and other alternative adaptors, also
referred to as CLASPs (for clathrin-associated sorting
proteins), sort and concentrate cargo prior to or concomi-
tant with the progressive deformation of the membrane
by curvature-inducing accessory proteins such as epsin,
amphiphysin and others (36,37). Recruitment and assem-
bly of dynamin by means of SH3-domain-containing fac-
tors including amphiphysin, endophilin, intersectin and
syndapin to the neck of the forming vesicle finally leads
to CCV fission. Vesicle scission critically depends on the
ability of dynamin ring-like polymers to constrict upon GTP
hydrolysis, similar to a ‘garrotte’. This activity may be
paired in vivo with actin-dependent creation of longitudinal
tension along the neck of CCVs [see Roux et al. (38) and
references therein].

Although the basic mechanism of CME is similar in
neuronal and nonneuronal cells, a number of differences
have been noted. Clathrin-mediated endocytosis within
the presynaptic compartment appears to depend on
intracellular calcium levels (39), perhaps reflecting the
close coupling between calcium-triggered SV fusion and
endocytosis. Clathrin-coated vesicles isolated from syn-
apses show a very narrow size distribution peaking at
about 70-75 nm with a coat comprising 12 clathrin
pentagons and about 24 hexagons (40), consistent with
a primary role for CME in direct recycling of SVs within
the nerve terminal. How such a precise control of CCV
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Figure 2: Molecular mechanisms of cargo sorting during
CME at synapses. (A) Recognition of D/ExxxL[LI]-type motifs
within vesicular NT transporters (VMAT2, VAChT, VGLUT1) by
AP2a/c. (B) Presynaptic cycling of VGLUT1 is affected by interac-
tion of a proline-rich peptide within its cytoplasmic tail with the
SH3 domain of the BAR-containing accessory protein endophilin.
This mechanism acts in conjunction with D/ExxxL[LI]-type motif
recognition as in (A). (C) AMPA receptors undergo endoctyosis at
the postsynaptic side by interacting by means of a basic motif
within its cytoplasmic tail with AP2p. (D) The SV calcium-sensing
protein synaptotagmin is sorted by the specialized endocytic AP2-
binding adaptor stonin 2, which by means of its p-homology
domain (wHD) recognizes basic determinants in its C2 domains.

size is achieved is uncertain, but mutant studies have
suggested that the accessory protein AP180 might be
involved (8). Given that sustained neurotransmission
relies on effective SV endocytosis, the time scale for
CME at the presynapse has to function in the order of
seconds (9). The fast kinetics of CME may relate to the
presence of a number of neuron-specific splice variants or
isoforms of proteins participating in CME in the brain.
These include neuronal splice variants of clathrin light
chains and AP2«a, as well as neuron-specific isogenes
encoding the accessory proteins AP180 (a homolog of
ubiquitously expressed clathrin assembly lymphoid mye-
loid leukemia protein), endophilin 1, amphiphysin 1, inter-
sectin 1-I, NECAP 1, dynamin 1 [further discussed below
(41)] and auxilin 1 (42).

Mr Tickle and Family: Adaptable Adaptors
for Cargo Recognition

As clathrin does not bind to lipid bilayers or cargo proteins
itself, CCV formation requires the participation of adaptor
proteins linking clathrin with membranes and internalizing
cargo. More than a dozen clathrin adaptors have been
identified, all sharing a common design principle (43).
These are composed of structurally compact folded
domains with which they bind to proteins or phospholi-
pids, and unstructured linkers that associate with the B-
propeller terminal domain of clathrin heavy chain and/or
AP2. Adaptor proteins sort membrane cargo by recogniz-
ing short-peptide motifs within their cytoplasmic domains
(43). Yxx@-type tyrosine-based signals (where @ denotes
a large hydrophobic residue) perhaps represent the most
common type of endocytic motif and are recognized
directly by the C-terminal domain of AP2u following
a phosphorylation and PIP,-induced conformational
change within the complex (44). Internalization of Yxxe-
motif-containing cargo is sensitive to RNAi-mediated
depletion of AP2 or clathrin- or peptide-mediated seques-
tration of these components (Figure 1B, stages 1 and 2).
Another major class of internalization signals are acidic
cluster dileucine motifs. Recent data indicate that these
motifs directly associate with AP2 by means of an inter-
face between its a and o2 subunits (45). D/ExxxL[LI]-type
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endocytic signals have been identified in the vesicular
transporters for monamines, acetylcholine and glutamate
(VGLUTT, further discussed below) (12,46,47) (Figure 2A);
synaptobrevin 2; and GABA, receptor-2 (48). Apart from
these and a few other examples, Yxx@ or D/ExxxL[LI]
motifs appear to be absent from most other presynaptic
vesicle proteins or postsynaptic ion channels. One possi-
ble interpretation could be that nonconventional, perhaps
synapse-specific, recognition mechanisms are being used,
which may reflect the necessity to sort SV proteins or
postsynaptic NT transporters away from other constitu-
tively internalized cargo. One such mechanism has
recently been described for VGLUT1. Vesicular glutamate
receptor 1 associates by means of a proline-rich sequence
in its cytoplasmic tail with the accessory protein endophilin
that directs the transporter toward an AP2- and D/
ExxxL[LIl-motif-dependent fast recycling pathway (12)
(Figure 2B).

Alternative endocytosis and AP2-binding signals have also
been identified in postsynaptic AMPA-type glutamate and
GABA, receptors. Atypical basic motifs within the cyto-
plasmic domains of AMPA receptor subunits GluR2 and
3 (Figure 2C) as well as in GABA, receptor B3 and v2
subunits associate with a site within AP2p distinct from
that involved in recognition of conventional Yxxg-motif-
containing cargo (26,32). In the case of GABA receptor-83,
interaction with AP2 and corresponding surface receptor
removal are subject to phosphoregulation (32). Moreover,
phosphoinositides appear to compete with receptor cyto-
plasmic domains for AP2u association, thus providing
additional means for modulation, perhaps uncoupling of
CME of postsynaptic ion channels from constitutive inter-
nalization processes. A similar atypical AP2-binding site is
found within the cytoplasmic C2 domains of synaptotag-
min family members (49), important regulators of calcium-
triggered exo- and endocytosis (50). Converging genetic
(51-53) and biochemical studies (49) support a role for
synaptotagmin in coupling SV fusion and retrieval. Proteo-
mics data indicate that SVs indeed comprise a very distinct
set of proteins present in defined molecular stoichiome-
tries that need to be maintained during repetitive rounds of
recycling (54). How this is accomplished at the molecular
level is not understood, but direct interactions between
synaptotagmin and AP2 as well as with stonin 2, a spe-
cialized endocytic sorting adaptor dedicated to SV retrieval,
are likely to be involved (55). Mechanistically, stonin 2
appears to couple synaptotagmin 1 to the clathrin machin-
ery by direct interactions with AP2 (Figure 2D) and other
endocytic proteins including eps15, thereby facilitating
retrieval of surface-stranded synaptotagmin molecules.
Whether all SV proteins indeed must contain their own
endocytosis and/or sorting signal remains an open ques-
tion. Recent high-resolution imaging data suggest that SV
components could remain clustered (56) or undergo rapid
reclustering (22) during their exo-endocytic itinerary, per-
haps through diffusional control involving cholesterol-
enriched microdomains (57).
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The Many Little Helpers: Accessory Factors
in CME

Accessory proteins can be assigned to the following
functional classes: (i) CLASPs involved in cargo selection
and coat initiation (discussed above); (i) factors regulating
coat maturation and membrane invagination, and proteins
regulating; (iii) CCV scission; and (iv) uncoating (Figure 1A).
Among these are regulatory enzymes, such as GTPases
(Arf6, dynamin), lipid and protein kinases (phosphatidylino-
sitol 4-phosphate 5-kinase PIPKly, adaptor-associated
kinase AAK1), phosphatases (synaptojanin 1, calcineurin),
membrane-bending accessory proteins (amphiphysins,
endophilin, epsins), actin-associated factors (eps15, syn-
dapin, intersectin), and proteins involved in vesicle scission
(dynamin) and uncoating (auxilin, synaptojanin, hsc70) (42).
In general, most of these factors show a modular character
with one or more folded domains linked to a natively
unfolded region harboring peptide motifs that target the
protein to the endocytic network (35,42) centered around
clathrin, AP2 and PIP, as major hubs. Structural studies
have identified distinct sites within the appendage do-
mains of AP2a and B2 that serve as platforms for
recruitment of accessory proteins harboring FxDxF,
DPIFWI, WXXIFWIXIDE], [FLIXxGFxDF or [ED]IxxFxx[FL]
xxxR motifs (35,68). Likewise, at least two types of
clathrin-binding motifs have been identified that associate
with the B-propeller terminal domain of its heavy chains
(42). Peptides or protein fragments showing one or more
of these motifs have been used as dominant-negative
inhibitors to interfere with early steps in CCP formation
(Figure 1B, stages 1 and 2).

Membrane deformation is thought to be a team effort
between accessory proteins that are able to insert amphi-
pathic helices into one leaflet of the lipid bilayer (36,37) and
scaffolding proteins that stabilize curved membrane do-
mains, most notably clathrin itself (59). Membrane-bending
proteins include the large family of BAR-domain-containing
proteins (i.e. amphiphysin, endophilin, syndapin/pacsin,
Toca) and ENTH-domain-containing proteins such as epsin
(36,37). Amphiphysin, endophilin and syndapin also con-
tain SH3 domains, which by associating with distinct
proline-rich peptides aid in recruiting dynamin to the neck
of the forming vesicle, thereby coupling membrane defor-
mation to CCV fission (as discussed earlier in this review).
Acute chemical (20) or dominant-negative inhibition of
dynamin function by SH3 domains, dynamin-derived
proline-rich peptides or GTPase-deficient dynamin mutants
(Figure 1B, stage 3) results in a complete block of com-
pensatory SV recycling and an increase in the number of
surface-active postsynaptic NT receptors (32). Surpris-
ingly, it appears that the brain-specific isoform dynamin 1
is selectively required for the activity-dependent retrieval
of SVs during phases of increased calcium influx into the
nerve terminal, suggesting a mechanism to plastically
adapt CME to high neuronal activity (41).
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Fine-Tuning: Regulation of CME

A number of regulatory mechanisms have been described
that contribute to adapting CME to the specific physio-
logical requirements of fast chemical neurotransmission.
These include a regulated cycle of phosphoinositide
turnover nested into the exo-endocytic cycling of SVs
[reviewed in Di Paolo and De Camilli (18)] and the cal-
cium-dependent dephosphorylation of a subset of endo-
cytic proteins, termed dephosphins by calcineurin. Among
the dephosphins are dynamin 1, amphiphysin, AP180,
synaptojanin, epsin and eps15. The calcium-dependent
activation of clathrin endocytic proteins allows for the
coupling of SV exocytosis with retrieval. Conversely,
Cdkb-mediated phosphorylation of dynamin has been
shown to inhibit its interaction with the SH3-domain-
containing F-BAR protein syndapin, thereby downregulat-
ing the efficiency of SV retrieval (60). These data identify an
activity-dependent cycle of protein phosphorylation—
dephosphorylation that regulates SV internalization. Similar
mechanisms operate within the postsynaptic compart-
ment where calcium influx through activated NMDA
receptors regulates the number of surface AMPA recept-
ors during cellular models of LTD (3,24).

A regulatory role analogous to phosphorylation might
be exerted by the activity-dependent control of protein
ubiquitination at synapses (61). The mechanisms are still
somewhat unclear but may involve the direct ubiquitina-
tion of internalizing cargo membrane proteins (31) or their
associated ligands (62) and their recognition by ubiquitin-
interacting motif-containing endocytic accessory proteins.

Through the Looking Glass: Tools to Study
CME Endocytosis at Synapses

Clathrin-mediated endocytosis at synapses is a fast pro-
cess that in the case of the presynaptic compartment
occurs on a time scale of seconds. Moreover, synapses in
most experimental model systems are relatively small
structures, often requiring spatial resolution beyond the
limits of conventional light microscopy. Thus, historically,
electron microscopy has played an important role in
delineating endocytic pathways at synapses. The recent
advent of fluorescent proteins with new optical or molecu-
lar properties combined with novel imaging technologies
have allowed unprecedented insights into synaptic CME
at work. Most importantly, among these are pHluorins,
fusion proteins between a pH-sensitive ecliptic green
fluorescent protein moiety and a synaptic cargo of interest.
PHluorin fluorescence is quenched at acidic endosomal
pH, thus allowing investigators to follow exo-endocytic
vesicle trafficking in real time. This technology has been
successfully used to tag SV proteins including synapto-
brevin 2 (synaptopHluorin), synaptophysin (syPhy) (19),
synaptotagmin 1 (sytpHluorin) (22), the VGLUT1 (12), as
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well as postsynaptic GABAA- and AMPA-type glutamate
receptors (54). Amphiphilic fluorescent FM dyes have
often been used in conjunction with pHluorins, i.e. to
determine cycling SV pool sizes as well as kinetic data.
Live-cell fluorescent imaging may be also combined with
new technologies to improve spatial resolution such as
stimulated emission depletion microscopy (55), providing
nanoscale pictures of the synaptic trafficking world.

The detailed structural insights into the architecture of the
clathrin-based endocytic machinery described above have
provided us with a growing arsenal of molecular weapons
to study the role of CME in synaptic physiology. Among
the approaches most successfully used has been the
microinjection of dominant-interfering peptides or protein
domains targeting distinct stages in CME into giant
synapses of lamprey (8) or squid. Some of these tools
and their stage-specific modes of action are summarized in
Figure 1B. Dominant-interfering approaches have also
been applied in combination with capacitance measure-
ments or pHIuorin-based live-cell imaging in goldfish retinal
bipolar terminals or small central synapses, respectively
(19).

Virtually, instantaneous perturbation of target proteins has
been achieved by small molecule inhibitors or acute photo-
inactivation. Many early studies had relied on the use of
somewhat non-specific inhibitors of CME such as high
sucrose or chlorpromazine. The advent of high-throughput
chemical biology screening platforms has provided us with
a novel acute chemical inhibitor of dynamin, termed
dynasore, as the latest addition to the pharmacological
tool box (63) (Figure 1B, stage 3). When applied to
hippocampal synapses, dynasore reversibly blocks SV
retrieval, confirming an essential role for dynamin in this
process (20). It should be noted that dynamin is known to
also act in clathrin-independent internalization pathways
and thus dynasore effects should not be taken as a sole
criterion for the involvement of CME in a given physio-
logical process. Fluorescence-assisted light inactivation
(FIAsH-FALI) has been suggested as an alternative, gen-
etically directed approach for immediate perturbation of
synaptic target proteins by light-induced generation of free
radicals. For example, an essential role for synaptotagmin
1in SV retrieval in Drosophila has been inferred from FIAsH-
FALI studies using a variant tagged with a tetracysteine
motif that allows for binding of the membrane-permeable
fluorescein derivative 4/,5'-bis(1,3,2-dithioarsolan-2-yl)-
fluorescein (FIAsH) (52) (Figure 1B, stage 1). Whether this
tool is generally applicable to inactivate a protein of interest
in vivo remains to be determined.

Outlook

More than 30 years of research on the mechanism of CME
in general and at synapses in particular have provided us
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with a detailed molecular framework of the clathrin-based
endocytic machinery. The molecular players of the endo-
cytic network are largely known, whereas the details of its
spatiotemporal regulation may need an additional decade
of intense studies. We still know surprisingly little about
the mechanisms that ensure the correct stoichiometry of
SV proteins (64) and how the endocytic process within the
periactive zone is coupled to the exocytic fusion process.
We know that calcium levels and calcium-sensing pro-
teins, such as synaptotagmin, play important roles in this
regard. However, we do not understand the actual trigger
of endocytosis nor the temporal sequence of events in
detail.

Cargo-specific internalization pathways are likely to act at
both sides of the synapse, but their molecular details have
remained largely obscure. How these pathways are coup-
led to downstream endosomal sorting events and how this
relates to various signaling inputs are additional questions
that will need and presumably get answers in the near
future.
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