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Abstract

Vesicle exocytosis releases content to mediate many biological events, including synaptic
transmission essential for brain functions. Following exocytosis, endocytosis is initiated to retrieve
exocytosed vesicles within seconds to minutes. Decades of studies in secretory cells reveal three
exocytosis modes coupled to three endocytosis modes: (a) full-collapse fusion, in which vesicles
collapse into the plasma membrane, followed by classical endocytosis involving membrane
invagination and vesicle reformation; (6) kiss-and-run, in which the fusion pore opens and closes;
and (¢) compound exocytosis, which involves exocytosis of giant vesicles formed via vesicle-
vesicle fusion, followed by bulk endocytosis that retrieves giant vesicles. Here we review these
exo- and endocytosis modes and their roles in regulating quantal size and synaptic strength,
generating synaptic plasticity, maintaining exocytosis, and clearing release sites for vesicle
replenishment. Furthermore, we highlight recent progress in understanding how vesicle
endocytosis is initiated and is thus coupled to exocytosis. The emerging model is that calcium
influx via voltage-dependent calcium channels at the calcium microdomain triggers endocytosis
and controls endocytosis rate; calmodulin and synaptotagmin are the calcium sensors; and the
exocytosis machinery, including SNARE proteins (synaptobrevin, SNAP25, and syntaxin), is
needed to coinitiate endocytosis, likely to control the amount of endocytosis.
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INTRODUCTION

Vesicle exocytosis and endocytosis are fundamental biological events (1, 2). Vesicle
exocytosis, the fusion of a vesicle with the plasma membrane, releases vesicular contents to
exert various functions. For example, the secretion of transmitters from neurons mediates
synaptic transmission essential for brain functions, the neuronal secretion of peptides (e.g.,
neuropeptide Y) and hormones (e.g., vasopressin, oxytocin) regulates labor and mental state,
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the secretion of insulin from pancreatic cells regulates blood glucose level (critical in
diabetes), the secretion of catecholamine and peptides from adrenal chromaffin cells is
involved in the stress response, and blood cell exocytosis is involved in immune responses
(1, 3, 4). Following exocytosis, vesicular membrane and proteins are retrieved from the
plasma membrane through endocytosis, which recycles vesicles, maintains exocytosis, and
prevents secretory cells from swelling or shrinking (2, 5). Secretory cells employ three
exocytosis modes—full-collapse fusion, kiss-and-run, and compound exocytosis—to control
the rate and amount of vesicular content release and to thus control exocytosis strength and
mediate plasticity of exocytosis, including synaptic plasticity (Figure 1). These three
exocytosis modes are followed by three endocytosis modes—classical endocytosis, kiss-and-
run, and bulk endocytosis, respectively—that ensure sufficient vesicle recycling during
different activities (Figure 1). Here we review the supporting evidence for each exo- and
endocytosis mode and their underlying functions observed in various cell types over the past
four decades, but with a focus on neuronal terminals, where exo- and endocytosis have been
studied intensely. Furthermore, we highlight recent progress in understanding how
endocytosis is initiated and coupled to exocytosis, a puzzle since the discovery of secretory
vesicle endocytosis in the 1970s (6, 7). We present an emerging exo-endocytosis coupling
model in which a calcium signaling pathway and the exocytosis machinery are involved in
controlling the endocytosis rate and amount.

THREE EXOCYTOSIS MODES: SUPPORTING EVIDENCE

Full-Collapse Fusion

Full-collapse fusion has been suggested mainly on the basis of freeze-fracture electron
microscopic (EM) observations that vesicle-like structures (with diameters of ~60-120 nm)
larger than a regular vesicle (with diameters of ~30 nm) are more abundant after stimulation
at the neuromuscular junction (Figure 2a)) (8). Other lines of evidence indirectly support this
fusion mode. For example, cell-attached recordings of secretory cells, including nerve
terminals, show that the membrane capacitance up step caused by single-vesicle fusion is
accompanied by a fusion pore conductance increase reflecting pore expansion (Figure

and is not accompanied by a down step within a few seconds, suggesting rapid pore
expansion (Figure 24;; 7). Amperometric measurements of release from catecholamine-
containing vesicles (Figure 24;) and imaging of fluorescently tagged vesicle proteins and
lipids reveal rapid release kinetics, suggesting a larger fusion pore or pore expansion (9, 10,
12-15). Quantum dots with an ~15-nm diameter that are preloaded in synaptic vesicles can
be released (Figure 2a;), suggesting a fusion pore larger than 15 nm or vesicle collapse (16).
Although the above evidence led to the acceptance of full-collapse fusion, direct observation
of this morphological change in live cells is still needed, which seems feasible, given the
recent development of superresolution imaging techniques.

Kiss-and-Run

Kiss-and-run was recently reviewed in the Annual Review of Physiology (17). Here we
briefly summarize its supporting evidence. Kiss-and-run was originally proposed on the
basis of EM observations of an Q profile at the neuromuscular junction (Figure 256 (7, 18,
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19), although whether the observed © profile is an intermediate structure en route to collapse
or pore closure is uncertain. The first convincing evidence comes from the observation of
capacitance flickers, during which a measurable pore conductance corresponding to a
narrow pore of ~0.5-3-nm diameter is sometimes detected in secretory cells, including nerve
terminals (Figure 2b;; ;) (9-11, 20). Cell-attached capacitance recordings and amperometric
recordings show that the capacitance flicker is sometimes accompanied by a stand-alone foot
of the amperometric signal in chromaffin cells and PC12 cells, suggesting that kiss-and-run
may partially release transmitter (10, 21, 22). Fluorescently tagged vesicle membrane or
lumen proteins (e.g., phogrin, tissue plasminogen activator) in chromaffin, PC12, and
insulin-containing cells may stay clustered upon fusion and are retrieved as a cluster within
seconds to minutes, which reflects a slow mode of kiss-and-run termed cavicapture (13, 14,
23). At small synapses like cultured hippocampal synapses (16, 24—28) and lamprey
reticulospinal synapses (29), kiss-and-run is suggested on the basis of imaging results, such
as partial release of FM dyes, rapid synaptopHIluorin increase and decrease that may reflect
transient fusion pore opening and closure, and in particular the recent observation that
quantum dot—containing vesicles do not release the ~15-nm quantum dot during exo- and
endocytosis (Figure 25;,) (16, 28). However, other imaging studies are not in agreement with
this suggestion (30-33) (see also References 17 and 34 for reviews). Whether kiss-and-run
represents a significant fraction of exo- and endocytosis at synapses remains unsettled.

Compound Exocytosis

EM observations of multivesicular structures in pancreatic acinar cells (35) and many other
cells suggest that vesicles may fuse with each other (36, 37). Capacitance recordings show
that up steps can be much larger than a regular vesicle’s membrane capacitance in mast cells
and eosinophils, suggesting fusion of very large vesicles preformed via vesicle-vesicle
fusion (38, 39). In eosinophils in which a regular vesicle is ~1.7 pm, a capacitance up step
equivalent to several vesicles’ membrane capacitances is accompanied by the release of
multiple fluorescently labeled vesicles (Figure 2¢;) (36). In pancreatic acinar cells, vesicle
fusion on the already fused, but not collapsed, vesicle membrane, termed sequential
compound fusion, has been observed by fluorescence imaging (40).

Although compound exocytosis is well established at nonneuronal cells containing large
vesicles (~300-2,000 nm), it has been suggested only recently at synapses containing small
vesicles (~20-50 nm). Synaptic vesicle-vesicle fusion is mechanistically possible, because
both vesicular and membrane-targeted SNARE proteins essential for exocytosis are present
at vesicles (41), and vesicles isolated from synaptosomes may fuse with each other in vitro
(42). At a ribbon-type synapse, large vesicular structures are found immediately after
stimulation (Figure 2¢;). Like regular vesicles, these large vesicular structures are attached to
ribbons via filaments, suggesting that large vesicles may be formed by vesicle-vesicle fusion
(43). At calyx of Held synapses, cell-attached capacitance measurements at the release face
reveal capacitance up steps ~10 times larger than a regular vesicle’s capacitance (Figure
2c;i) (44). These large up steps are not due to simultaneous or sequential multivesicle fusion
for the following reasons: (&) They rise instantaneously at 0.6-ms time resolution, (&) they
occur not only during stimulation but also after stimulation during which there is no
depolarization to evoke synchronous release, and (¢) they are sometimes accompanied by a
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fusion pore conductance increase reflecting pore expansion of a fusing vesicle (Figure 2¢j;)
(44). Large capacitance up steps are accompanied by EM observation of giant vesicles and
by giant miniature excitatory postsynaptic currents (MEPSCs) recorded from postsynaptic
neurons (Figure 2¢;), suggesting compound exocytosis (44). Removing extracellular
calcium or synaptotagmin 2, the calcium sensor for synchronized exocytosis at calyces,
abolishes giant capacitance up steps, giant vesicles, and giant mEPSCs, suggesting that, like
regular fusion, calcium binding with synaptotagmin triggers compound exocytosis (44).

THREE EXOCYTOSIS MODES: DIFFERENTIAL ROLES

Full-Collapse Fusion and Kiss-and-Run

Full-collapse fusion releases vesicular contents completely and rapidly via a rapidly
expanding pore (Figure 2a;; ;) (9-11, 20). In contrast, kiss-and-run is often considered to
have a narrow pore and may thus release contents slowly and/or partially for the following
reasons. (&) During capacitance flickers, small fusion pore conductance is sometimes
detectable (Figure 2b;; ;;), which predicts a slow transmitter release and thus a smaller
quantal size at synapses (Figure 25,). (6) Amperometric recording shows a stand-alone foot
that may be due to rapid fusion pore closure. (¢) Imaging shows retention of large vesicular
lumen proteins during cavicapture of large dense-core vesicles (9-11, 13, 20, 21). At
synapses, kiss-and-run is considered to be a mechanism to reduce quantal size (Figure 258,),
to reduce synaptic strength, and to mediate synaptic plasticity, although these functions have
not been directly demonstrated (11, 17, 20, 45, 46). Kiss-and-run may also open a large
pore, which would ensure rapid and complete release (47). In fact, fusion pore size is too
large to resolve in most capacitance flickers at the calyx nerve terminal (Figure 25;;; left),
suggesting that most kiss-and-run events release transmitter as rapidly and completely as
full-collapse fusion (Figure 26,) (11). Thus, kiss-and-run should not be viewed as a mode
capable of generating only slower and smaller quantal responses.

Because kiss-and-run bypasses vesicle collapse, it may save energy spent on vesicle collapse
and the subsequent vesicle reformation and recollection of vesicle proteins from the plasma
membrane. It may also provide a mechanism for rapid clearance of vesicle membrane and
proteins from active zones after exocytosis, which, as discussed below, may facilitate vesicle
replenishment to the release sites and may help recover short-term synaptic depression (48—
50). The key questions in understanding the importance of kiss-and-run are what promotes
kiss-and-run and determines its pore size and why kiss-and-run is needed in physiological
conditions. These questions remain largely unsettled (17, 34), although a variety of
conditions in which kiss-and-run may occur have been implicated (11, 16, 20, 22, 24-29, 47,
51).

Compound Exocytosis

Compound exocytosis increases quantal size (Figure 2¢;,) and mediates a large part of
posttetanic potentiation after repetitive firing at calyces (Figure 24d) (44, 52, 53). Compound
exocytosis is likely a common mechanism to enhance synaptic strength, because (4)
posttetanic potentiation is observed at many synapses during physiological stimulation (54,
55) and (b) large organelles (6, 56-59) accompanied by giant mMEPSCs at the same synapse,
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which may be caused by compound exocytosis, are widely observed (60-63). Compound
exocytosis may explain the increases in vesicle size, miniature potential, and synaptic
strength observed after high natural crawling activities in Drosophila (64). Compound
exocytosis also provides an alternative mechanism to explain the multivesicular release
observed at many synapses (65-68).

ENDOCYTOSIS MODES: SUPPORTING EVIDENCE

We discuss here supporting evidence for classical endocytosis and bulk endocytosis. The
supporting evidence for kiss-and-run is described above in the discussion of kiss-and-run
exocytosis.

Classical Endocytosis

Classical endocytosis was first suggested on the basis of EM observations of endocytic-like
intermediates, including shallow and deep membrane invaginations and coated and uncoated
pits, in stimulated frog neuromuscular junctions (Figure 3a)) (6, 69). These intermediates are
accumulated at nerve terminals lacking proteins involved in clathrin-dependent endocytosis,
such as amphiphysin, endophilin, AP180, auxilin, and dynamin (reviewed in Reference 2).
Furthermore, endocytosis is prolonged by knockdown of clathrin, AP2, and stonin 2; by
pharmacological block of proteins involved in clathrin-dependent endocytosis; and by
knockout of endophilin and auxilin (Figure 3a;) (33, 49, 50, 70-77). At pituitary nerve
terminals and the calyx release face, capacitance down steps reflecting single-vesicle fission
are not preceded within a few seconds by equal-sized up steps, suggesting classical, but not
kiss-and-run, endocytosis (Figure 3a;;;) (11, 20, 44). These results led to the widespread
acceptance of clathrin-dependent classical endocytosis at secretory cells (2, 5, 17).
Visualization of the dynamic structural changes underlying classical endocytosis in live cells
would provide the key missing evidence.

Bulk Endocytosis

EM examination after intense nerve stimulation reveals endosome-like structures or
cisternae much larger than regular vesicles (Figure 34) (6, 44, 56-58, 78, 79). Some of these
structures take up extracellular horseradish peroxidase or FM dyes, suggesting their
endocytic origin (Figure 356). Imaging reveals large fluorescent spots that may correspond to
endosome-like structures taking up extracellular dyes (Figure 35;;) (79-83). Endosome-like
structures may be generated by bulk endocytosis or by vesicle-vesicle fusion. The first
possibility is supported by EM observations that some endosome-like structures are deep
invaginations of the plasma membrane, particularly in conditions that inhibit endocytosis
(69, 78, 84-86), although the possibility that deep membrane invagination is a platform for
fission of regular vesicles has not been excluded. The second possibility, vesicle-vesicle
fusion, was proposed in the 1970s (6) and was recently proposed again on the basis of the
observation that in vitro, endocytosed vesicles isolated from synaptosomes may fuse with
each other or with endosomes isolated from PC12 cells (42). To determine whether bulk
endocytosis occurs, large-vesicle pinch off needs to be resolved in live cells. Capacitance
measurement offers an approach for detecting large-vesicle pinch off.
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At calyces, whole-cell capacitance recordings at a millisecond time resolution reveal
capacitance down steps of more than 20 fF (Figure 36;;) (87), much larger than a regular
vesicle’s capacitance (~0.07 fF) (Figure 3a;;) (11, 88). Large down steps are accompanied
by a fission pore conductance decrease reflecting a pore that closes from a diameter of ~3—
19 nm at a rate of ~4 nm/100 ms (87). Thus, large down steps reflect bulk endocytosis (87).
These large whole-cell down steps are also observed in pituitary cells containing dense-core
vesicles and in nonneuronal cells (89, 90). One drawback of whole-cell recordings is that
they can resolve only giant down steps corresponding to ~0.8—4-um-diameter vesicles,
which are much larger than 20-50-nm synaptic vesicles (87). This drawback can be
overcome by cell-attached recordings, which reveal down steps of ~0.02-3 fF at the calyx
release face, corresponding to ~20-330-nm vesicles (Figure 35;,). Some of these large cell-
attached down steps are accompanied by a fission pore conductance decrease, reflecting
rapid pore closure during bulk endocytosis (Figure 36;,) (44). Together, whole-cell and cell-
attached capacitance measurements (44, 87) cover the size range of endosome-like structures
(6, 56-58, 78, 80) and indicate the existence of bulk endocytosis, particularly during intense
stimulation.

ROLES OF ENDOCYTOSIS

Maintenance of Exocytosis

The function of endocytosis is best demonstrated in the Drosophila mutant shibirés (where
ts denotes temperature sensitive), in which inactivation of the GTPase dynamin at
nonpermissive temperatures (e.g., 32°C) inhibits endocytosis, depletes vesicles, abolishes
synaptic transmission (Figure 44), and paralyzes the animal (78, 84, 91). Clearly,
endocytosis maintains exocytosis via recycling vesicles to prevent vesicle exhaustion.
Endocytosis may help recover synaptic transmission by maintaining the size of nerve
terminals (92).

Contribution of Each Endocytosis Mode to Whole-Cell Endocytosis

Endocytosis is often evaluated as the averaged behavior of the entire cell or many boutons.
The amplitude and time course of this behavior may depend on modes of endocytosis. We

first introduce various averaged endocytosis behaviors, termed whole-cell endocytosis, and
then discuss how different modes of endocytosis contribute to these behaviors.

Whole-cell endocytosis: rapid, slow, and overshoot—The kinetics of whole-cell
endocytosis is highly plastic and depends on the stimulation intensity (Figure 45) (49, 66,
70, 88, 93-99). The calyx of Held shows a typical example. At the calyx (Figure 46), a mild
stimulus, such as an action potential-like (APjjke) stimulus, induces a low level of exocytosis
and rapid endocytosis with a time constant (z) of ~1-3 s (88, 98). An intermediate stimulus
intensity, such as a short AP)jye train or a 20-ms depolarization, induces endocytosis with a ¢
of ~10-30 s and bulk endocytosis (49, 66, 88, 98, 100). An intense stimulus, such as a
prolonged, high-frequency APjke train or ten pulses of 20-ms depolarization at 10 Hz,
reactivates rapid endocytosis together with slow endocytosis and bulk endocytosis (49, 98).
Finally, a very intense stimulation, such as a prolonged APk train at very high frequency or
ten pulses of 50-ms depolarization at 10 Hz, induces endocytosis overshoot that retrieves
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more vesicles than the exocytosed amount, together with rapid, slow, and bulk endocytosis
(49, 100, 101).

Analogous to changes from rapid to slow endocytosis as the stimulus intensity changes from
mild to intermediate at calyces (Figure 45, left two traces; Figure 4¢), increasing the
stimulation intensity increases exocytosis and prolongs the endocytosis zat frog
neuromuscular junctions, hippocampal synapses, goldfish retinal bipolar cells, and
chromaffin cells (70, 93, 96, 97, 102). Such a rule does not apply to intense stimuli that
trigger the reappearance of rapid endocytosis (Figure 45, right two traces). However, if only
the slow component of endocytosis induced by intense stimuli is included for analysis, with
endocytosis induced by mild and intermediate stimuli, the endocytosis zincreases linearly
with the exocytosis amount (Figure 4¢) (98). This phenomenon is attributed to saturation of
the endocytic capacity (97, 99) or to the inhibition of endocytosis by a global calcium
increase (103).

Similar to the reappearance of rapid endocytosis after intense stimulation at calyces, rapid
endocytosis in hair cells is more often observed at higher calcium concentration (>15 pM)
increases induced by calcium uncaging (104). Akin to the overshoot observed during a very
intense stimulus at calyces, prolonged depolarizing pulses or high calcium increases induce
endocytosis overshoot in chromaffin cells (95) and in pituitary cells (105).

Different whole-cell behaviors due to different endocytosis modes—Classical
endocytosis may mediate whole-cell slow endocytosis because slow endocytosis is inhibited
by perturbation of proteins involved in clathrin-dependent endocytosis (Figure 3a;;) (33, 49,
50, 70-77). Cavicapture, a slow form of kiss-and-run, contributes to slow endocytosis to a
minor extent at chromaffin cells (14). Bulk endocytosis, which takes a few to tens of
seconds, may also contribute to slow endocytosis (Figure 36;;) (87). In brief, all three
endocytosis modes may contribute to slow endocytosis, but classical endocytosis is likely the
dominant mode, given that inhibition of clathrin-dependent endocytosis largely inhibits slow
endocytosis (Figure 3a;) (33, 70-75). Because slow endocytosis is observed during most
stimulation conditions at nearly all secretory cells examined (Figure 46) (5, 70, 72, 106,
107), classical endocytosis is generally considered to be the most important endocytosis
mode.

Rapid kiss-and-run is an obvious candidate for mediating whole-cell rapid endocytosis (51).
However, bulk endocytosis is also a candidate because large capacitance down steps
reflecting bulk endocytosis may occur within a few seconds after stimulation (Figure 35;;)
(87). Furthermore, strong stimulation, which induces a larger component of rapid
endocytosis, also induces more capacitance down steps reflecting bulk endocytosis (49, 87)
and generates large organelles and large fluorescent spots at neuromuscular junctions and
central synapses within seconds of stimulation (69, 81, 82, 108). Despite classical
endocytosis being slower, individual vesicle endocytosis is stochastic and can be fast in a
fraction of vesicles, raising the possibility that classical endocytosis contributes to rapid
endocytosis (31). Consistent with this possibility, a retrievable vesicle pool at hippocampal
synapses and calyces (101, 109-111), which likely correspond to preformed endocytic
structures at the plasma membrane, speeds up endocytosis, likely by bypassing membrane
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invagination (101). Although the relative contribution of each mode to rapid endocytosis
remains to be determined, classical endocytosis is unlikely to be the main mechanism,
because rapid endocytosis induced by strong stimulation (e.g., Figure 454) is much larger
than predicted from a stochastic process (49, 98) and inhibition of clathrin-dependent
endocytosis does not block rapid endocytosis (70, 71). Rapid endocytosis is therefore likely
mediated largely by kiss-and-run and/or by bulk endocytosis.

Endocytosis overshoot may retrieve fused vesicles stranded at the plasma membrane (49),
which may correspond to a retrievable vesicle pool or to preformed endocytic structures
(109-111). Like rapid and slow endocytosis, inhibition of calcium influx, calmodulin,
calcineurin, and dynamin blocks endocytosis overshoot at calyces, suggesting a similar
underlying mechanism between endocytosis overshoot and compensatory endocytosis (101).
Which mode of endocytosis contributes most to endocytosis overshoot remains to be
determined.

In summary, the studies discussed above lead to a working model in which (&) classical
endocytosis is a major endocytosis mode for slow endocytosis in most conditions; (6) bulk
endocytosis, as activated during intermediate to strong stimulation intensity, may contribute
to rapid and slow endocytosis to enhance endocytosis capacity; and (¢) kiss-and-run may
contribute to rapid endocytosis. Although the quantitative contribution of each mode to each
whole-cell form of endocytosis remains largely unclear, it can be determined with two
approaches in the future. The first is to record an individual vesicle’s endocytosis mode, to
reconstruct overall endocytosis from individual vesicle endocytosis, and to compare
reconstructed endocytosis with simultaneously recorded whole-cell endocytosis. The second
is to understand the molecular mechanisms of each mode, to develop specific tools to block
each mode, and to determine the outcome of the block.

Roles for High-Speed Endocytosis

Kiss-and-run may be dominant during the first few action potentials at low-frequency firing
and may recycle vesicles within the readily releasable pool (RRP) in seconds to tens of
seconds at hippocampal synapses (16, 17). However, other studies argue against a major
contribution of kiss-and-run to overall endocytosis (30-32, 34). A recent study at calyces
shows that both whole-cell rapid endocytosis and slow endocytosis, which include kiss-and-
run if it contributes to whole-cell endocytosis, do not recycle vesicles within the RRP (92).

If not for recycling within the RRP, then why do cells need rapid endocytosis? There are at
least two reasons. First, rapid endocytosis, as activated by intense stimulation, recycles
vesicles in a recycling pool beyond the RRP to prevent vesicle exhaustion (92). Second,
rapid endocytosis may rapidly restore the structure of release sites during intense stimulation
that adds many vesicle membranes and proteins to release sites (92). As described below,
clearance of the release site by endocytosis facilitates vesicle replenishment to the RRP.

Endocytosis Clears Active Zones to Facilitate Readily Releasable Pool Replenishment and
Recovery of Synaptic Depression

In addition to recycling vesicles, endocytosis may facilitate vesicle replenishment to the
RRP, likely by clearance of exocytotic materials from active zones. This new role may lead
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to reinterpretation of the mechanisms underlying RRP replenishment, which is thought to
involve only exocytic mechanisms in counteracting short-term depression during repetitive
firing.

Supporting evidence for active-zone clearance—Dynamin defect or clathrin
knockdown in Drosophila neuromuscular junctions increases short-term synaptic depression
during the first 20-40 ms of repetitive stimuli at 50 Hz (Figure 44)) (48, 112). This event
seems to occur too quickly to be caused by an effect on vesicle recycling (48). Accordingly,
investigators proposed that endocytosis facilitates vesicle replenishment to the RRP (48).
However, alternative explanations, such as blocking kiss-and-run that recycles vesicles
within 20-40 ms, a reduced RRP size that causes more depletion of the RRP (113, 114), and
calcium current inactivation (115) that causes more short-term depression, have not been
excluded. These possibilities can be distinguished at the calyx. At this large nerve terminal,
replenishment of the RRP after a 20-ms depolarization that depletes the RRP is
biexponential, with zof ~0.3 and ~5-10 s, respectively (92, 113, 114). In contrast,
endocytosis zis ~10-20 s after a 20-ms depolarization (66, 88, 98, 100), which is clearly
slower and thus not responsible for RRP replenishment. Furthermore, activation of rapid
endocytosis does not speed up RRP replenishment, and block of both rapid and slow
endocytosis by GTPyS does not affect RRP replenishment (92). Thus, RRP replenishment is
not due to recycling directly from rapidly or slowly endocytosed vesicles (92). However,
RRP replenishment is inhibited by calmodulin, dynamin, and AP2 blockers, all of which
inhibit endocytosis without affecting the RRP size or the calcium current (Figure 4aj; ;) (49,
50). These results suggest that endocytosis facilitates RRP replenishment through clearance
of the active zone, by removing exocytosed vesicle membranes and proteins that may
prevent vesicle docking and priming (49, 50).

Active-zone clearance must take place before fission because RRP replenishment is faster
than vesicle retrieval. This fast action may explain why GTPyS, which blocks endocytosis
by affecting the final GTP-dependent fission process, does not affect RRP replenishment
(92), whereas other dynamin inhibitors affect RRP replenishment, likely because dynamin is
involved in active-zone clearance in addition to the final fission step (49, 50).

Reinterpreting calmodulin-dependent RRP replenishment—Active-zone clearance
offers a new explanation for calcium/calmodulin-mediated facilitation of RRP replenishment
(114, 116-118). Similar to the case of dynamin and AP2 inhibitors, blocking calcium influx
or calmodulin inhibits endocytosis (for details, see Figures 5-7 below) and RRP
replenishment (Figure 44d;) (49). Given that calcium-dependent RRP replenishment is
critical in recovering from short-term depression, a widely observed form of synaptic
plasticity involved in neuronal circuit functions (119), endocytosis may play an important
role in short-term depression and circuit information processing (Figure 44).

SNARE involvement in RRP replenishment—A recent study shows that cleavage of
two SNARE proteins critical for exocytosis, SNAP25 and syntaxin, inhibits endocytosis (see
Figure 8 below) and RRP replenishment at the calyx, suggesting the involvement of SNARE
proteins in both endocytosis and RRP replenishment (120). Given the role of endocytosis in
active-zone clearance, SNAP25 and syntaxin may facilitate RRP replenishment via active-

Annu Rev Physiol. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 10

zone clearance in addition to the well-characterized interaction between vesicular and
membrane-targeted SNARES (120).

COUPLING BETWEEN EXO- AND ENDOCYTOSIS
Mode Coupling: A Vesicle Size Match

Full-collapse fusion is generally thought to be followed by classical endocytosis that forms a
vesicle with a size similar to that of the exocytosed one. This hypothesis is supported by the
observations of similar-sized endocytosed and exocytosed vesicles (6, 8, 69) and similar
capacitance up and down steps (Figures 2a;;;and 3a;;) (11, 20). Kiss-and-run retrieves the
same exocytosed vesicle. Compound exocytosis is suggested to couple to bulk endocytosis
because (&) large capacitance up steps reflecting compound exocytosis are followed by large
down steps reflecting bulk endocytosis (44) and (5) both compound exocytosis and bulk
endocytosis are more frequently observed during intense stimulation (6, 39, 43, 44, 56-58,
78). However, the possibility that bulk endocytosis also follows full-collapse fusion of
regular-sized vesicles has not been excluded. In summary, there are at least three size-
matched exo-endocytosis couplings: (&) full-collapse fusion and classical endocytosis, (6)
kiss-and-run, and (¢) compound exocytosis and bulk endocytosis (Figure 1).

Tight Exo-Endocytosis Coupling at the Whole-Cell Level

At the whole-cell level, exocytosis is followed by endocytosis, which retrieves a similar
amount of exocytosed vesicle membrane and protein within a few seconds to a few minutes
(Figures 3a;;and 4b) (5, 95). Such a tight exo-endocytosis coupling in amount and timing,
often referred to as compensatory endocytosis (95, 121), maintains exocytosis and prevents
cells from swelling or shrinking. One apparent exception is endocytosis overshoot. However,
endocytosis overshoot may retrieve fused vesicles stranded at the plasma membrane (49) and
may thus reflect coupling between early exocytosis and endocytosis.

What mediates exo-endocytosis coupling, controls endocytosis timing, and matches the
amount of exo-endocytosis? Presynaptic scaffold proteins have been speculated to be
involved (121). Recent studies, as discussed in the following two sections, suggest that
calcium influx may activate calmodulin and synaptotagmin to initiate endocytosis and
control endocytosis timing, whereas exocytosis, particularly the SNARE proteins that
mediate exocytosis, may be involved in matching the exo-endocytosis amount.

CALCIUM INFLUX VIA VOLTAGE-GATED CHANNELS TRIGGERS ALL
FORMS OF ENDOCYTOSIS BY ACTIVATING CALMODULIN AND
SYNAPTOTAGMIN

Early Studies on Calcium and Endocytosis

Early studies at frog and Drosophila neuromuscular junctions found that after calcium-
independent release induced by the neurotoxin black widow spider venom, horseradish
peroxidase or FM dye can be taken up into vesicles, and this dye uptake is reduced when the
extracellular calcium is removed (122-124). Because voltage-dependent calcium channels
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(VDCCs) are not activated, this result suggests that extracellular calcium regulates
endocytosis (122-124). However, dye uptake was measured after calcium-independent
exocytosis. It is unclear whether this result applies to endocytosis that follows physiological
calcium-dependent exocytosis. In synaptosomes preloaded with FM dye in the presence of
extracellular barium, FM dye release is less than that in synaptosomes preloaded with FM
dye in the presence of extracellular calcium, implying that extracellular calcium may
regulate a step in vesicle cycling, such as endocytosis, vesicle mobilization to the RRP, or
vesicle release probability (125, 126). To determine whether intracellular calcium regulates
endocytosis, 0.5-1 pM calcium was dialyzed into goldfish retinal nerve terminals, which
inhibited endocytosis (93). However, subsequent studies show that calcium influx facilitates
endocytosis. At hippocampal synapses, increasing the extracellular calcium and thus calcium
influx during action potentials accelerates slow endocytosis induced by action potentials (99,
127). At retinal nerve terminals and calyces, dialysis of the calcium buffer EGTA slows
down rapid endocytosis (94, 98). In hair cells, rapid endocytosis is more often observed at
higher calcium concentration increases induced by calcium uncaging (104). At chromaffin
cells, replacing extracellular calcium with barium blocks rapid endocytosis (70).

The above studies raise two questions. First, does calcium influx regulate or trigger
endocytosis? Second, is calcium influx the universal trigger of all forms of endocytosis? The
difference between regulation and trigger is best demonstrated in studies of exocytosis:
Calcium influx triggers exocytosis by increasing the exocytosis rate by several orders of
magnitude during action potentials, whereas residual calcium after action potentials
regulates exocytosis during subsequent action potentials by increasing the exocytosis rate
severalfold (128). Although results from most studies suggest that calcium regulates
endocytosis rate by only ~1-3 fold, a triggering role cannot be excluded, because these
studies did not reduce calcium influx by a large extent while maintaining sufficient
exocytosis for reliable endocytosis measurements. Furthermore, EM or FM dye imaging
techniques used in early studies do not provide sufficiently quantitative endocytosis rates.
These experimental difficulties can be overcome at calyces, where (&) up to ~20,000 vesicles
can be released within 1 s, allowing for reliable quantification of subsequent endocytosis at
millisecond resolution with whole-cell capacitance measurements (66, 98), and () a wide
range of calcium currents can be induced and quantified while sufficient exocytosis is
maintained for subsequent endocytosis measurement (49, 129).

Calcium Influx Triggers All Forms of Endocytosis at Secretory Cells

Five sets of evidence suggest that calcium influx triggers all forms of endocytosis detected
with whole-cell recordings at calyces, including slow, rapid, and bulk endocytosis and
endocytosis overshoot. First, decreasing the extracellular calcium from 5 to 0.25 mM
decreases the calcium current and the slow endocytosis rate by ~50 fold (49). Second, 10
mM BAPTA, a fast calcium buffer, re duces the endocytosis rate by ~1,000-1,500 fold
(Figure 54) (49), and 1 mM BAPTA blocks slow endocytosis induced by APjike trains (50).
Third, as the calcium current charge increases, the initial endocytosis rate increases by
several orders of magnitude. For example, at near resting condition with 0.5-0.75 pM
calcium in calyces, the endocytosis zis ~600 s (49); ten 2-ms depolarization pulses at 10 Hz
induce endocytosis with a 7of ~15 s; and ten 50-ms depolarization pulses at 10 Hz induce a
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larger calcium current charge and an endocytosis zof ~1 s (Figure 55) (49). Thus,
endocytosis zmay decrease by ~600 fold, depending on the calcium influx. These three sets
of evidence suggest that calcium influx triggers rapid and slow endocytosis. Fourth, strong
stimulation increases the frequency of large capacitance down steps reflecting bulk
endocytosis by more than 10 fold (87). The frequency increase depends on the calcium
current charge. EGTA (70 mM) nearly abolishes this increase and slows down the rate of
fission pore closure from ~100 nm/s to ~ 10 nm/s, an estimate from fission pore conductance
measurements (Figure 5¢) (49). These results suggest that calcium influx triggers bulk
endocytosis (49, 87). Fifth, increasing the extracellular calcium from 1.3 to 10 mM increases
the calcium current charge and the frequency of endocytosis overshoot induced by a strong
stimulus from 0 to 100%, whereas 10-70 mM EGTA abolishes endocytosis overshoot,
suggesting that calcium influx triggers endocytosis overshoot (49, 101).

Reducing or buffering calcium influx abolishes endocytosis and also reduces exocytosis
(e.g., Figure 54). Would the reduced exocytosis abolish endocytosis? The answer is no, as
several studies show (49, 98, 129). Three sets of supporting evidence are described here.

First, except for the rapid component of endocytosis induced by intense stimuli, endocytosis
zincreases as the exocytosis amount increases in control conditions (Figure 4¢) (70, 93, 96—
98, 102). Thus, a reduced exocytosis amount (e.g., Figure 58) may shorten endocytosis 7 but
not prolong or block endocytosis.

Second, the appearance of rapid endocytosis upon stronger calcium influx is independent of
the exocytosis amount. For example, the initial rate of endocytosis induced by a 20-ms
depolarization from =80 mV to +10 mV increases as the pulse is repeated at 1 Hz to activate
rapid endocytosis (Figure 64) (98). However, the increase in endocytosis rate reaches a
plateau as depolarization is repeated five to six times while the capacitance that reflects
exocytosis continues to increase (Figure 64). In contrast, when a 20-ms depolarization from
—-80 mV to -5 mV, which induces a much smaller calcium current than the depolarization to
+10 mV, is repeated at 1 Hz, the initial endocytosis rate barely increases as exocytosis
increases to a similar amount as for repeated depolarization to +10 mV (Figure 64) (98).
Thus, increasing exocytosis does not increase endocytosis rate. Rather, manipulation of
calcium current charge through varying depolarization affects endocytosis rate (Figure 64)
(98). Similarly, three different stimuli induce similar capacitance increases but different
initial endocytosis rates (by ~10 times) at calyces, owing to the differences in calcium
current charge, amplitude, and/or frequency of stimulation (Figure 65) (129).

Third, reducing calcium currents or application of 70 mM EGTA reduces the rate of bulk
endocytosis, even when the reduction of exocytosis is taken into account (49). EGTA at 10
mM abolishes endocytosis overshoot in conditions of comparable capacitance jump (49).
Taken together, the findings indicate that decreasing the exocytosis amount alone does not
slow down endocytosis.

As the calcium current charge increases, first slow endocytosis is observed, followed by bulk
endocytosis, rapid endocytosis, and finally endocytosis overshoot, suggesting that the
threshold calcium concentration for triggering endocytosis ranges from low to high for slow,
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bulk, and rapid endocytosis and endocytosis overshoot (49, 87). One exception to this rule is
that very mild stimulation also triggers rapid endocytosis (Figure 45) (93, 96, 98). Saturation
of the endocytic capacity or inhibition of endocytosis by residual calcium increase may
explain why endocytosis slows down as the stimulus intensity increases from mild to
intermediate (93, 97, 103).

The finding that calcium influx triggers all forms of whole-cell endocytosis at calyces is
consistent with the observation that calcium influx triggers rapid endocytosis at chromaffin
cells (70) and slow endocytosis at hippocampal synapses (130). This finding may account
for the previous observation that calcium upregulates rapid and slow endocytosis at
hippocampal synapses (99, 127), retinal nerve terminals (94), the calyx of Held (98), and
hair cells (104). It explains why more intense stimulation, which generates higher calcium
influx, induces more endosome-like structures that may be caused by bulk endocytosis at
various synapses (6, 44, 56-58, 78, 79, 131) and induces endocytosis overshoot at
chromaffin cells and pituitary cells (95, 105). Accordingly, calcium influx is suggested as
the universal trigger for all forms of vesicle endocytosis in secretory cells in which calcium
triggers exocytosis (49).

Micro/Nanodomain Calcium Coupling of Exo- and Endocytosis

Three sets of evidence suggest that more than a few micromolars of calcium at the calcium
micro/nanodomain are needed to trigger slow endocytosis. First, endocytosis at 0.5-0.75 uM
calcium is extremely slow, with a 7 of ~600 s (49). Second, EGTA slows down endocytosis
(Figure 5¢), whereas BAPTA, a faster calcium buffer, abolishes endocytosis (Figure 5a) (49,
50, 132). This result suggests that, analogous to the sensitivity of exocytosis to BAPTA and
EGTA (133), calcium influx triggers not only exocytosis but also endocytosis at the
microdomain near calcium channels (49, 50, 132), whose calcium concentration is more
than 10 uM (134, 135). As the calyx matures, the coupling between calcium and exocytosis
and that between calcium and endocytosis change from the microdomain to the nanodomain
(132, 136). Third, photolysis of a caged calcium induces endocytosis when the calcium
concentration is more than ~10 uM (Figure 74) (50). These results suggest that the
endocytosis trigger takes place at or near the release site, challenging a seemingly
established principle that endocytosis takes place at the periactive zone (6, 69). Consistent
with this suggestion, FM dye uptake at snake neuromuscular junctions is near the active
zone (86), a retrievable vesicle pool at the plasma membrane of hippocampal boutons was
implied to be within ~100-300 nm of the active zone (111), clathrin may be located at
Drosophila active zones (112), and endocytic sites are within 500 nm of exocytic sites in
PC12 cells (137).

Transient, But Not Prolonged, Calcium Increase Triggers Endocytosis

Increasing the duration of APjke trains or depolarization trains prolongs endocytosis at
goldfish retinal bipolar nerve terminals (93), frog neuromuscular junctions (102),
hippocampal synapses (97, 99), calyces (88, 98, 100, 138), and chromaffin cells (51). For
three reasons, these observations are not in conflict with the finding that calcium influx at
the micro/nanodomain triggers endocytosis. First, calcium from the micro/nanodomain
dissipates within milliseconds after action potentials, whereas action potentials are often
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repeated at an interval of ~50 ms or longer. Thus, repetitive action potentials at low to
intermediate frequencies may not substantially increase the transient calcium concentration
at the micro/nanodomain (128). Second, repeated stimulation causes more exocytosis, which
may saturate the endocytic capacity, resulting in apparently slower endocytosis (97, 99).
Third, repeated stimulation increases global calcium concentration to the submicromolar
range for a prolonged period of time (102, 113). Prolonged dialysis of calcium at 1 M or
more in goldfish retinal nerve terminals and chromaffin cells inhibits endocytosis (51, 93).
Thus, transient, but not prolonged, calcium increase triggers endocytosis.

Voltage-Dependent Calcium Channels at the Plasma Membrane Mediate Calcium Influx to
Trigger Endocytosis

What type of calcium channel mediates calcium influx to trigger endocytosis? In a recent
study at Drosophila synapses, researchers proposed that the calcium channel is Flower, a
vesicular membrane protein conserved from Drosgphilato humans (139). Upon vesicle
fusion, Flower is thought to transfer from vesicles to the plasma membrane to mediate
calcium influx (139). An earlier study of sea urchin eggs suggests that upon exocytosis,
VDCCs are translocated from the vesicular membrane to the plasma membrane to mediate
the calcium influx needed for endocytosis (140). These studies led to the hypothesis that
vesicular calcium channels conserved from sea urchins to nerve terminals mediate exo-
endocytosis coupling (141). However, Flower insertion increases calcium to the
submicromolar range at Drosophila nerve terminals after prolonged tetanic stimulation
(139), which may inhibit endocytosis (93) but is insufficient to trigger endocytosis (49, 50,
142). Calcium increase via Flower channels takes ~10-60 min (139), which is too slow to
trigger endocytosis that typically lasts for tens of seconds in secretory cells (Figure 46),
including Drosophila synapses (5, 106, 143). Compared with the complete block of
endocytosis by BAPTA (Figure 54) (49, 50, 132), loss of Flower impairs endocytosis by only
~40% (139). Thus, Flower may play a regulatory role but not a triggering role in
endocytosis.

At calyces at which both VDCCs and Flower are present, the fusion of thousands of vesicles
at the plasma membrane does not generate any calcium current or influx, indicating that
vesicles do not contain VDCCs and that Flower does not generate calcium influx to trigger
endocytosis (129). The rate of endocytosis depends on calcium influx via VDCCs (Figure
55) (49), including P/Q-type VDCCs (Figure 75), at the plasma membrane, but not on the
amount of exocytosed vesicles (Figure 64) (129). These results suggest that calcium influx
via VDCCs, including P/Q-type VDCCs, at the plasma membrane triggers endocytosis (49,
129). Consistent with this suggestion, blocking P/Q- and L-type calcium channels inhibits
endocytosis in chromaffin cells (144). Given that calcium influx may trigger all forms of
endocytosis at secretory cells in which calcium influx through VDCCs triggers exocytosis,
we suggest that VDCCs at the plasma membrane trigger endocytosis at neuronal nerve
terminals and in nonneuronal secretory cells.

Calcium Sensors for Endocytosis

Recent studies show that calmodulin, a calcium-binding protein, is involved in rapid, slow,
and bulk endocytosis and in endocytosis overshoot, whereas synaptotagmin, another
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calcium-binding protein, is involved in slow endocytosis. Thus, calmodulin and
synaptotagmin may act as calcium sensors for endocytosis.

Calmodulin—Various calmodulin inhibitors block rapid, slow, and bulk endocytosis and
endocytosis overshoot at calyces (Figure 7¢)) (49). They also block rapid endocytosis in
chromaffin cells (107). Knockdown of calmodulin inhibits slow endocytosis at cultured
hippocampal synapses (Figure 7¢;) (130). These results suggest that calmodulin is the
calcium sensor for all forms of endocytosis (49).

Calcineurin—One of the downstream targets of calmodulin is calcineurin, which may
dephosphorylate many endocytic proteins (145). Calcineurin is composed of a catalytic A
subunit and a regulatory B subunit. Among the three isoforms of the A subunit, calcineurin
A and Ag are expressed in the brain. Knockout of calcineurin A, inhibits rapid and slow
endocytosis at calyces (Figure 7¢;;), whereas knockout of calcineurin Ag inhibits slow
endocytosis at hippocampal synapses (130). These results suggest the involvement of
calcineurin in both rapid and slow endocytosis (130). The downstream target for calcineurin
may include dynamin 1 because dynamin 1 dephosphorylation by calcineurin may be
involved in bulk endocytosis (146, 147).

On the basis of knockout studies (130), it is tempting to propose that calcineurin-mediated
dephosphorylation of dynamin (146) is involved in triggering endocytosis. However, a large
number of studies using blockers of calcineurin do not reach a consensus. At chromaffin
cells, calcineurin blockers such as cyclosporine A and FK506 were reported to have either
no effect or an inhibitory effect on endocytosis (107, 148, 149). In synaptosomes,
calcineurin blockers were implied to inhibit endocytosis in adult, but not in juvenile,
animals, leading to the proposal that the calcium sensor switches from an unknown one to
calcineurin as synapses mature (150). In contrast, calcineurin blockers inhibit endocytosis at
immature calyces (130), but not at mature ones, leading to the proposal that the endocytic
calcium sensor switches from calcineurin to an as-yet-unidentified one (132). At Drosophila
neuromuscular junctions and cerebellar synapses, calcineurin blockers do not block
endocytosis (150, 151). It is unclear whether such controversy is due to the specificity of
synapses or pharmacological blockers. Resolving this issue would be critical in
understanding how calcium influx triggers endocytosis.

Synaptotagmin—Synaptotagmin isoforms 1 and 2 are the calcium sensors for
synchronized exocytosis (152). Deletion of synaptotagmin 1 prolongs the z of slow
endocytosis by approximately 0.5-1 fold in Drosgphila neuromuscular junctions and at
cortical and hippocampal synapses (Figure 74d;_;;) (153-155). Deletion or mutation of both
the C2A and C2B domains, the calcium-binding domains of synaptotagmin 1, prolongs the =
of slow endocytosis by ~30-50% (Figure 74dj;) (155). These results suggest a regulatory role
for synaptotagmin in slow endocytosis. At the calyx, where synaptotagmin 2 is the calcium
sensor for synchronized exocytosis, deletion of synaptotagmin 2 has a negligible effect on
endocytosis (49). At chromaffin cells, deletion of synaptotagmin 1 prolongs the duration of
the fission pore closure but does not abolish endocytosis. Taken together, these findings
suggest that synaptotagmin may regulate endocytosis but is not essential for endocytosis.
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Comparison between calmodulin and synaptotagmin—Because the impairment of
endocytosis in synaptotagmin 1 or 2 knockout synapses is not as severe as block of
calmodulin (Figure 7¢,d), the calmodulin signaling pathway is likely the dominant pathway
in mediating calcium-triggered endocytosis. Furthermore, calmodulin is involved in all
whole-cell forms of endocytosis, whereas synaptotagmin is involved only in slow
endocytosis. How calmodulin and synaptotagmin trigger endocytosis is unclear. Calcineurin
is a potential downstream target of calmodulin, although this issue remains controversial.
Even if calcineurin is involved in endocytosis, how calcineurin-mediated dephosphorylation
of endocytic proteins, including dynamin 1, speeds up endocytosis is unclear. Adaptor
proteins AP2 and stonin are potential targets of synaptotagmin because both bind to
synaptotagmin (156-158).

EXOCYTOSIS AND SNARE PROTEINS IN EXO-ENDOCYTOSIS COUPLING

Exocytosis Is Needed for Endocytosis Initiation

Although the exocytosis amount does not control the endocytosis rate (Figure 6),
capacitance increase or vesicular protein-tagged pHIluorin signal increase is usually followed
by a decay to the baseline (e.g., Figures 3a;; 45), indicating a match between exocytosis
amount and endocytosis amount. When exocytosis is abolished by botulinum neurotoxins
that cleave SNARE proteins essential for exocytosis, no endocytosis takes place, despite
strong calcium influx induced by depolarization (Figure 84) (98, 138). Thus, in addition to
calcium influx, exocytosis is needed for endocytosis initiation, likely in controlling the
endocytosis amount. An apparent exception is endocytosis overshoot. However, it may also
require exocytosis because endocytosis overshoot retrieves vesicles previously fused but
stranded at the plasma membrane (49, 101).

SNARE Proteins in Endocytosis

The requirement of exocytosis raises the possibility that proteins mediating exocytosis
and/or vesicular membrane proteins exocytosed to the plasma membrane may be the
substrates for endocytosis initiation. An early study implicates the involvement of
synaptobrevin, a vesicular SNARE critical in mediating exocytosis, in rapid endocytosis at
hippocampal synapses (159), although the technique used to detect rapid endocytosis is
indirect and controversial (16, 32, 34). A recent study shows that tetanus toxin, which
cleaves synaptobrevin, blocks slow endocytosis at calyces, suggesting the involvement of
synaptobrevin in slow endocytosis (Figure 85)) (50). A very recent study reveals that tetanus
toxin blocks not only slow endocytosis but also rapid endocytosis at calyces (Figure 86;)
and that botulinum neurotoxins that cleave SNAP25 or syntaxin, each a membrane-targeted
SNARE critical for exocytosis, also inhibit both rapid and slow endocytosis at calyces
(Figure 84;) (120). Furthermore, knockdown of synaptobrevin or SNAP25 inhibits slow
endocytosis at cultured hippocampal synapses (Figure 85;;) (160). In conclusion, all three
SNAREs that catalyze exocytosis—synaptobrevin, SNAP25, and syntaxin—are involved in
both rapid and slow endocytosis at the calyx of Held and hippocampal synapses. Given that
SNARE proteins mediate exocytosis at all nerve terminals and in nonneuronal secretory
cells, the dual role of SNARE proteins in exo- and endocytosis is likely a general principle.
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How SNARE proteins are involved in endocytosis remains unclear. Binding studies provide
clues. For example, synaptobrevin binds to the ANTH domain of endocytic adaptors AP180
and clathrin assembly lymphoid myeloid leukemia protein (161, 162). SNAP25 binds to the
endocytic protein intersectin (163). Syntaxin binds to dynamin (164).

Calcium Influx and SNAREs Comediate Exo-Endocytosis Coupling: A Working Model

We describe above the dual conditions required to initiate endocytosis: (g) calcium influx
that activates calmodulin and synaptotagmin and () exocytosis machinery including the
three SNARE proteins (Figure 9). A dual requirement is more advantageous than a
requirement for only one of them. For example, if calcium influx is the only requirement,
when an action potential-induced calcium influx fails to evoke exocytosis, which occurs at
many low-release-probability synapses (165), calcium influx still triggers endocytosis,
resulting in the shrinkage of the nerve terminal. Such futile endocytosis and terminal
shrinkage are prevented by the dual requirement of calcium and exocytosis. If the same
SNARE protein molecules involved in exocytosis also mediate the subsequent endocytosis,
these molecules may carry the information about the exocytosis amount and may thus
provide a mechanism for mediating exo-endocytosis coupling with regard to the amount.

The requirement of calcium provides a mechanism by which to regulate the rate of
endocytosis and by which secretory cells can cope with different physiological conditions.
For example, during high-frequency firing, large calcium influx triggers rapid endocytosis,
bulk endocytosis, and even endocytosis overshoot (49, 82, 98). Activation of these different
forms of endocytosis increases the endocytic rate and capacity, which may prevent
exhaustion of synaptic vesicles and thus maintain synaptic transmission during high-
frequency firing.

BROADER IMPACT

The principles described here are likely to have a broader impact on protein and vesicle
trafficking in a variety of cell types. For example, analogous to calcium-triggered
endocytosis observed at mammalian secretory cells, calcium influx via VDCCs is required
for a form of endocytosis that takes place after cortical granule exocytosis and lasts for as
long as 15 min (140). Calcium influx is also required for a rapid form of endocytosis in baby
hamster kidney cells and cardiac myocytes (90) and for exo- and endocytosis in Chinese
hamster ovary cells and 3T3 fibroblasts (166). At postsynaptic dendritic spines, SNARE-
mediated AMPA receptor exocytosis is involved in generating long-term synaptic
potentiation (167), whereas calcium and calcineurin may activate AMPA receptor
endocytosis (168, 169), which may mediate long-term synaptic depression (170). These
observations are similar to those observed at nerve terminals in which SNAREs mediate
exocytosis and calcium, calmodulin, and calcineurin may be involved in triggering
endocytosis. These similarities suggest that some or all of the principles described here,
including exo-endocytosis modes, functions, and coupling mechanisms, are likely to apply
well beyond secretory vesicles in the nerve terminals and endocrine cells described here,
such as in the contexts of muscle, adipose tissues, immune cells, and neuronal dendrites
(167, 171, 172). The general observation that most molecules involved in mediating exo-
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and endocytosis are evolutionally conserved in different systems and organisms (1, 2) further
supports this possibility.

ACKNOWLEDGMENTS

We sincerely thank Drs. Justin Taraska, Zhen Zhang, Jiansong Sheng, and Fujun Luo for helpful comments on the
review. This work was supported by the National Institute of Neurological Disorders and Stroke Intramural
Research Program.

Glossary

Full-collapse upon vesicle fusion with the plasma membrane, a fusion pore opens

fusion and dilates until the vesicle fully collapses

Kiss-and-run during vesicle fusion with the plasma membrane, a fusion pore
opens and closes without vesicle collapse

Compound fusion of a giant vesicle preformed by vesicle-vesicle fusion or by

exocytosis fusion of vesicles on the already fused, but not collapsed, vesicle

Classical generation of a vesicle via membrane invagination, formation of an

endocytosis Q profile, and fission of the Q profile

Bulk endocytosis endocytosis that retrieves a large endosome-like structure

Membrane an electrophysiologically recorded value linearly proportional to the

capacitance membrane area; an increase reflects exocytosis, and a decrease
indicates endocytosis

Capacitance capacitance up and down steps of equal size within a few seconds

flicker

SNARE soluble NSF (A-ethylmaleimide-sensitive factor) attachment protein
receptor

Calyx of Held a large glutamatergic nerve terminal in the medial nucleus of the
trapezoid body in the auditory brain stem; this structure is accessible
to electrophysiological recordings

Exo-endocytosis endocytosis follows exocytosis within seconds to minutes to retrieve

coupling a similar amount of exocytosed vesicle membrane and protein
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SUMMARY POINTS

Three modes of exocytosis—full-collapse fusion, kiss-and-run, and compound
exocytosis—control quantal size and thus the strength of exocytosis, by which
synaptic plasticity, including posttetanic potentiation, can be generated.

Three modes of endocytosis—classical clathrin-dependent endocytosis, Kiss-
and-run, and bulk endocytosis—control the rate and capacity of endocytosis and
thus maintain exocytosis under various stimulation conditions.

Endocytosis not only recycles vesicles but also mediates calcium-dependent
facilitation of vesicle replenishment to the readily releasable pool via active-
zone clearance, which helps recover short-term synaptic depression caused by
repetitive firing.

There are three size-matched exo-endocytosis couplings: full-collapse fusion
and classical endocytosis, kiss-and-run, and compound exocytosis and bulk
endocytosis.

Calcium influx via voltage-dependent calcium channels at the plasma membrane
at the micro/nanodomain triggers all forms of endocytosis at the whole-cell
level. Calmodulin is the main calcium sensor, although synaptotagmin may also
contribute to this process.

Exocytosis and the SNARE proteins synaptobrevin, SNAP25, and syntaxin are
needed for endocytosis initiation.

Calcium signaling pathways and exocytosis machinery may mediate exo-
endocytosis coupling with respect to timing and amount.

The principles described here for vesicle exo- and endocytosis in secretory cells
may have a broader impact on protein and vesicle trafficking.
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Figurel.
Schematic drawing of modes of exocytosis, endocytosis, and their coupling. Three modes of

exocytosis (exo)—full-collapse fusion, kiss-and-run, and compound exocytosis—are
coupled to classical endocytosis (endo), kiss-and-run, and bulk endocytosis, respectively.
Full-collapse fusion may also be coupled to bulk endocytosis (dotted arrow), although this
hypothesis remains to be tested. The functions of each exocytosis mode in regulating quantal
size and generating synaptic plasticity are also listed. Question marks indicate an unclear
function or transition.
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Figure2.
Modes of exocytosis: supporting evidence and functions. (&) Full-collapse fusion. (/)

Electron microscopic (EM) images showing the hypothesized sequence of full-collapse
fusion (from upper leftto upper right and then from Jower leftto lower right). Images were
taken from neuromuscular junctions that were frozen 3.7 ms, 5.2 ms, 5.2 ms (fop montage
from /eftto right), 5.2 ms, 20 ms, and 50 ms (bottom montage from leftto right) after
stimulation. (/) Simultaneous cell-attached capacitance and amperometric (Amp) recordings
of a chromaffin cell. The fusion pore conductance (Gp) is calculated from recordings of the
imaginary (Im, reflecting capacitance) and the real (Re) component of the admittance. The
rapid and large Amp spike, the absence of a down step after the up step, and the rapid G,
increase suggest full-collapse fusion. (/) Full-collapse fusion revealed by cell-attached
capacitance recordings at the release face of the calyx of Held. (/v) Release of a quantum dot
(F denotes fluorescence) during exocytosis of a vesicle preloaded with a quantum dot (15-
nm diameter) reveals full-collapse fusion at cultured hippocampal synapses. (V) (Upper)
Simulated miniature excitatory postsynaptic currents (mEPSCs) from full-collapse fusion.
(Lower) Representative mEPSC recorded from the calyx of Held synapse. The scale bars
shown in panel aapply to all the panels in the same row, except when a scale bar is
otherwise provided. Panels / /i, and /v are adapted with permission from References 8, 10,
and 16, respectively. Panels /iiand vare adapted from Reference 11.

(b) Kiss-and-run. (/) EM image of an Q profile (arrowhead), a candidate for kiss-and-run
fusion, in a frog neuromuscular junction that was stimulated for 2 h in the presence of
horseradish peroxidase. (/) Similar arrangements as in panel a;; but showing a capacitance
flicker caused by kiss-and-run. (/77) Similar arrangements as in panel a;;;, but showing
capacitance flickers reflecting kiss-and-run. One flicker is not accompanied by detectable Re
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changes (/ef?), because the fusion pore is too fast and/or too large to resolve. (/V) Similar
arrangements as in panel a;,, but showing transient fluorescence increase and decrease (the
quantum dot is pH sensitive) caused by kiss-and-run. (V) (Upper) Simulated mEPSCs for
kiss-and-run with large (/ef?) and small (right) fusion pore conductance. (Lower)
Representative mEPSCs that are recorded from the calyx of Held synapse and that are
similar to the corresponding simulated mEPSCs. Panels /, /7, and /v are adapted with
permission from References 173 (copyright © 1972, Rockefeller University Press), 9, and
16, respectively. Panels /ifand vare adapted from Reference 11. (¢) Compound exocytosis.
(/ An EM image of a large fusion-like structure (arrowhead), a candidate for compound
exocytosis, near the ribbon (r) at a goldfish retinal bipolar nerve terminal fixed immediately
after stimulation in the presence of cationized ferritin. (//) Compound exocytosis from
eosinophils stained with LysoTracker®. A whole-cell capacitance (Cm) up step much larger
than a single vesicle’s membrane capacitance is accompanied by sequential loss of
fluorescence from six granules (here showing the final loss, marked by white outlines). (i)
Similar arrangements as in panel g;;, but showing a giant capacitance up step. (#v) Similar
arrangements as in panel a,, but showing a simulated mEPSC caused by compound
exocytosis (upper) and a giant mMEPSC recorded during intense stimulation (/ower). Panels 7
and /7 are adapted with permission from References 43 and 36, respectively. Panels /ifand /v
are adapted from Reference 44. (d) Compound exocytosis mediates a large portion of
posttetanic potentiation (PTP) at the calyx of Held synapse. A 30-s train of presynaptic
action potentials at 100 Hz (arrow) potentiates both the EPSC (b/ack) and the mEPSC (reqd)
[normalized to baseline (norm)]. Sampled EPSCs and mEPSCs collected at the times
indicated (I, 11, I11) are also shown. Panel d'is adapted from Reference 44.
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Figure 3.
Modes of endocytosis: supporting evidence. (&) Classical endocytosis. (/) Freeze-fracture

electron microscopic (EM) images of frog neuromuscular junctions arranged in this order to
illustrate the hypothetical endocytic process starting from a shallow pit to a vesicle-like
profile (see schematic drawings above the images). (/) In cultured hippocampal neurons
transfected with pHIuorin-tagged synaptophysin, knockdown of clathrin heavy chain (CHC,
green) or overexpression of the C-terminal fragment of AP180 (red) blocks endocytosis
(control, blue). Here the pHIuorin fluorescence increase and decrease indicate exocytosis
and endocytosis, respectively. (/i) Cell-attached capacitance recordings (Im, imaginary; Re,
real) from the release face of the calyx showing a capacitance down step. This down step
may reflect classical endocytosis because the absence of a preceding up step indicates that it
is not kiss-and-run and that its size is too small to be caused by bulk endocytosis. Panels /, /i,
and /if are adapted with permission from References 69, 33, and 44, respectively. (6) Bulk
endocytosis. (/) An EM image of a frog neuromuscular junction fixed after tetanic
stimulation (1 min, 30 Hz) in the presence of dye (FM1-43). Large cisternae containing
photoconverted dye (dark structures, black arrowheads) may be generated by bulk
endocytosis. (/) A fluorescence image of a goldfish retinal bipolar nerve terminal that has
taken up tetramethylrhodamine-labeled 40-kDa dextran after intense stimulation. Large
fluorescent spots (arrowheads) may be caused by bulk endocytosis. (/i) Whole-cell
capacitance (Cm) changes at calyces induced by ten 20-ms depolarizing pulses at 10 Hz
(applied right before the Cm jump). The Cm increase reflects exocytosis, whereas the Cm
decrease indicates endocytosis. The downward Cm shifts (arrows), which are much larger
than an averaged vesicle’s membrane capacitance (~0.07 fF), reflect bulk endocytosis. Two
capacitance traces are shown to illustrate that bulk endocytosis may take place within a few
seconds (fower) to 20 s (ypper) after stimulation. (/v) Cell-attached capacitance recordings
[Im, Re, fusion pore conductance (Gp)] of a large down step reflecting fission pore closure
during bulk endocytosis at the release face of a calyx. Panels / 7/, /ii, and /v are adapted with
permission from References 56, 80, 87, and 44, respectively.
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Figure 4.

Roles of endocytosis. (4) Maintenance of exocytosis. Synaptic currents induced by repetitive
10-Hz stimulation at Drosgphifla neuromuscular junctions at a nonpermissive temperature
(32°C) in wild type (/eff) and in a shibire temperature-sensitive mutant (sAibiréS) (right).
Block of endocytosis in the shibireé'S mutant causes gradual decline of synaptic currents
toward 0. EPSC denotes excitatory postsynaptic current. Adapted with permission from
Reference 91. () Activity-dependent changes of endocytosis kinetics observed with whole-
cell capacitance (Cm) recordings at calyces. A single action potential-equivalent stimulus
(AP-e) (1-ms depolarization) causes rapid endocytosis; 50 AP-e at 100 Hz cause slow
endocytosis; 200 AP-e at 100 Hz cause both rapid (z; 1.8 s) and slow (z» = 24.0 s)
endocytosis; and 500 depolarizing pulses (0.5-ms depolarization) at 200 Hz cause
endocytosis overshoot. = Different endocytosis kinetics may be due to different modes of
endocytosis (see text for discussion). Adapted from References 98 and 49. (¢) Endocytosis
time constant versus endocytosis amplitude at calyces after stimuli ranging from mild to
intense (see Reference 98 for details about the stimuli). The data were fit with a linear
regression line with a slope of 1.4 s/100 fF. When endocytosis is biexponential, as induced
by more intense stimuli, only the slow component, and not the rapid component, of
endocytosis is included in the plot. Adapted from Reference 98. (@) Endocytosis facilitates
active-zone clearance and thus vesicle replenishment to the readily releasable pool (RRP). (/)
Sample (/eft, lines indicate first and second responses) and mean (r7ghf) synaptic current
changes during 50-Hz stimulation in wild-type and shibiré mutant Drosophila
neuromuscular junctions at a nonpermissive temperature (33°C). More severe short-term
depression is observed within 20-40 ms of stimulation in sA/bireé mutants. (/1) Blocking
endocytosis inhibits rapid vesicle replenishment of the RRP at calyces. RRP replenishment
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is monitored as capacitance jumps induced by ten 20-ms depolarizing pulses at 10 Hz; each
pulse depletes the RRP. Compared with control, endocytosis blockers, including CBD
(calmodulin binding-domain peptide, a calmodulin inhibitor), Calm (calmidazolium, a
calmodulin inhibitor), and Dyn (dynasore, a dynamin inhibitor), reduce capacitance
increases and thus RRP replenishment. The capacitance traces are normalized to the jump
induced by the first 20-ms depolarization. (//j) Short-term depression of EPSCs (/ower)
during a train of action potential-like stimuli (1.5-ms depolarization, 50 stimuli at 100 Hz) is
enhanced by Dyn at the calyx. Dyn does not affect calcium current (1Ca) (ypper). Panels J, 7,
and //7 are adapted with permission from References 48, 49, and 50, respectively.

Annu Rev Physiol. Author manuscript; available in PMC 2016 May 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 34

a Ca?* - rapid and slow endo
Control BAPTA

500 fF

100 fF
Cm “a W 10s

b ca?* - endo

1,000 %)

%
=}
s}

Rate,,q, (fF/s)

QiCa (pC)

’
) Control | 100 fF
! Cm
]
'

12 EGTA -
T Gp nS
! ILMF 500 ms

CM anes 1s

Figure5.
Calcium influx triggers endocytosis and controls the endocytosis rate. (g) Compared with

control (/ef?), the fast calcium buffer BAPTA (10 mM in the pipette) (right) abolishes
endocytosis, as recorded with capacitance measurements from calyces. The stimulus is
twenty 20-ms depolarizing pulses at 10 Hz. (6) Sample (/eff) and summary (right) data
showing the steep dependence of the endocytosis rate (Cm decay rate) on calcium current
charge (QICa) induced by 2-ms (purple), 5-ms (blug), 20-ms (green), and 50-ms (red)
depolarizing pulses (10 times) at 10 Hz in 2 mM extracellular calcium and ten 50-ms
depolarizing pulses at 10 Hz in 5.5 mM calcium (b/ack). For sample ICa (/efi), only the
response to the first depolarization and a fraction of the second response (out of ten) are
shown. (¢) Sample Cm in control (b/ack) and in the presence of a slow calcium buffer,
EGTA (70 mM in the pipette) (red). EGTA significantly slows down fission of bulk
endocytosis (arrows, large downward capacitance shifts shown in larger scale with
accompanying Gp changes). The stimulus is ten 50-ms depolarization pulses at 10 Hz in 5.5
mM extracellular calcium. Panels a, 6, and care adapted from Reference 49.
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Figure 6.
Increasing the exocytosis amount does not speed up endocytosis. (&) (Leftand middle)

Sampled Cm induced by either ten 20-ms depolarizing pulses from -80 to +10 mV (/eft, 90-
mV depolarization) or thirty pulses to =5 mV (middle, 75-mV depolarization, inducing
smaller calcium currents) at 1 Hz. (Righ? The initial capacitance decay rate that reflects
endocytosis rate (Rategngo) after each 20-ms depolarization during the two stimuli
mentioned above (7= 4-7 calyces). (b) (Left three panels) Sampled calcium currents (1Ca)
and Cm induced by 10 pulses of 50-ms depolarization to +10 mV at 10 Hz (/eft,

depolsgms x 10, large 1Ca), 10 pulses of 10-ms depolarization to +10 mV at 10 Hz (/middle,
depolioms x 10, l1arge 1Ca but smaller 1Ca charge), and 20 pulses of 20-ms depolarization to
-5mV at 0.5 Hz (right, 20 pulse, small ICa and low frequency). (Right) The ACm (mean +
SE, n=12-18 calyces) is plotted versus the endocytosis rate after depolgoms x 19 (circle),
depolioms x 10 (Square), and the 20-pulse train (friangle). Panels aand b are adapted from
References 98 and 129, respectively.
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Figure 7.
Large calcium influx via voltage-gated calcium channels triggers endocytosis by activating

calmodulin (CaM), calcineurin (CaN), and synaptotagmin (syt). (a) A high calcium increase
is needed to initiate endocytosis. Endocytosis (Cm decay; /ower) is observed after high (/eft,
blue) but not low (right, red) calcium concentration increase induced by uncaging of a caged
calcium compound in the calyx (upper). (b) P/Q-type calcium channels are involved in
triggering endocytosis. Sampled ICa and Cm induced by ten 10-ms depolarizing pulses at 10
Hz in control (b/ue) and in the presence of the P/Q-type calcium channel blocker o-
agatoxin-1VA (w-Aga; red) (200 nM), which reduces ICa and blocks endocytosis. For ICa
(uppen), only the response to the first depolarization and a fraction of the second response
(out of 10) are shown. Panel ais adapted with permission from Reference 50, and panel &6 is
from Reference 129. (¢) CaM and CaN in endocytosis. (/) Cm traces from calyces show
inhibition of rapid, slow, and bulk endocytosis and endocytosis overshoot by calmidazolium
(red), a CaM blocker. The control (b/ue), stimulated to the same extent (ten 50-ms
depolarizing pulses at 10 Hz with 5.5 mM extracellular calcium), shows rapid, slow, and
bulk endocytosis (arrow;, enlarged trace) and endocytosis overshoot. (/) SynaptopHIuorin
fluorescence (AF/F) imaging shows inhibition of slow endocytosis by CaM knockdown
(KD) (rea) at cultured hippocampal synapses (control in b/ug). The stimulus is a 10-s action
potential train at 20 Hz. (///) CaN A knockout inhibits both rapid endocytosis and slow
endocytosis as recorded with Cm in calyces (red). The stimulus is ten 20-ms depolarizing
pulses at 10 Hz, which induce both rapid endocytosis and slow endocytosis in wild-type
mouse (WT) (b/ue). Panel 7is adapted from Reference 49; panels /7 and /ii, from Reference
130. (@) Syt in endocytosis. Endocytosis is prolonged by deletion of syt in Drosophila
neuromuscular junctions (/), by deletion of syt 1 (KO) at cultured cortical synapses (7, i),
and by mutation of the C2A and C2B domains (calcium-binding domains) of syt 1 at
cultured hippocampal synapses (/7). Panels /, /i, and jii are adapted with permission from
References 154, 153, and 155, respectively.
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Figure8.
Exocytosis and SNARE proteins are involved in initiating endocytosis. (&) Exocytosis is

needed for endocytosis initiation. ICa and Cm of a calyx at 2 min (b/ue) and 14 min (reqd)
after break-in with a pipette containing botulinum neurotoxin C (BoNT/C). The stimulus is
ten 20-ms depolarizing pulses applied at 10 Hz. The red traces denote no exo- or
endocytosis. Adapted from Reference 98. (6) SNARESs (synaptobrevin, SNAP25, and
syntaxin) in endocytosis. (/) Cm traces at calyces in control (b/ue) and in the presence of
tetanus toxin (TeTx) (read), showing inhibition of slow endocytosis by TeTx that cleaves
synaptobrevin. The stimulus is twenty 1-ms depolarizing pulses at 100 Hz. (/7) Cm traces
from calyces in control (6/ue) and in the presence of TeTx, BONT/E (cleaves SNAP25), or
BONT/C (cleaves syntaxin), showing inhibition of rapid and slow endocytosis by toxins
(red). The stimulus (ten 20-ms depolarizing pulses at 10 Hz) induces rapid and slow
endocytosis in control (b/ue). (/if) Synaptophysin-pHIuorin fluorescence changes (AF,
normalized) in control (b/ue) and in synaptobrevin (Syb) or SNAP25 knockdown (KD)
(red), showing a slowdown of endocytosis due to knockdown in cultured hippocampal
synapses. The stimulus is a 10-s train at 20 Hz. Panels /, /7, and /ii are adapted with
permission from References 50, 120, and 160, respectively.
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Exo-endo coupling
calmodulin
Ca 2+
< synaptotagmin

SNAREs: synaptobrevin, SNAP25, syntaxin

Figure.
A schematic drawing showing that two pathways mediate exo-endocytosis coupling: (&)

calcium influx that activates calmodulin and/or synaptotagmin and (6) SNARE proteins
(synaptobrevin, SNAP25, and syntaxin).
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