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Introduction
Endocytosis is essential for the maintenance of synaptic transmission because it recycles and thus prevents complete depletion of
synaptic vesicles in the nerve terminal. The goal of understanding
synaptic vesicle recycling mechanisms was launched in earnest in
1973 when John Heuser and Tom Reese published their landmark electron microscope images of synaptic terminals of the
frog neuromuscular junction (NMJ) (Heuser and Reese, 1973)
back-to-back with those of the group of Bruno Ceccarelli (Ceccarelli et al., 1973). Soon after these publications, however, a
debate arose regarding this issue, which was summed up by John
Heuser in a later review article (Heuser, 1989a):“Two schools of
thought have developed, one holding that vesicles acquire tracers
directly via a reversible exo/endocytotic sequence in which they
consistently maintain their biochemical identity during their
transient continuity with the plasma membrane, the other holding that synaptic vesicles acquire tracers indirectly, via the formation of clathrin-coated vesicles which are spatially and temporally
separate from exocytosis and reverse a temporary loss of the vesicles’ individual identity upon merger with the plasma membrane.” In total, at least three forms of endocytosis have been
hypothesized to operate at synapses (Fig. 1). As indicated above,
in the best characterized form, a full collapse of vesicle occurs
with the plasma membrane during exocytosis, followed by
clathrin-mediated invagination and fission during endocytosis
(Heuser and Reese, 1973; Heuser, 1989b). This form is called full
collapse fusion and retrieval. “Kiss-and-run” exocytosis and endocytosis involves fusion followed rapidly by fission without full
collapse of vesicle membrane (Ceccarelli et al., 1973; Fesce et al.,
1994). The original tracer experiments of Heuser and Reese also
revealed that, after heavy stimulation, an endosome-like intracellular structure transiently appears, from which vesicles bud off
(Heuser and Reese, 1973). Endosome-like structures are likely
the result of bulk endocytosis, retrieval of a large piece of membrane directly from the plasma membrane (Koenig and Ikeda,
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1989, 1996; Takei et al., 1996; Teng and Wilkinson, 2000; Richards et al., 2000; Holt et al., 2003; Wu and Wu, 2007).
Among these three forms of endocytosis, kiss-and-run fusion
and retrieval might provide two advantages over other forms of
fusion and retrieval. First, in principle it could allow for rapid and
economical vesicle recycling. Second, its narrow fusion pore
could limit the rate of transmitter discharge out of the vesicle,
resulting in a slower and smaller quantal response (Klyachko and
Jackson, 2002; He et al., 2006). Switching between kiss-and-run
and full collapse fusion has been proposed as a mechanism to
regulate synaptic strength (Choi et al., 2000). Because of these
potentially important physiological roles, kiss-and-run has been
intensively studied with imaging and electrophysiological techniques in the past decade. However, at most synapses studied, it
remains controversial as to whether kiss-and-run is a major form
of endocytosis or whether it even exists. This is primarily because
rapid fusion pore opening and closure are experimentally difficult to record directly. Consequently, the relative contribution of
three forms of endocytosis in various physiological conditions
remains unsettled. Here we review the modes of endocytosis,
their underlying mechanisms, and relative contributions in three
different types of synapses, including ribbon synapses of sensory
neurons, calyx-type synapses, and small central synapses. The
majority of materials discussed here will be presented as a symposium entitled The Debate on the Kiss-and-Run Mode of Fusion
at Synapses at the 37th Annual Meeting for the Society of
Neuroscience.
The electrophysiological and imaging techniques often are capable of monitoring the key feature of endocytosis, the time
course of the membrane, or the vesicle protein uptake. One of the
hypothetical differences between full collapse and kiss-and-run
mode of fusion and retrieval is the rate of endocytosis. It is traditionally thought that kiss-and-run is rapid, whereas full collapse
retrieval is slow. Consequently, rapid and slow endocytosis were
interpreted as kiss-and-run and full collapse fusion, respectively.
Recent studies raise the possibility that rapid endocytosis might
also follow full collapse fusion (see the next section). Evidence in
addition to the endocytosis time course is therefore needed to
distinguish between kiss-and-run or full collapse fusion and retrieval. Because a large number of previous studies deal with the
rate of endocytosis, we will discuss how the rate of endocytosis is
regulated in a large part of our review. We will then discuss how
we interpret these data in respect to the modes of endocytosis.
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Figure 1. Three forms of endocytosis. A, Full collapse fusion and retrieval. B, Kiss-and-run
fusion and retrieval. C, Bulk endocytosis.

Ribbon synapses of sensory neurons
Uncertainties about the properties of endocytosis at the synapse
are attributable, at least in part, to the difficulties associated with
measuring this process. One of the most direct approaches is the
capacitance technique, which allows changes in membrane surface area to be recorded in real time, but this method cannot be
applied to most synapses because of their small size (Penner and
Neher, 1989). The solution to this problem is to use a neuron with
a very large synaptic terminal, and a very useful example is found
in the retina of goldfish, the depolarizing bipolar cell (von Gersdorff and Matthews, 1994a). This neuron can be isolated and
attached to a glass coverslip, which also allows the synaptic vesicle
cycle to be studied using a variety of imaging techniques, including wide-field fluorescence microscopy (Lagnado et al., 1996),
total internal reflection fluorescence microscopy (TIRFM) (Zenisek et al., 2000), and interference reflection microscopy (IRM)
(Llobet et al., 2003).
In most neurons, exocytosis is triggered by an action potential
lasting a few milliseconds or less, but retinal photoreceptors and
bipolar cells have “ribbon” synapses with unique features: as well
as releasing neurotransmitter with extraordinary voltage sensitivity and speed, they support a continuous cycle of exocytosis and
endocytosis that is modulated by “graded” changes in membrane
potential (Lagnado et al., 1996; Rieke and Schwartz, 1996; Rea et
al., 2004). High rates of continuous exocytosis are associated with
a unique structure at the active zone, the “ribbon,” to which
vesicles attach by short filaments (Lenzi and von Gersdorff,
2001). Ribbon synapses also occur in hair cells of the ear and
therefore transmit everything that we can see and hear.
The large size of bipolar cell terminals is related to their physiology: a large reservoir of vesicles allows high rates of exocytosis
to be supported over prolonged periods (Lagnado et al., 1996).
The replenishment of this reservoir requires that synaptic vesicles
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are efficiently retrieved from the cell surface, and at least three
mechanisms can be distinguished: fast and slow endocytosis into
small vesicles and bulk retrieval of larger chunks of membrane
(summarized in Table 1).
Fast and slow modes of endocytosis
von Gersdorff and Matthews (1994a) were the first to directly
demonstrate the speed of vesicle retrieval at the synapse. After a
brief stimulus that released vesicles docked at the active zone, all
the excess membrane was retrieved with a time constant of ⬃1 s.
Neves and Lagnado (1999) then found that longer stimulation
also causing release of vesicles from the reserve pool was followed
by membrane retrieval occurring in two phases: fast endocytosis
was followed by retrieval with a time constant of 10 s or more
(Fig. 2). As more vesicles are released, increasing the proportion
of the excess membrane is retrieved by slow endocytosis and the
remainder by fast, but the rate constant of these processes does
not alter. This last observation is notable because it indicates that
endocytosis is modulated by changes in the route of retrieval
rather than changes in the rate of a single process. The idea that
fast and slow endocytosis in bipolar cell terminals are mechanistically distinct is also supported by the observation that slow
retrieval is selectively inhibited by raising the hydrostatic pressure
inside the terminal (Heidelberger et al., 2002), whereas fast retrieval is inhibited by raising the chloride concentration (Hull
and von Gersdorff, 2004).
Modulation by calcium
Fast and slow modes of endocytosis can also be distinguished by
their dependence on Ca 2⫹. Limiting the spread of Ca 2⫹ from the
active zone by introducing calcium chelators causes a proportion
of vesicles released by a brief stimulus to be retrieved by slow
endocytosis rather than fast (Neves et al., 2001). Variations in the
amplitude of the Ca 2⫹ current also have the effect of altering the
proportion of membrane retrieved by fast and slow mechanisms,
again without modulating the intrinsic rate of these processes. It
therefore seems that the Ca 2⫹ microdomain triggering fast exocytosis is one of the signals that select vesicles for the fast route of
retrieval. Vesicles that are not recycled by this mechanism are
retrieved by the slower one, which operates at resting levels of
Ca 2⫹.
The capacitance response to stimuli lasting seconds often exhibits a pronounced delay between the closure of calcium channels and the rapid fall in capacitance, leading to the suggestion
that fast endocytosis might be inhibited while global [Ca 2⫹] is
high (von Gersdorff and Matthews, 1994b). A proper evaluation
of this idea is difficult, because exocytosis continues for some
time after a prolonged stimulus and the capacitance technique
only measures the net change in membrane surface area (Neves et
al., 2001). Nonetheless, when exocytosis (measured with FM1-43
[N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl)
pyridinium dibromide]) is compared with the net change in
membrane surface area (measured by using the capacitance technique), it does appear that the fast mode of endocytosis is inhibited during a long stimulus (Neves and Lagnado, 1999).
Fast and slow modes of endocytosis have also been observed
by applying the capacitance technique to the ribbon synapse of
inner hair cells from the cochlea of the mouse (Moser and Beutner, 2000; Beutner et al., 2001). Fast endocytosis is also triggered
by releasing caged Ca 2⫹ to achieve free concentrations above 15
M but surprisingly is not apparent after a depolarizing stimulus.
A key question for the future is to establish whether fast endocytosis operates at ribbon synapses when they are activated by phys-
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Table 1. Comparison of endocytic mechanisms in the synaptic terminal of retinal bipolar cells
Predominates after stimulus that isѧ
Time constant
Clathrin dependent?
Actin dependent?
Calcium dependent?
Compartment
Selective?
Blocked by

Fast

Slow

Bulk

Weak
1–2 s
No
No
Yes
Small vesicle
Yes: does not compensate when slow endocytosis is
blocked
Ca2⫹ buffers raised 关Cl⫺兴

Strong
10 –15 s
Yes
No
No
Small vesicle
No: retrieves vesicles when fast endocytosis is
blocked
Increased hydrostatic pressure

Prolonged
No
Yes
?
Long cisternum

Inhibitors of PI-3 kinase

PI-3, Phosphatidylinositol-3.

ing ribbon synapses of bipolar cells
(Sherry and Heidelberger, 2005). It has
long been known that CME operates at
synapses, such as the NMJ (Heuser and
Reese, 1973), but its speed and importance
relative to other mechanisms have been
difficult to establish. To investigate these
questions, we introduced peptides and
protein domains designed to interfere
with defined interactions of clathrin and a
key accessory protein, amphiphysin.
Three of these interventions selectively inhibited the slow mode of endocytosis (Fig.
3) (Jockusch et al., 2005): the N-terminal
“foot” of clathrin that binds accessory proteins, the domain of amphiphysin 1 that
binds clathrin, and the domain of amphiphysin 1 that binds the AP2 adaptor
(which recruits clathrin to the membrane). Thus, slow retrieval with a time
constant of 10 –15 s occurs by CME. The
corollary of these observations is that fast
retrieval with a time constant of 1 s occurs
by a mechanism that is independent of
clathrin.
Fast and slow modes of endocytosis in
Figure 2. The giant synaptic terminal of retinal bipolar cells. Top left shows a dissociated bipolar cell, and on the right is an
electron micrograph of the same cell. Below is the active zone in a resting and stimulated terminal. Note the electron-dense ribbon bipolar cells are not completely distinct,
(also known as the dense body). Vesicles attach to the ribbon and also pack the surrounding cytoplasm. Note that, after 1 min of because both depend on the activity of a
stimulation, bulk retrieval occurs at the margins of the active zone. The large arrow marks an omega shape, probably reflecting GTPase. It seems very likely that this is dyretrieval of a small vesicle at the active zone.
namin, which uses the energy from GTP
hydrolysis to constrict and break membranes and was first characterized in the
iological stimuli. A sensory stimulus normally causes only partial
shibire mutant of Drosophila that is defective in synaptic vesicle
activation of voltage-sensitive calcium channels in these neurons,
recycling (Koenig et al., 1989). Dynamin is involved in the scisand it is not clear whether this is sufficient to trigger fast retrieval
sion of membrane compartments during both clathrinbecause experiments on isolated cells have tended to use stimuli
dependent and clathrin-independent mechanisms of endocytosis
that activate the calcium current maximally (Burrone and La(Nichols and Lippincott-Schwartz, 2001).
gnado, 2000).
Slow endocytosis is clathrin dependent
The idea that different kinetic components of membrane retrieval in bipolar cells represent distinct endocytic mechanisms
has been confirmed by recent studies aimed at identifying their
molecular basis (Jockusch et al., 2005). These studies have begun
by testing the role of clathrin-mediated endocytosis (CME). CME
retrieves membrane and surface proteins in a wide variety of cell
types by the formation of small invaginations stabilized by a
“cage” formed by a lattice of clathrin triskelia (Pearse et al., 2000;
Royle and Lagnado, 2003). The formation of these coated invaginations also involves a number of accessory proteins, and these,
together with clathrin, are enriched at synaptic terminals, includ-

Fast endocytosis is not kiss-and-run
The concept of fast recycling at the synaptic terminal is often
taken to be synonymous with “kiss-and-run,” a model of vesicle
fusion that is distinguished by the idea that vesicles connect to the
plasma membrane to release their contents without collapsing
into the surface (Fesce et al., 1994). One form of the kiss-and-run
model proposes that this connection is a proteinaceous pore that
opens to release the neurotransmitter and then rapidly closes
before the vesicle is retrieved (Klingauf et al., 1998; Aravanis et al.,
2003; Gandhi and Stevens, 2003). The practical advantages of the
bipolar cell terminal have allowed the testing of this model using
methods that are more direct than those applied to small syn-
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Figure 3. The slow phase of endocytosis is clathrin dependent. Capacitance responses to a
depolarizing stimulus lasting 100 ms. Normally, fast and slow phases of endocytosis are apparent, but infusion of a peptide designed to inhibit the interaction between amphiphysin and
clathrin selectively blocks the slow phase (adapted from Jockusch et al., 2005). DNF-12mer
refers to a 12mer containing the DNF motif of amphiphysin 1, which binds the ␣ subunit of AP2
with a high affinity.

apses. Zenisek et al. (2002) tested for kiss-and-run by using
TIRFM to visualize directly the fusion of individual vesicles labeled with a membrane dye (FM1-43) and the subsequent diffusion of the dye in the surface of the synaptic terminal. Fusion was
always followed by complete loss of FM1-43 from the vesicle,
suggesting a free exchange of lipids between the vesicle and the
plasma membrane. Llobet et al. (2003) tested for kiss-and-run in
bipolar cells using a different approach; instead of looking for
partial loss of vesicle contents, they investigated whether vesicles
collapse by directly monitoring expansion of the surface membrane using IRM. Brief stimuli caused vesicles to merge into the
surface, and this excess membrane was retracted with a time constant of 1 s, reflecting fast endocytosis. The results of TIRFM and
IRM therefore argue strongly against kiss-and-run as an important mechanism of exocytosis in retinal bipolar cells.
It therefore seems that fast endocytosis in the terminal of bipolar cells retrieves membrane that has collapsed into the surface
but without formation of a clathrin coat. We do not yet know the
molecular basis of fast endocytosis in ribbon synapses, except that
it is likely to involve dynamin and one or more proteins that
recruit dynamin to the membrane. A key question will be to
identify the molecules that alter the shape of the membrane to
make a vesicle. A number of proteins other than clathrin have
now been shown to interact with membrane lipids to deform the
bilayer, most notably proteins containing ENTH domains, such
as epsin (Nossal and Zimmerberg, 2002), or BAR domains, such
as endophilin (Zimmerberg and McLaughlin, 2004). Some of
these bind preferentially to membranes with a certain degree of
curvature, leading to the suggestion that they will be recruited
sequentially, at the appropriate time and place to drive endocytosis forward (Lee and Schekman, 2004).
Bulk retrieval and the actin cytoskeleton
Ribbon synapses also support a mechanism of bulk retrieval into
large membrane compartments that can be labeled by the uptake
of large fluorescent markers that travel in the fluid phase (Lenzi et
al., 2002; Paillart et al., 2003). Bulk retrieval is most obvious after
stimulation lasting tens of seconds and is blocked by inhibitors of
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phosphatidylinositol-3 kinase, when endocytosis into small vesicles takes over all membrane recycling (Holt et al., 2003). In
electron micrographs, these compartments appear as long invaginations of the surface membrane, often in the region around the
active zone, and after internalization appear as C-shaped cisternae. The formation and movement of these cisternae is dependent on actin polymerization, whereas the retrieval of small vesicles is not.
In many synapses, vesicles interact with the actin cytoskeleton
through the action of synapsins (Chi et al., 2001), and clathrin
and actin colocalize at the endocytic regions that surround active
zones (Roos and Kelly, 1999). However, ribbon synapses lack
synapsins (Von Kriegstein et al., 1999), and capacitance measurements indicate that most basic aspects of the vesicle cycle in bipolar cells are unaffected by disruption of the actin cytoskeleton
using cytochalasin D and latrunculin B, including fast exocytosis,
fast endocytosis, and refilling of the rapidly releasable pool of
vesicles (Holt et al., 2003). Thus, the actin cytoskeleton regulates
bulk retrieval but not other aspects of vesicle recycling. The lack
of an interaction between vesicles and the cytoskeleton may be a
factor contributing to the unusually high mobility of vesicles in
ribbon synapses of retinal bipolar cells (Holt et al., 2004) and
cones (Rea et al., 2004).
The calyx of Held synapse
Capacitance measurement provides a quantitative estimate of
vesicle fusion and retrieval
The calyx of Held is a glutamatergic nerve terminal containing
⬃600 conventional active zones (Sätzler et al., 2002). Its large size
allows for whole-cell recordings of the capacitance from the
whole nerve terminal (Sun and Wu, 2001). Three pieces of evidence suggest that the whole-cell capacitance measurement at the
calyx can be used to quantitatively study vesicle fusion and retrieval at this synapse. First, the capacitance jump is linearly proportional to the EPSC amplitude recorded at the same synapse
when the postsynaptic glutamate receptors are not saturated (Sun
and Wu, 2001). Second, the capacitance jump induced by a single
vesicle fusion is similar to the estimate of the membrane capacitance based on the size of the vesicle and the specific membrane
capacitance of the biological membrane (Sun et al., 2002). Third,
although the calyx is connected with an axon, both simulation
and experiments show that the axon does not significantly affect
the measurement of the capacitance jump at the calyx of Held
(Sun et al., 2004).
The time course of endocytosis depends on stimulation intensity
Recent studies at the calyx of Held suggest that the time constant
of endocytosis varies as a function of the stimulus intensity. In
general, after mild stimulation, such as an action potential-like
stimulus, the time constant of endocytosis is brief, in the range of
⬍0.5 to ⬃10 s (Sun et al., 2002; Wu et al., 2005; Yamashita et al.,
2005). After an intermediate level of stimulation, such as a 10 –20
ms depolarization or a train of 10 –20 action potential-like stimuli at a high frequency, the time course of endocytosis become
slow, ranging from a few seconds to ⬃20 s (Sun and Wu, 2001;
Sun et al., 2002; Wu et al., 2005; Yamashita et al., 2005). After
intense stimuli, such as 10 pulses of 20 ms depolarization at 1–10
Hz or 200 action potential-like stimulus at a high frequency, in
addition to a slow time course of endocytosis a rapid component
of endocytosis with a time constant of 1–2 s is activated (Fig. 4 A)
(Wu et al., 2005). Except for the fast component of endocytosis
after intense stimuli, the time constant of endocytosis is linearly
proportional to the amount of exocytosis (Sun and Wu, 2001;
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synapse. Slow endocytosis is mediated by
dynamin at the calyx of Held (Yamashita
et al., 2005), consistent with results obtained at many other synapses (Koenig
and Ikeda, 1989; Palfrey and Artalejo,
1998; Jockusch et al., 2005; Newton et al.,
2006).
Bulk endocytosis
In addition to the smooth rapid and the
slow component of the capacitance decay
that reflect rapid and slow endocytosis, the
capacitance could also drop rapidly by 20 –
500 fF within ⬃30 –500 ms (Fig. 4 A, B)
(Wu and Wu, 2007). Such an abrupt drop
of the capacitance reflects the instant of
bulk membrane retrieval from the plasma
membrane. Approximately 10% of exocytosed vesicles can be retrieved via this form
of endocytosis during intense stimulation
condition, consistent with the electron microscopic observation of large vacuoles at
this same synapse (de Lange et al., 2003).
The contribution of bulk endocytosis
might be much larger because only very
large membrane structures could be detected with the whole-cell capacitance reFigure 4. Endocytosis at the calyx of Held. A, Three kinetic forms of endocytosis (arrows), rapid, slow, and bulk endocytosis, cording technique (Wu and Wu, 2007).
were observed by whole-cell capacitance (Cm) recordings at the calyx of Held. The stimulus (vertical arrow) was 10 depolarizing During bulk endocytosis, the decrease in
pulses of 20 ms from ⫺80 to ⫹10 mV at 10 Hz. B, The whole-cell membrane capacitance (Cm) response to 10 depolarizing pulses the fission pore conductance could be deat 10 Hz (vertical arrow). The arrows indicate bulk endocytosis that occurred within a few seconds after the stimulus. C, The tected, from which we estimated that the
whole-cell membrane capacitance (Cm), the fission pore conductance (Gp) and the fission pore diameter (Dp) during bulk endo- fission pore diameter decreased at ⬃39
cytosis. The 20 – 80% decrease of Dp was fit with a linear regression line (red) with a slope (red) of ⫺31 nm/s (C). Cm trace was
nm/s (Fig. 4C) (Wu and Wu, 2007). The
low-pass filtered at 30 Hz (gray), from which Gp and Dp were calculated. A–C are adapted from Wu and Wu (2007). D, The
rate of the fission pore closure is indepenprocedure to perform cell-attached recordings at the release face of a calyx. A calyx associated with a postsynaptic neuron was first
identified (left). The calyx was loaded with Lucifer yellow (green). The postsynaptic neuron was sucked and pulled away by a dent of the size of the bulk membrane
pipette shown in the middle left (middle 2 panels). Another pipette was positioned at the release face of the calyx membrane structure (Wu and Wu, 2007), raising the
(right) for cell-attached recordings, from which individual vesicle fusions, such as those shown in E were obtained. E, Im (imagi- possibility that the fission pore closure rate
nary component of the admittance, reflecting capacitance), Re (real component of the admittance, reflecting conductance), and measured during bulk endocytosis could
the fusion pore conductance (Gp) during a capacitance flicker (left) and an up step that was not followed by a down step within 2 s. be extrapolated to small vesicles. The freThe capacitance flicker with a detectable fusion pore conductance indicates kiss-and-run fusion. The nonflicker up step (right) quency of bulk endocytosis peaked
occurring 10 s later was not accompanied by detectable Re changes, suggesting a full collapse fusion with the fusion pore that is (⬃0.021 Hz) in ⬍10 s after stimulation
too fast and/or too large to resolve. F, Im, Re, and Gp during a full collapse fusion. Note that Gp was detected in this fusion event. and decayed with a half time ⬍20 s, indiD–F are adapted from He et al. (2006).
cating that the time course of bulk endocytosis is much faster than previously estimated
with
low
time-resolution
Wu et al., 2005; Yamashita et al., 2005). This is consistent with the
techniques (Fig. 4 B) (Wu and Wu, 2007). Our results also suggest
idea that the capacity of endocytosis is saturated after a mild
that bulk endocytosis is composed of two kinetically different
stimulus (Sankaranarayanan and Ryan, 2000).
steps: the abrupt drop of the capacitance that reflects the fission
Activation of rapid endocytosis after intense stimuli could not
process, and the time between stimulation and the fission probe explained by saturation of the endocytosis capacity. Addition
cess, during which membrane invagination leads to the fission
of a calcium buffer, EGTA, blocks this rapid form of endocytosis,
pore formation. The fission pore formation seems to take a much
suggesting that an increase of the intracellular calcium concenlonger time than the fission pore closure process. Thus, the time
tration triggers rapid endocytosis (Wu et al., 2005). This form of
course of endocytosis seems to be primarily controlled by memendocytosis may play a significant role during high-frequency
brane invagination that forms the fission pore.
stimulation (Wu et al., 2005). Its capacity may reach approximately eight vesicles per second at or near an active zone (Wu et
Kiss-and-run and full collapse fusion and retrieval revealed by
al., 2005). Its role after stimulation seems less significant as durcell-attached recordings
ing stimulation, likely because of the fall of the intracellular calRapid endocytosis, as shown in whole-cell recordings from the
cium concentration after stimulation (Wu et al., 2005). The rapid
whole nerve terminal, is consistent with the kiss-and-run mode
component could reflect kiss-and-run fusion and retrieval, alof fusion. However, the signature of kiss-and-run is a transient
though other explanations are possible (see the section regarding
fusion pore opening and closing, as detected with the cellribbon synapses). The slow component is consistent with
attached capacitance recording technique in endocrine cells
clathrin-mediated slow endocytosis, although experimental evi(Lindau and Alvarez de Toledo, 2003). By pulling out the
dence is still needed to confirm this possibility at the calyx of Held
postsynaptic neuron using a large pipette (Fig. 4 D), cell-attached
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capacitance recordings were made at the exposed release sites of
the calyx of Held (He et al., 2006). Individual capacitance up steps
were observed during high-potassium application. The size of up
steps is similar to the capacitance of a single vesicle estimated with
electron microscopy, suggesting that these up steps reflect single
vesicle fusion. The up step is blocked by a protease trypsin, which
blocks exocytosis but not the calcium current (He et al., 2006),
suggesting that the up step is not caused by a calcium-dependent
but exocytosis-independent artifact, as observed in the whole-cell
configuration (Wu et al., 2005; Yamashita et al., 2005). A small
fraction of up steps are followed within 2 s by a down step of the
same size (Fig. 4 E) (He et al., 2006). Such a pair of up and down
steps is called a capacitance flicker. The capacitance flicker duration ranges from 10 ms to 2 s, with a mean of ⬃300 ms (He et al.,
2006). For most capacitance flickers, the fusion pore conductance
is too large to measure (He et al., 2006). It is estimated to be larger
than 288 pS (He et al., 2006). In a small fraction of capacitance
flickers, however, a fusion pore conductance ranging from 15 to
288 pS with a mean of ⬃66 pS is observed (Fig. 4 E), which may
correspond to a fusion pore with a mean diameter of ⬃1.1 nm
(He et al., 2006). As shown by simulation, such a small fusion
pore would generate a slow and small miniature EPSC compared
with full collapse fusion (He et al., 2006). Indeed, a small fraction
of miniature EPSCs were slow and small, consistent with a role of
kiss-and-run in controlling the quantal response (He et al., 2006).
These results suggest that a minor fraction of fusion events are
kiss-and-run during high-potassium application. It is unclear to
what extent kiss-and-run contributes to endocytosis during more
physiological stimulation conditions, such as the action potential
trains.
Most capacitance up steps reflect full collapse fusion (He et al.,
2006). They are not followed in a brief time by an equal size down
step (Fig. 4 E). Their initial fusion pores are often too large to
resolve (Fig. 4 E). However, in a small fraction of up steps, an
initial fusion pore conductance of ⬃250 pS was resolved, which
was followed in ⬃10 –300 ms by a rapid pore expansion (Fig. 4 F)
(He et al., 2006). These results provide kinetic evidence indicating the existence of full collapse fusion at synapses.
In summary, whole-cell capacitance recordings at the calyx of
Held reveal three kinetically different forms of endocytosis: rapid,
slow, and bulk endocytosis. The rate of fission pore closure during bulk endocytosis has been resolved. Cell-attached capacitance
recordings at the release site of the calyx indicate that a minor
fraction of fusion events are kiss-and-run fusion, whereas the
majority is full collapse fusion during high-potassium application. Although the whole-cell and the cell-attached capacitance
recording techniques are considered powerful techniques in resolving the time course of endocytosis and kiss-and-run fusion, it
is technically difficult to apply to most conventional nerve terminals that are much smaller than the calyx of Held. In addition,
cell-attached recordings require the formation of a tight seal over
a small patch area. It is unclear whether such a procedure influences the incidence of kiss-and-run or full collapse fusion.
Small central synapses
Although the debate regarding mechanisms of vesicle recycling
was first framed regarding endocytosis at the NMJ, it was relaunched at other synapses and particularly at the synapses
formed between dissociated hippocampal and cortical neurons
grown in cell culture beginning approximately one decade ago.
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First measurements of the kinetics of endocytosis at small
CNS terminals
The debate of how vesicles recycle at hippocampal neurons arose
with the advent of vital imaging techniques (Betz and Bewick,
1992) that allowed one to determine the kinetics of the vesicle
cycle in living nerve terminals after membrane depolarization
(Ryan et al., 1993). In the first such measurements, membrane
depolarization was achieved using hyperkalemic solutions, leading to the exocytosis of a large fraction of the vesicle pool. The
reinternalization of vesicle membrane, followed in a pulse-chase
manner using FM1-43, revealed that, after exocytosis, the recovery of membrane required ⬃1 min, similar to what had been
reported for kinetic studies at the frog NMJ using electron microscopic imaging one decade earlier (Miller and Heuser, 1984).
This rather slow retrieval timescale was generally thought to be
incompatible with the potential needs of actively firing synapses,
particularly at small CNS nerve terminals in which the total number of vesicles is only on the order of ⬃100. As a result, the
original speculation of about the possibility of a direct retrieval
route (kiss-and-run) at the NMJ led to a search for evidence of
such a mode of endocytosis in hippocampal synapses. However,
it is important to point out that it was impossible to tell from the
early kinetic studies whether or not the observed slow timescale
was a reflection of inherent properties of a minimum time required for clathrin-mediated endocytosis or whether it represented some other step that became rate limiting as a result of the
large stimuli used to perform these first measurements.
Evidence that some retrieval events occur rapidly
The first evidence that some recycling events may occur faster
than those reported initially compared the efficiency of destaining of different amphipathic fluorescent dyes from vesicles undergoing exocytosis. This idea, which posited that a kiss-and-run
event might not allow dyes with slower dissociation rates to escape during release of neurotransmitter, was originally tested for
low-frequency stimulation conditions and showed, however, that
even dyes that differed by a factor of 10 in dissociation rates (0.6
vs 6 s) revealed very similar effective rates of destaining (Ryan et
al., 1996). Subsequent analysis of similar experiments for highfrequency stimulation revealed small but measurable differences
in overall destaining efficiency (Klingauf et al., 1998; Pyle et al.,
2000) when using different dyes, and this difference was interpreted as arising from kiss-and-run recycling events. This type of
analysis however relies on the assumption that dye that is secreted
does not readily rebind to the synaptic plasma membrane and get
reinternalized, a problem that potentially would be exacerbated
by dyes with tighter association with the outer leaflet of the
plasma membrane.
Additional high-sensitivity measurements at the level of single
vesicles also indicated that, during exocytosis, synaptic vesicles do
not necessarily release all of previously loaded fluorescent dye
(Aravanis et al., 2003; Richards et al., 2005). Although these data
both argue that certain vesicle retrieval events likely occur on a
timescale that prevents efficient release of amphipathic dyes, it is
unclear whether this results from dye rebinding during vesicle
recycling, a higher than expected affinity of the dye for some
synaptic vesicle lumen component that slows its destaining, or
bona fide kiss-and-run-like recycling events. There is also the
possibility that endocytic events that occur on a ⬃1 s timescale
might not represent a separate mode of endocytosis but rather
one end of the spectrum of the timescales associated with
clathrin-mediated retrieval.
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pHluorin-based measurements of endocytosis
A significant improvement in measurements of vesicle recycling
came about with the introduction of synapto-pHluorins (spH), a
synaptic vesicle lumen-targeted green fluorescent protein whose
pKa for quenching by protons is ideally suited for detecting the
pH change of the synaptic vesicle as it undergoes exocytosis and
subsequent endocytosis and reacidification (Miesenbock et al.,
1998). In addition, this approach provided the first opportunity
to examine the fate of specific synaptic vesicle proteins as they
undergo exocytosis and endocytosis (Sankaranarayanan and
Ryan, 2000). This approach, using vesicle-associated membrane
protein-2 (VAMP-2) as the carrier protein for pHluorin, provided the ability to perform numerous measurements at much
higher time resolution than previously possible at the same set of
synaptic terminals. These initial studies demonstrated that the
time course of endocytosis became significantly slower with increasing accumulation of VAMP-2 on the synaptic surface (Sankaranarayanan and Ryan, 2000) and indicated that the slow time
course observed in the original experiments using FM dye uptake
were likely operating in a regimen in which the endocytic machinery was saturated. For stimuli in the range of 50 action potentials, at which the system does not appear to be saturated, the
endocytosis time is on the order of ⬃20 s.
One of the factors limiting the signal-to-noise in the original
spH experiments was the fact that a small fraction of the expressed protein resides on the axonal and synaptic surface even in
resting cells. Because every copy of spH on the surface is ⬃25
times brighter than those residing in the acidic vesicle, even a
small percentage of expressed protein residing on the surface will
create a large fluctuating background signal. Ghandi and Stevens
(2003) photobleached this surface pool to improve the signal-tonoise ratio of their measurements, enabling them to study the
fluorescence transients evoked by single action potentials. These
studies, which examined the fluorescence decay of the pHluorin
signal following single action potentials, came to the conclusion
that three distinct modes of endocytosis are manifest at small
CNS nerve terminals. The first, representing effectively instantaneous decays in fluorescence (at the time resolution of these experiments) were ascribed to kiss-and-run and also implied that
the reacidification timescale is ⬃50 ms or shorter. The second
mode reflected a slower signal decay on the 10 –15 s timescale,
whereas the third mode represented signals that failed to decay
and were interpreted as molecules of spH that became “stranded”
on the synaptic surface. Subsequently, two different studies
showed that the pool of VAMP that resides on the surface exchanges with that in vesicles during recycling (FernandezAlfonso et al., 2006; Wienisch and Klingauf, 2006), which significantly complicates the interpretation of the studies in which a
prebleached surface is used. Furthermore, direct estimates of reacidification times using rapid surface quenching for recently
endocytosed synaptic vesicles indicates that it occurs with a time
constant of ⬃4 s (Atluri and Ryan, 2006; Granseth et al., 2006). In
addition, recent use of pHluorin targeted to synaptophysin,
which has a much lower surface fraction than when using
VAMP-2, allowed Granseth et al. (2006) to examine responses to
single action potentials without the need to prebleach the surface.
There data showed only a single mode of endocytosis with a ⬃14
s time constant.
The molecular basis of synaptic vesicle recycling at small CNS
nerve terminals
The advent of improved optical methods combined with conventional molecular genetics as well as the use of small interfering
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RNAs has allowed the role of a number of proteins to be examined at small CNS nerve terminals. In particular, Granseth et al.
(2006) used pHluorin-tagged synaptophysin combined with
small interfering RNA directed against the clathrin heavy chain
gene to show that endocytosis is completely blocked after brief
rounds of stimulation, or at least slowed very significantly, when
clathrin expression is significantly reduced. Analysis of vesicle
recycling at cortical synapses formed between neurons derived
from dynamin 1 knock-out mice revealed that, during highfrequency firing above 10 Hz, all endocytosis is blocked (Ferguson et al., 2007). Thus, in these nerve terminals, a large fraction, if
not all, of vesicle endocytosis appears to depend critically on two
of the molecular players associated with classical, coated-vesiclemediated endocytosis.
Is there a functional role for kiss-and-run?
The main original motivation for postulating the existence of the
kiss-and-run pathway was that the early experiments indicated
that the coated-vesicle-mediated retrieval was occurring on a
timescale thought to be incompatible with the needs of actively
firing synapses. Although the current estimates for the time for
recovery of this pathway is on the order of ⬃14 s, the question
arises whether or not this is sufficient to accommodate the known
release rates of such small nerve terminals under various stimulation conditions, particularly those in which release of the entire
recycling vesicle pool might occur in this time frame. For lowfrequency stimulation, there is little threat of depleting the
recycling pool, and therefore the demand for kiss-and-run
from a kinetic standpoint would not rear its head. For highfrequency stimulation, the entire vesicle pool can be made to
release neurotransmitter (Fernandez-Alfonso and Ryan,
2004), and, therefore, if recycling were too slow, vesicle depletion would ensue. If kiss-and-run were operating under these
conditions, it could in principle sustain synaptic transmission.
However, postsynaptic electrophysiological analyses of the efficacy of synaptic transmission under these conditions indicate that synaptic responses become severely depressed (Pyott
and Rosenmund, 2002), and thus kiss-and-run, if it exists,
does not seem to spare these synapses from the consequences
of slow vesicle recycling. From the point of view of kiss-andrun, the most compelling case to examine at CNS synapses will
be examples in which high release probability is maintained at
high frequency for individual terminals. Such a set of parameters would either require unusually large pools or faster vesicle recycling as might be afforded by a kiss-and-run pathway.
How should kiss-and-run be defined?
The strongest evidence to date for the existence of kiss-and-run at
small CNS synapses derives primarily from the fact that dyes
loaded in a previous round of recycling apparently fail to completely escape during exocytosis. Experiments that do not rely on
dye destaining but instead follow the fate of specific synaptic
vesicle proteins after exocytosis do not find any significant evidence for kiss-and-run. Instead, results from these approaches
indicate that synaptic vesicle recycling appears to depend explicitly on the function of endocytic proteins known to operate in the
classical coated-vesicle-mediated retrieval pathway of endocytosis. To date, no experiments that support the presence of kissand-run in this system have been examined under conditions in
which candidate endocytic molecules have been perturbed or
depleted.
One of the assumptions in experiments that have searched for
kiss-and-run is that events with a faster timescale than that re-
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Table 2. Three modes of endocytosis at three different synapses
Mode of endo

Ribbon-type synapse

Calyx-type synapse

Small CNS synapse

Full collapse
Evidence

Slow endoa,b

Slow endoc,d; capacitance up step with
fusion pore expansione
Most stim
?

Slow endof,g

Predominance
Clathrin dependence
Kiss-and-run
Evidence
Predominance in
Clathrin dependence
Caveat or conflict

Bulk endocytosis
Evidence
Predominance
Clathrin dependence

Strong stim
Yesh
Rapid endoa,b,j
Mild stim
Noh
Rapid endo could follow full collapseq

Large vacuoles under the EMs; large
punctuates of dye uptaket
Strong stim
?

Most stim
Yesi

Rapid endod,k; capacitance flicker with a
detectable fusion pore conductancee
Mild, strong stim
?

Partial FM dye loss with faster kineticsl,m,n; partial dye
retentiono; fast pHluorin transientp
Most stim
?
Partial dye loss might not equal to kiss-and-run; fast
pHluorin transient attributable to lateral diffusioni,r;
only slow pHluorin transient is observedi

Large vacuoles under the EMu; large
capacitance down step with fission porev
Strong stim
?

Deep in-foldings of the plasma membranew
?
?

endo, Endocytosis; stim, stimulus; EM, electron microscope. Only key references are included in this table: avon Gersdorff and Matthews, 1994a; bvon Gersdorff and Matthews, 1994b; cSun and Wu, 2001; dSun et al., 2002; eHe et al., 2006;
f
Ryan et al., 1993; gRyan et al., 1996; hJockusch et al., 2005; iGranseth et al., 2006; jNeves et al., 2001; kWu et al., 2005; lKlingauf et al., 1998; mAravanis et al., 2003; nRichards et al., 2005; oHarata et al., 2006; pGandhi and Stevens, 2003; qLlobet
et al., 2003; rAtluri and Ryan, 2006; sPaillart et al., 2003; tHolt et al., 2003; ude Lange et al., 2003; vWu and Wu, 2007; wTakei et al., 1996.

ported for the average coated-vesicle-mediated recovery route
would necessarily imply the existence of a separate mode for
endocytosis. However, these kinetic arguments assume that
each event in the coated-vesicle-mediated recovery mechanism would occur with the same kinetics as the average. If this
pathway were stochastic, then a distribution of timescales
would be expected. Thus, it is possible that endocytic events
that occur in ⬃1 s could be one extreme of a distribution of
timescales in which the mean of all events is 14 s. Because of
these complications, identifying kiss-and-run events in this
system will require showing that they represent a distinct class
of retrieval that does not require the function molecules
known to control the coated-vesicle pathway. It remains to be
seen whether or not the evidence to date in favor of kiss-andrun in this system will satisfy these criteria.
Bulk endocytosis at small nerve terminals
In the first tracers experiments using HRP at the frog NMJ,
Heuser and Reese documented the presence of transient internal
organelles after stimulation, from which tracer-containing vesicles could be seen budding with clathrin coats. These data led to
the speculation that essential events in remaking the synaptic
vesicle might occur from an endosome instead of the plasma
membrane. Ultrastructural analysis of cortical synaptosomes after intense stimulation showed the presence of complex internal
organelles, but, in most cases, these appeared to be deep infoldings of the plasma membrane, and the lumen of the structures maintained continuity with the extracellular space (Takei et
al., 1996). This view was supported by more recent electron microscopy coupled with tomography (Ferguson et al., 2007) that
showed that, when endocytosis cannot keep up with exocytosis at
small nerve terminals, such as in the dynamin 1 knock-out during
high-frequency firing, a large number of coated pits connected to
deep in-foldings that are contiguous with the plasma membrane
are present. Thus, the prevailing evidence for small nerve terminals is that endocytosis of synaptic vesicles occurs directly at the
plasma membrane and not in a bulk form from which later vesicle
budding would take place.

Conclusions
The study of vesicle membrane and protein retrieval at nerve
terminals has led to the hypothesis that several forms of endocytosis, including full collapse, kiss-and-run, and bulk endocytosis,
might be operational. The evidence for these different modes at
three different types of synapses is summarized in Table 2. It is
generally agreed that full collapse endocytosis plays a significant
role, and bulk endocytosis may become important after intense
stimulation. Although a number of different methods have been
used to characterize the kiss-and-run form of retrieval, the evidence is neither in complete agreement across different preparations or even within a preparation. Ultimately, it will be necessary
to determine the molecular basis of vesicle retrieval for a variety
of physiological stimuli at each of these types of synapses to determine how different forms of endocytosis have adapted different machineries to recycle vesicles and sustain neurotransmitter
release. Only at that point can meaningful comparisons be made
between recycling in a ribbon, that in a giant synapse and that in
a small nerve terminal.
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