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Abstract. Exocytosis is the fundamental process by which cells communicate with each other. The events that lead up to the fusion of a
vesicle loaded with chemical messenger with the cell membrane were the subject of a Nobel Prize in 2013. However, the processes occurring
after the initial formation of a fusion pore are very much still in debate. The release of chemical messenger has traditionally been thought to
occur through full distention of the vesicle membrane, hence assuming exocytosis to be all or none. In contrast to the all or none hypothesis,
here we discuss the evidence that during exocytosis the vesicle-membrane pore opens to release only a portion of the transmitter content
during exocytosis and then close again. This open and closed exocytosis is distinct from kiss-and-run exocytosis, in that it appears to be
the main content released during regular exocytosis. The evidence for this partial release via open and closed exocytosis is presented consid-
ering primarily the quantitative evidence obtained with amperometry.
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1. An overview of exocytosis and endocytosis

Neurons transmit information by converting electrical signals to chemical signals through a process called exocytosis. In the
resting stage, transmitters are stored in small organelles of nearly uniform size and shape, the synaptic vesicles. When an ac-
tion potential arrives in the nerve terminal, the membrane depolarizes and voltage-gated Ca>" channels open. The subsequent
Ca*" influx triggers exocytosis of synaptic vesicles, resulting in the release of neurotransmitter into the synaptic gap between
two neighboring neurons (Jahn & Sudhof, 1994; Lawson et al. 1977; Steyer et al. 1997; Tsai et al. 2008; Wu et al. 2014; Zucker,
1996). Exocytosis has become a key area for research providing understanding of the molecular mechanisms that control the
process of chemical communication between neurons. Using electrophysiological measurements at the frog neuromuscular
junction, it was first discovered by Katz in the 1950s, that subsequent to an action potential, a train of potentials with
small and constant size occurred at the postsynaptic membrane. These quantized mini endplate potentials led to the hypoth-
esis that chemical messengers are released in quanta (Del Castillo & Katz, 1954, 1957; Fatt & Katz, 1952). This resulted in the
identification of the synaptic vesicle as the storage compartment for these molecules. The observation of the presence of syn-
aptic vesicles by electron microscopy in the presynaptic terminals later suggested that these compartments release their con-
tent of chemical messengers into the synaptic gap between neighboring neurons as a part of their communication. Following
this release called exocytosis, the signaling molecules then diffuse across the synaptic gap and bind to specific receptors on the
postsynaptic membrane. The mechanistic process of exocytosis involves the docking of neurotransmitter-filled vesicles by
vesicle-SNARE proteins present in the vesicle membrane to recognize and bind to target-SNAREs in the presynaptic plasma
membrane (Mohrmann et al. 2010). The vesicles reside in this docked position until an action potential triggers Ca** channels
in the presynaptic terminal to open a fusion pore. The formation of this fusion pore allows neurotransmitter molecules to exit
the pore as it expands. The general theory of exocytosis suggests that it is an all or none process and that the synaptic vesicle
membrane and proteins are then rapidly retrieved and reutilized for the formation of new synaptic vesicles, a process called
endocytosis (Foley et al. 2011; Wu et al. 2014). These vesicles are reloaded with transmitter for another round of exocytosis, a
cycle that is repeated many times and can be studied in nerve terminals that have no connection with the neuronal cell body.
Thus, the presynaptic compartment consists of an autonomous unit that contains all components required for repetitive exo-
cytosis and membrane recycling (Foley et al. 2011; Jin et al. 2008; Wu et al. 2014). To get more insight, transmission electron
microscopy (TEM) methods have been widely used in the last decades to visualize the ultrastructure of the cell and acquire
information about the small-sized vesicle compartments in cells, especially during exocytosis process. With this high-
resolution imaging technique, it has been possible to determine the vesicle size (typically 50-800 nm in diameter) and
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Fig. 1. Synaptic vesicle exocytosis as it first appeared in chemically fixed frog neuromuscular junctions circa 1970 (a), from Couteaux &
Pecot-Dechavassine (1970), and as it appeared in quick-frozen ones circa 1980 (b), from Heuser & Reese (1981). Scale bar = 0-1 pm.

abundance in single neurons, as well as vesicle morphological changes that occur during the exocytosis process. The first
clear-cut images of synaptic vesicle exocytosis were obtained by Counteaux and his co-workers in the 1970s (Fig. 1). As im-
pressive as these images are, the fact that they were obtained somewhat serendipitously, i.e. without stimulation of the nerve,
left the problem of correlating synaptic vesicle discharge with synaptic activity unresolved (Couteaux & Pecot-Dechavassine,
1970; Heuser & Reese, 1981). However, a break-through in this regard came with R. Miledi’s discovery that ionic La>" mys-
teriously stimulates massive quantal discharge from the frog neuromuscular junction (Miledi, 1966). With this treatment,
Miledi and Heuser were able to demonstrate an unequivocal reduction in synaptic vesicle numbers after exhaustive quantal
discharge.

The TEM images showed the La®"-induced depletion of synaptic vesicles and their replacement by large vacant endosomes
during prolonged transmitter release at the frog neuromuscular junction (Fig. 2a), compared with a control nerve terminal
(Fig. 2b) (Heuser & Miledi, 1971). This morphological change was the first indication that synaptic vesicle membrane might
recycle via standard mechanisms of endocytosis. Later, the omega shape of vesicles observed in TEM images from cells stim-
ulated to undergo exocytosis was suggested to correspond to fused vesicles with a fusion pore connection to the plasma mem-
brane. Under low level of stimulation, B. Ceccarelli freeze—fractured a frog neuromuscular prepared in the presence of
horseradish peroxidase (HRP). He was able to catch synaptic vesicles connected through a narrow neck to the synaptic
cleft, taking up HRP through the fusion pore. Vesicles were seen in association with the plasma membrane and, in rare in-
stances, these vesicles were captured in the process of forming an ‘omega’ shape as they were fusing with the plasma mem-
brane (Fernandez-Peruchena et al. 2005; Holt et al. 2004; Kops et al. 1990; Sesaki & Ogihara, 1997). More interestingly, some
synaptic vesicles were already labeled inside the presynaptic terminal. Ceccarelli proposed that under low stimulation condi-
tions vesicles will fuse transiently with the presynaptic membrane, release some content through a fusion pore, and detach and
move inside the presynaptic membrane awaiting a new round of exocytosis. These experiments indicated that synaptic vesicles
might not necessarily collapse at the active zone with the presynaptic membrane to release neurotransmitters. This raises an
important issue about the mechanism involved in the formation of the fusion pore and the subsequent dynamics that deter-
mine the mode for exocytosis after pore opening, which is still highly contested.

There are two main modes of exocytosis, which have been characterized as ‘full fusion’ and ‘kiss-and-run’ (Fig. 3) (Haynes
et al. 2007; Wightman & Haynes, 2004). During regulated exocytosis, vesicles storing transmitter molecules that are prepack-
aged for secretion actively move to specific sites at the plasma membrane (active zone) and fuse after stimulation by specific
secretagogues. Fusion of vesicles with the plasma membrane has three consequences; the first is to incorporate integral
membrane proteins, such as ion transporters or ion channels, etc. into the cell membrane. The second is to incorporate
lipid material into the plasma membrane. The third is to release intra-vesicular contents into the extracellular space by exo-
cytosis. In the first mode, referred to as “full fusion’ exocytosis, the fusion pore is thought to dilate, releasing the full vesicular
contents outside the cell. The vesicle membrane is then assumed to completely incorporate into the cell plasma membrane
and subsequently recycled through endocytosis with the endosomal compartment for repair and resorting. Full fusion has
been described in neurons and endocrine cells (Fig. 3¢, top) (Izquierdo et al. 2002).
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Fig. 2. La*'-induced depletion of synaptic vesicles and their replacement by large vacant endosomes during prolonged transmitter release
at the frog neuromuscular junction (b), compared with a control nerve terminal (a) (Heuser & Miledi, 1971). This morphological change
was the first indication that synaptic vesicle membrane might recycle via standard mechanisms of endocytosis. Unlike other methods that
existed for exhausting transmitter release, La’" treatment did not appear to damage other components of the nerve including its mito-
chondria (m) or its core of neuro filaments (between arrows). Scale bar = 0-5 um.

A large number of methods have been applied to measure the events during exocytosis, which have provided evidences for full
fusion. The basics of techniques like amperometry, as well as fluorescence and patch clamp, are described in the next section.
Amperometric measurements of release from catecholamine-containing vesicles and imaging of fluorescently tagged vesicle
proteins and lipids reveal rapid release kinetics and have been assumed to measure full fusion events. Likewise, quantum dots
with an ~15 nm diameter that are preloaded in synaptic vesicles can be released, suggesting a fusion pore larger than 15 nm or
vesicle collapse (Zhang et al. 2007).

The second mode, which is called the kiss-and-run mode, vesicles fuse with the plasma membrane by forming a transient
fusion pore (2—4 nm) while preserving vesicle integrity, during which a small fraction of the vesicular contents is released.
The pore then closes again and the vesicle is instantly recaptured. Data supporting the idea of transient fusion states were
first established by patch-clamp techniques from the observation of capacitance flickers, during which a measurable conduc-
tance corresponding to a narrow pore of 0-5-3 nm diameter is sometimes detected in secretory cells, including nerve terminals
(Lawson et al. 1977). By measuring capacitance and release via amperometric recordings, it has been shown that the capac-
itance flicker is sometimes accompanied by a smaller than normal amperometric signal in chromaffin cells and PC12 cells,
suggesting that kiss-and-run may partially release transmitter. In recent years, morphological methods, such as fluorescent
microscopy and atomic force microscopy (AFM) have provided evidence for the kiss-and-run model. Both morphological
techniques showed that vesicles release their contents within seconds to minutes (Albillos et al. 1997). After the fusion
event, the vesicles detach and return into the cytosol while maintaining their integrity and morphology.

Many studies have attempted to characterize the mechanism that triggers one or the other mode. Different domains of a syn-
apse can control the choice between kiss-and-run and full fusion (Wang et al. 2003). It seems that some cells, such as chro-
maffin cells, can switch between kiss-and-run and full fusion by varying extracellular calcium. Physiological stimulation
regulates the exocytotic mode through calcium activation of protein kinase C in chromaffin cells. At low Ca®* concentrations,
re-closure of the fusion pore is unlikely and vesicles preferentially incorporate completely into the plasma membrane, prob-
ably to be internalized later by a conventional mechanism that passes through endosomal structures. With increasing Ca>*
concentration, the probability and rate of re-closure of the fusion pore increases, leading preferentially to kiss-and-run events
(Fig. 4) (Alés et al. 1999). Recently, observations from real-time recordings from dopaminergic neurons showed that dopa-
mine from small synaptic vesicles was almost exclusively released from a flickering fusion pore, indicating that kiss-and-run is
the predominant mode of exocytosis in these cells. Here we review the recent progress in understanding all modes of exocy-
tosis and furthermore highlight the supporting evidence for another form of release that is apparently the dominant mode
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Fig. 3. Biophysical mechanisms of vesicular release can be elucidated from amperometric measurements at carbon-fiber microelectrodes.
(a) Proposed mechanism and representative trace that depicts a prespike ‘foot’. It is proposed that the small rise in current that precedes
the distention of vesicular contents is due to formation of the fusion pore. This is followed by a large spike, which has been associated
with full collapse of the vesicle membrane and expulsion of the transmitter contents (Haynes et al. 2007). (b) Amperometric trace that
displays a ‘flickering’ fusion pore recorded from the stimulus-coupled secretion of dopaminergic mouse neurons. It is proposed that upon
fusion with the plasma membrane, the fusion pore intermittently opens and closes as indicated by the complex peak observed. Each label
on the complex event is assigned to a unique flickering event (Staal et al. 2004). (c) Cartoon depicting the mechanism of kiss-and-run
exocytosis. This mechanism indicates partial release of a vesicle’s content and can be resolved using electrochemical measurements as de-
picted in the simulated traces (Wightman & Haynes, 2004).

during exocytosis. In this mode, which is distinguished from kiss-and-run exocytosis, we term open and closed exocytosis, the
fusion pore appears to dilate further than 2—4 nm and more of its contents are transferred to the extracellular compartment.
Then after signaling, the pore closes again preserving the vesicle.

2. Techniques to monitor exocytosis

The vesicle compartment encapsulates a variety of neurotransmitters e.g. dopamine, epinephrine, norepinephrine, seroto-
nin, neuropeptides. Even though the concentration of neurotransmitter in a single vesicle is rather high, the small size of a
single vesicle unit results in neurotransmitter release of the order of zepto- to femtomoles. These events are also very fast
and occur on a sub-millisecond to millisecond time scale. Hence, to be able to study the exocytosis process, it is essential to
use techniques with high sensitivity and high temporal resolution (Aravanis et al. 2003; Betz et al. 1996; Cahill et al. 1996;
Jin et al. 2008; Lin et al. 2012; Omiatek et al. 2010; Pihel et al. 1994; Travis & Wightman, 1998; Wang et al. 2014; Wightman
et al. 1991; Xia et al. 2009). In exocytosis research, there has also been major development of new techniques that make it
possible to probe the vesicle fusion and neurotransmitter release events, where most of the research has been focused on
performance on live single secretory cell assays. This has made the study of exocytosis possible in detail with cell-to-cell
variability. Methods to monitor the location, time course and to quantify individual exocytotic events have included
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Fig. 4. Catecholamine release during fast kiss-and-run and permanent fusion events in rat chromaffin cells, recorded by patch amperom-
etry. (a) The patch-amperometry technique. (b) Irreversible fusion events, recorded with 5 mM Ca®* in the patch pipette. Top, capaci-
tance trace; bottom, electrochemical detection of catecholamines by amperometry. (c) Fast kiss-and-run fusion events, recorded at 90 mM
Ca®*. (d) Percentages of transient fusion events and irreversible events depending on patch-pipette Ca** concentration. (e) Fast
kiss-and-run event shown at an expanded timescale. Top, transient increase in capacitance; bottom, amperometric signal, showing a foot
followed by an amperometric spike (Alés et al. 1999).

electrophysiology, electrochemistry, microscopy and spectroscopy. Critically, these methods measure different aspects of
the vesicle from contents released to membrane associated with intravesicular dyes and membrane capacitance. The tem-
poral resolution of these methods varies as well and we later postulate that a given technique might even be biased toward a
specific kind of event. Here, we give an overview of the different methods in brief to clarify what each technique measures
and the range of temporal resolution for each.

2.1 Patch clamp

In the 1970s, Neher and Sakmann developed the patch clamp technique for electrophysiological measurement of ion channel
activity. By forming a seal of the cell membrane around the tip of a glass micropipette filled with electrolyte solution and
containing an electrode, the changes in impedance of the cell plasma membrane can be recorded during ion channel activity
due to the current flow through channels when opening (Neher et al. 1978). This technique was further modified for capac-
itance recordings of the surface membrane of adrenal chromaffin cells patched in whole cell mode and became an important
tool in measuring exocytosis (Neher & Marty, 1982). In the whole cell mode the membrane aspirated into the pipette is as-
pirated off creating an open connection to the cell cytoplasm. The capacitance of the cell plasma membrane is proportional to
the membrane area. Discrete changes in capacitance are detected during exocytosis events due to vesicles fusing to the plasma
membrane. The high sensitivity and the high temporal resolution of patch clamp capacitance technique allow resolution of the
small changes in membrane area of a single vesicle compartment fusing and re-capturing at the plasma membrane.

2.2 Amperometry

Electrochemical techniques have been the dominant methods for quantifying chemical release during exocytosis. Single-cell
carbon fiber amperometry has been one of the most widely used techniques owing to its high sensitivity and high temporal
resolution (sub-millisecond) and was introduced in the 1990s by the Wightman lab to monitor chemical release from single
vesicles at bovine adrenal chromaffin cells (Leszczyszyn et al. 1990; Wightman et al. 1991). Release of easily oxidized signaling
molecules can be recorded and quantified by placing a carbon fiber microelectrode in close proximity to a cell. By applying a
constant potential to the electrode, molecules secreted from a vesicle compartment against the electrode surface can be ox-
idized or reduced. This can be recorded as an oxidation or reduction current and provides information about the kinetics of
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individual vesicle release events. Hence, for each individual exocytosis event, a single current transient is observed. With
Faraday’s law (Q = nNF), the charge Q recorded from a current transient can be related to the number of moles of signaling
molecules released from the vesicle, where n is the number of electrons transferred in the reaction and F is the Faraday’s
constant (96 485 C mol™"). The shape of each current spike also provides kinetic information about the vesicle release by de-
termining the current transient rise time (we typically use the time from 25 to 75% of the maximum of the ascending part of
the spike) that is thought to correspond to the opening of the fusion pore, and the half width of the spike as measurement of
the duration of the event. Additionally, the presence or absence of a pre-spike, often called a ‘foot’ that is indicative of the
vesicle initial opening and the oxidation of molecules diffusing out of the initial pore, is considered to be important in
exocytosis communication to discern information about kinetics and stability of the fusion pore opening and pore flickering
before vesicle dilation (Amatore et al. 2007; Chow et al. 1992; De Toledo et al. 1993). Amperometry has also been used to
identify different modes of partial vesicle release, such as fusion pore flickering (Bruns & Jahn, 1995; Staal et al. 2004).
Flickering fusion pores that open and close without further enlargement have been detected with carbon fiber amperometry
and these kiss-and-run events have even been suggested to be the dominant mode of release during dopamine release at
neurons. Carbon fiber amperometry has successfully been applied to a number of cell types including primary cultures,
immortalized cell lines and nerve cells in vivo. Hence, amperometry is a very sensitive method with high temporal resolution
that can quantify and resolve the kinetics of molecules released from single exocytosis events. However, amperometric
detection of chemical release is limited to electroactive molecules including neurotransmitter molecules such as dopamine,
serotonin, epinephrine and norepinephrine, and histamine. Therefore in more complex environments like the brain other
electrochemical methods are needed (see cyclic voltammetry below).

2.3 Patch amperometry

In whole cell mode, patch clamp capacitance has good temporal resolution to measure the net effect of single vesicle fusion
and fission over the whole cell membrane, but does not monitor what comes out of the vesicle. Patch amperometry was in-
troduced by Lindau and coworkers in 1997 by combining the patch clamp capacitance technique with amperometry (Albillos
et al. 1997). This was achieved by inserting a carbon fiber electrode inside the tip of a patch clamp pipette. The change in
capacitance from the increase in membrane from secretory vesicles fusing to the plasma membrane during exocytosis is mea-
sured simultaneously with amperometric measurement of release. From recordings of patch amperometry in whole cell mode
it was for instance shown that the concentration of neurotransmitter content, based on amperometric determination of
amount molecules released from a vesicle, does not change with vesicle size and they suggested that elevated concentrations
of extracellular calcium shift the mode of exocytosis from what was apparently full exocytosis to kiss-and-run mode (Alés
et al. 1999). This technique has also been performed on cell-free inside-out membrane patches from adrenal chromaffin
cells to probe the intracellular environment upon fusion pore formation and endocytosis (Ales et al. 1999). Chow et al. com-
bined patch clamp capacitance measurements on bovine adrenal chromaffin cells in whole cell mode together with amper-
ometry detection by placing a carbon fiber electrode in close proximity to the cell (Chow et al. 1992). These experiments
showed that when cells were stimulated to exocytosis an increase in capacitance and an oxidation current from release of
catecholamines were simultaneously detected. It was noted that from many of the current spikes, a foot, was detected and
thought to correspond to neurotransmitter molecules leaking through a stabilized initially formed fusion pore before fusion
pore dilation and full vesicle content release. Similar experiments were performed at beige mouse mast cells and showed that
often a flickering behavior of the fusion pore is observed before the bulk of vesicular release. This is detected by a flicker in
capacitance and confirmed with simultaneous amperometric recording showing that leakage of histamine and serotonin occur
through this flickering fusion pore and is observed as a pre-spike foot before pore dilation and a subsequent larger transient
current corresponding to a quantal release from the vesicle (Dernick et al. 2005).

2.4 Cyclic voltammetry

An electrochemical technique that can both quantify and offers selectivity is cyclic voltammetry. In this technique the poten-
tial at the electrode is linearly swept as a triangular wave. This potential sweep starts from a potential where the analyte is not
oxidized and is scanned until reaching a potential where the analyte monitored is oxidized in a diffusion-limited manner. This
is followed by linearly reducing the potential until the oxidized species is reduced back again at the electrode surface, which is
detected as a reduction current. This results in a cyclic voltammogram that gives characteristic oxidation and reduction peaks
that can serve as a fingerprint to identify an analyte. To optimize the temporal resolution to the time needed for exocytosis
measurements a fast scan cyclic voltammetry method has been developed. Here the triangular wave is performed and followed
with a resting period at the initial scanning potential that is about ten times longer than the scan time. This is set to the time it
takes to re-generate a new layer of analyte at the surface of the electrode. Fast scan cyclic voltammetry is particularly useful
because the voltammogram provides information to identify the detected substance. However, the response time, selectivity,

7

https://doi.org/10.1017/50033583516000081 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583516000081

journals.cambridge.org/qrb

and sensitivity depend on the surface state of the electrode (Ciolkowski et al. 1992; Pihel et al. 1994). With cyclic voltammetry,
Wightman and coworkers were able to identify catecholamines secreted from bovine chromaffin cells (Leszczyszyn et al. 1990;
Wightman et al. 1991). Selectivity by cyclic voltammetric measurements has also been used to distinguish release of
epinephrine and norepinephrine at bovine adrenal medullary cells (Ciolkowski et al. 1992; Pihel et al. 1994).

2.5 Fluorescence microscopy imaging

Whereas electrochemical methods can monitor the dynamic processes of fusion pore formation and quantify neurochemical
release, optical methods can be used to observe the vesicle transport inside the cell. Hence, the vesicle granule movement in
the cell and its path before docking and fusion with the plasma membrane can be studied. Fluorescence microscopy imaging
of exocytosis has been credited to the use of fluorescence markers that can be integrated with the vesicle membrane, conju-
gated to synaptic membrane proteins, or encapsulated within the synaptic vesicle unit. The styryl dyes, FM1-43 and FM4-64,
are some of the most commonly used probes to stain the vesicle membrane. These hydrophilic molecules also have a hydro-
phobic part to their structure and therefore are easily incorporated to the leaflet of a lipid bilayer. Hence, when cells are stim-
ulated to exocytosis in the presence of the dye, the dye can be encapsulated into the vesicle compartment when the fusion pore
opens or during subsequent endocytosis following full exocytosis. The partitioning of the dye into the inner leaflet of the ves-
icle membrane increases the quantum yield of the dye significantly compared with that in solution, which is beneficial in
eliminating the background in bulk solution and allowing the stained vesicle compartments to be visualized as bright
spots inside the cell. When the cell is stimulated to exocytosis, the dye is unloaded from the vesicle membrane and is mon-
itored as a decrease in fluorescence signal (Betz et al. 1996; Zenisek et al. 2000). Styryl dye labeling of the vesicle membrane
has been readily used to study the kinetics of exocytosis and the kinetics of vesicle cycling. Styryl dye labeling of cells, in com-
bination with encapsulation of a single quantum dot inside the vesicle, has also been used to determine the mode of exocytosis
in cells (Betz & Bewick, 1992; Betz et al. 1992; Zhang et al. 2009b). As the efficiency of loading vesicles with styryl dyes is so
high, and if kiss-and-run is rare, then it should be a logical conclusion that vesicles are actually undergoing mostly an open
and closed form of exocytosis to maintain this loading efficiency.

To selectively illuminate a subpopulation of the vesicles in the cell, the fraction of the cell near the membrane can be illumi-
nated using total internal reflection fluorescence microscopy (TIRFM) (Akopova et al. 2011). In TIRFM an excitation light
beam traveling in a solid (e.g., a glass coverslip or tissue culture plastic) is incident at a high angle upon the solid/liquid surface
to which the cells adhere. That angle, measured from the normal, must be large enough for the beam to totally internally
reflect rather than refract through the interface, a condition that occurs above some ‘critical angle’. Total internal reflection
generates a very thin (generally less than 200 nm) electromagnetic field in the liquid with the same frequency as the incident
light and exponentially decaying in intensity with distance from the surface. This field is called the ‘evanescent wave’ and is
capable of exciting fluorophores in the liquid near the surface while avoiding excitation of a possibly much larger number of
fluorophores farther out in the liquid (Axelrod, 1989). In a typical TIRFM setup, evanescent waves that are generated by to-
tally reflected incident light at a glass—water interface penetrate into an adherent cell on the glass surface with a depth less than
200 nm. Only the features and events at the plasma membrane and the cytoplasmic region close to the plasma membrane are
illuminated and visualized using the evanescent field. In this way, TIRFM eliminates potential fluorescence background from
much of the cytosolic region that may obscure the events close to the cell surface (Wang et al. 2008). Using this technique,
Steyer et al. stained single vesicles with acridine orange, a pH-sensitive dye and showed that vesicles approaching close enough
to the plasma membrane were illuminated and could be tracked during the transport in the cytoplasm prior to and during
docking and fusing with the plasma membrane (Steyer et al. 1997). During exocytosis, the fluorescence brightness from these
vesicles is observed to diminish as the fluorescent probe escapes out of the vesicle compartment. TIRFM imaging has been
used to study vesicle paths and location before and during vesicle fusion and to probe fusion pore dynamics and mode of
exocytosis. Akopova et al. examined ATP secretion from A549 cells by TIRFM to directly visualize ATP-loaded vesicles
and their fusion with the plasma membrane (Akopova et al. 2011). A549 cells were labeled with quinacrine or
Bodipy-ATP, fluorescent markers of intracellular ATP storage sites and time-lapse imaging of vesicles present in the evanes-
cent field was undertaken. Under basal conditions, individual vesicles showed occasional quasi-instantaneous loss of fluores-
cence, as expected from spontaneous vesicle fusion with the plasma membrane and dispersal of its fluorescent cargo.
Hypo-osmotic stress stimulation (osmolality reduction from 316 to 160 mOsm) resulted in a transient, several-fold increment
of exocytotic event frequency. Lowering the temperature from 37 to 20 °C dramatically diminished the fraction of vesicles that
underwent exocytosis during the 2-min stimulation, from ~40 to <1%, respectively, although this was not observed for exo-
cytosis in platelets (Ge et al. 2009). Parallel ATP efflux experiments with a luciferase bioluminescence assay revealed that phar-
macological interference with vesicular transport (brefeldin, monensin), or disruption of the cytoskeleton (nocodazole,
cytochalasin), significantly suppressed ATP release (by up to ~80%), whereas it was completely blocked by
N-ethylmaleimide. Chapman and coworkers have used TIRFM with a pHluorin to examine exocytosis from PC12 cells
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and concluded that the longer events taking more than 2 s were full release and the events shorter than 2 s were from kiss-
and-run exocytosis (Zhang et al. 2011). Although a powerful method to visualize vesicles movement and fusion, fluorescence
imaging has two disadvantages. One is that it cannot count the molecules released as can be done with amperometry. The
second is that most experiments to date have been temporally limited to the longer realm of 100s of microseconds to seconds.

3. Traditional models of exocytosis

Until the last decade, exocytosis has generally been thought to be carried out via a full distention of the vesicle membrane into
the plasma membrane. The early electron microscopy experiments, patch clamp and fluorescence all led to models where the
bulk release process was all or none. Ultrastructural studies for example show that omega structures exist, but the existence of
these structures does not necessarily prove that full fusion is the major pathway. Later techniques followed the exocytotic
process dynamically, allowing exocytosis to be monitored in terms of single events. In general these techniques either monitor
the content that is released or the fate of the vesicle membrane during and following the event. In this section we extract the
evidence for full distention from several of these studies, which use chromaffin cells as a model for exocytotic release.

One early advance in the dynamic tracking of exocytotic events was the application of patch clamp to monitor changes in
membrane capacitance during exocytosis (Neher & Marty, 1982). By applying a sine wave in voltage clamp configuration
Neher and Marty were able to measure a signal that was roughly proportional to membrane capacitance. A lock-in amplifier
was used to extract the phase corresponding to the membrane capacitance. Assuming that the plasma membrane approxi-
mates a capacitor and that a change in capacitance is directly related to an increase in the surface area of the membrane,
the fusion of a single vesicle with the cell membrane can be monitored. The amplitude of the signal tracked membrane fusion
and fission events in real time. This experiment showed that the increase and subsequent decrease in membrane surface area
associated with exocytosis stimulation in chromaffin cells occurred in a stepwise manner indicating that full distention events
were the major exocytosis events. Later, capacitance measurements done in mast cells identified three types of events catego-
rized as on steps, off steps, or flickers (Fernandez et al. 1984). The flickers were taken as the immediate retrieval of the vesicle
material from the plasma membrane thus providing early evidence for kiss-and-run exocytosis. The majority of events record-
ed were irreversible, thus the flicker event was assumed to be a specialization of the fusion event as opposed to the primary
mode of release. Still later, a study showed that under certain conditions, 90% of the release events measured at calf adrenal
chromaffin cells were in fact transient (Elhamdani et al. 2006).

Patch clamp results show that exocytosis is carried out by at least two fusion mechanisms; one in which the vesicle membrane
fuses irreversibly to the plasma membrane, which is called full fusion and one where the membrane fusion is transient. The
fusion events measured, however, might not account for all the release events expected from stimulation of exocytosis. One
indication of this assertion is that the number of events measured at chromaffin cells in patch clamp experiments appears to
be lower than the events measured with amerometry experiments. While 50 events can be measured from one stimulation
(Wightman et al. 1991) at a chomaffin cell using amperometric probes, the patch clamp experiments mentioned here report
2.5 and 7 events per cell, respectively. As a first approximation the difference in number of events is striking. A second
observation to be made is the duration of the kiss-and-run events presented. The duration of these events presented by
later work are in the fastest case an average of 100 ms and in early work they can last several seconds. This time scale is
consistent with the flickers reported by Fernandez et al. (1984), which appear to have durations greater than 500 ms.
Again looking to amperometry, the majority of events measured at these cells are less than 100 ms, usually significantly
less, producing a disconnect, which must be rectified to understand the nature of these measurements.

A second way to track membrane dynamics as they occur during exocytosis was developed in total internal fluorescence
microscopy, which only excites fluorescence a few 100 nm into the sample, thus only interrogating the membrane and the
immediately adjacent cytosol. Furthermore, because the evanescent wave used for excitation decays exponentially, the inten-
sity can be used to approximate a depth scale. By labeling the membrane of secretory granules in chromaffin cells with
VAMP-GFP, the diffusion of the label into the plasma membrane was used to hypothesize that approximately 90% of the
events measured correspond to full distention (Allersma et al. 2004). Comparing the numbers of events measured once
again to amperomery gives similar results to those, which were found in patch clamp. The cited work reports 139 events mea-
sured from the surface of the cell contacting the glass slide after 3 stimulations and a second reports 147 events (Schmoranzer
et al. 2000). These numbers also appear quite low when compared with the number of events measured with amperometry.
Likewise the duration of the detected events is extended as compared with amperometric measurements. Distention of the
vesicle takes on the order of a full second according to TIRFM measurements, whereas the release measured with amperom-
etry is typically completed in a less than 100 ms. This discrepancy makes it difficult to ensure that the membrane sensitive
techniques are in fact measuring the same phenomenon that the content-sensitive amperometry measures.
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While it is difficult to directly implicate full distention as the major mode of content release, the fact that full distention occurs
is overwhelmingly supported by the results from both the patch clamp and TIRFM experiments. These experiments show that
material from the vesicle membrane is transferred to the cell membrane, either through the diffusion of a label or through the
increase in membrane capacitance. Fluorescence and capacitance measurements have been combined in chromaffin cells
using the styryl dye FM1-43 as a marker for the surface area of the of the cell and it was found that increases in capacitance
are paired with incorporation of the labeled membrane into the cell membrane (Smith & Betz, 1996). However it has also been
shown that in some cases capacitance changes are not coupled to surface area changes (Kilic, 2002). In this work the author
argues that the surface area remains constant because the addition of membrane relieves tension in the membrane. They fur-
thermore suggest that the FM1-43 signal cannot be detected in the membrane because it is sensitive to changes in tension,
supporting the idea of incorporation of new membrane without a subsequent increase in membrane surface area. In this way,
it can be hypothesized that vesicle material is released via a full distention mechanism of exocytosis. These experiments, how-
ever, do not track content release and thus might exclude events that release through a more transient membrane interaction
and likewise might register membrane events that do not correspond to content release. Indeed, tracking content release is
critical for the understanding of these mechanisms.

Amperometry allows one to basically count and track molecules released during exocytosis. The advantage of amperometry is
its high temporal resolution and coulometric efficiency, which ensures that the full amount of released molecules from nearly
every event under the electrode will be measured. Thus it is not surprising, as was mentioned above, that this technique re-
cords large numbers of fast exocytotic release events. The quantal nature of the spikes might be indicative of full release in that
the size of the vesicle would be a straightforward mechanism for maintaining quanta. Later work showed that current tran-
sients could also appear as so called stand-alone feet, which might be an indication of a second release modality. Often, an
amperometic spike will have a pre-spike feature, which appears as a small rise in current. This feature, again called the foot of
the spike, is interpreted as the diffusion of a small amount of catecholamine through an initial stable fusion pore. The stand-
alone foot then is interpreted as a pore, which releases content and either closes vis-a-vis kiss-and-run, or fully distends after
the vesicle is empty. These stand-alone foot events account for about 20% of the events measured from bovine chromaffin cells
and release on average 77% of the amount of catecholamine as compared with the foot on normal amperometric spikes (Zhou
et al. 1996). Additionally the events are significantly longer than the average amperometric peak, lasting as long as 250-300

ms in some cases, corresponding better to the events detected using TIRFM. However, monitoring exocytosis with electro-
chemistry only allows one to monitor release with no way to monitor the fate of the secretory vesicle. It seems clear that
there is at least a possibility that this disconnect between the time scales of events and numbers of events measured between
the two techniques might indicate two processes, a slow one that is coupled to membrane distension and a fast one that is
involved in content release.

Understanding the relationship between the membrane fusion event and the content release event requires simultaneous
monitoring of both processes. This has been achieved in several laboratories by using combinations of the techniques dis-
cussed above. In one study content release of fluorescently labeled neuropeptide Y was monitored using TIRFM, while mem-
brane fusion was monitored using whole cell capacitance measurements (Becherer et al. 2007). The question probed here was
whether the events measured at the bottom of the cell (TIRFM) were representative of the events measured over the whole cell
(capacitance). The conclusion was that the events were in fact comparable, demonstrating that irreversible membrane events
are coupled to peptide release in the cell. The number of events recorded were, as previously shown from these techniques,
comparatively low when compared with amperometry, with the TIRFM measurement recording about 4 events per cell on the
bottom and capacitance recorded approximately 40 events over the whole cell suggesting the these techniques, while they
appear to be sensitive, might not detect all forms of content release, i.e. the modes that are detected with amperometry.
An earlier work coupled capacitance measurements to confocal imaging of neuropeptide release from two neuroendocrine
cell lines (INS-1 and PC12) (Barg et al. 2002). They showed that peptide release lagged the membrane fusion and initial
pore formation by 1-10 s. This delay is attributed to the size of the peptides, which excludes them from transiting through
the pore. They suggested that it is not until the membrane fully distends that the peptides are released. These studies indicate
that the slow release events measured with fluorescent techniques are full fusion events and that capacitance measurements
apparently favor these irreversible and relatively slow events.

Amperometry has been coupled to whole cell capacitance measurements and in general the integral of the current measured is
coupled to an irreversible increase in membrane capacitance (Chow et al. 1996; Vonruden & Neher, 1993). One interesting
observation made with this experiment was that rapid stimulation in the form of photolysis of caged calcium led to a lag
between capacitance increase and content release. Several possibilities have been proposed including a calcium induced
decrease in quiescent endocytosis, the possibility that secretion may be taking place at ‘hot spots’ at some distance from
the electrode, or that the initial capacitance signal is related to the fusion of empty vesicles. At any rate these studies show
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that the capacitance signal is difficult to interpret without some additional characterization. A more sophisticated version of
this experiment was subsequently carried out on chromaffin cells by using patch amperometry (Albillos et al. 1997). In this
technique, true simultaneous measurements of the same membrane area are made. The data presented showed that the ca-
pacitance steps that correspond to amperometric spikes are predominantly irreversible indicating full membrane distension is
the dominant mode of release. Furthermore, kiss-and-run events were identified to account for 10% of the measured events.
The amperometric signal from these events indicated that the vesicle was completely evacuated before closing and that the
release lasted on the order of seconds. This experiment suggests that the fast event is coupled to distention and the slow
event is coupled to immediate endocytosis further complicating the view of this process.

The initial conclusion to be drawn from these experiments is that distention events and release events are generally coupled.
However, a closer look reveals that the amount of material released from individual vesicles measured with patch amperom-
etry is generally considerably larger than the amount measured using standard amperometry. A quick survey of the charges
measured at chromaffin cells using amperometry gives values of ~1 pC (Wightman et al. 1991), 0-67 pC (Montesinos et al.
2008) and 0-62 pC (Segovia et al. 2010), and charges measured using patch amperometry are 2-2 pC (Albillos et al. 1997), 1-8
pC (Montesinos et al. 2008) and 3-2 pC (Segovia et al. 2010). This suggests that each of these methods cater to a specific event,
but it is difficult to make direct comparisons. However, there are at least two experiments in the literature that carry both
methods, one shows that the average charge measured using patch amperometry is nearly triple the values measured
using amperometry (Montesinos et al. 2008) and a second shows that the charge increases to more than five times when
using patch amperometry (Segovia et al. 2010). It appears that the patch influences the size of the quanta released. If we
can make the assumption that the patch neither affects the size of the granule nor the concentration of the catecholamine
with in it, then it follows that the charge measured using amperometry corresponds to less than the total content of the vesicle.
Thus, the typical amperometric spike represents a partial content release while the patch extracts all or at least more of the
content. This concept will be discussed in further detail in the section dealing with variations in amount of chemical release.

The work discussed here probably raises more questions than it answers, because the results depend largely on the method of
measurement. Patch clamp and TIRFM show that full distention definitely occurs; however, determining whether it is the
primary form of release is challenging because it is difficult to monitor content release and especially partial release with
both these methods. Amperometry tracks content release with high temporal resolution and apparently detects relatively
more events when compared with the membrane sensitive techniques. The implication here is that the membrane-based tech-
niques might miss many release events. The events measured with amperometry also tend to be faster suggesting the possi-
bility that release is partial with occasional slow events detected. The slower events might be related to the delayed release of
content measured with TIRFM. Here, the catecholamine might be partially secreted through a small fusion pore during an
initial opening, recorded as a stand-alone foot in amperometry. Following the lag, full distention could occur, which would
appear as a second long event in TIRFM. The relatively low occurrence of long events in amperomety measurements might
indicate that this event is rare and that TIRFM is not sensitive to the major content release events measured with normal
shorter events in amperometry. Patch amperometry shows that spikes are coupled to irreversible capacitance steps; however,
it also shows that the average event measured using amperometry does not correspond to a full release of vesicle content. This
result suggests but does not prove that the major content release measured using amperometry infact a partial release. It seems
possible that the events measured using patch clamp methods have been influenced by the patch configuration, by either fa-
cilitation of full release, perhaps via membrane tension, or by increasing the efficiency of the amperometric measurement.

4. Evidence where partial release during exocytosis appears to be dominant
4.1 The total content of a secretory vesicle is greater than the amount released

The apparent content of individual vesicles containing electroactive neurotransmitters such as dopamine has been inferred
through measurements of release by electrochemical methods such as amperometry. In 1998, Pothos et al. reported quantal
release from dopamine neurons by placing a carbon fiber electrode on the axonal varicosities and detecting the release of
dopamine electrochemically after release was stimulated with K™ or a-latrotoxin (Pothos et al. 1998). Results indicated
that an average of 3000 molecules were released over a 200 ps event and that the quanta released per event could be modulated
with pharmacological drugs known to effect neurotransmitter synthesis and increased expression of protein transporters,
which accumulate them (Pothos et al. 2000). While these results indicated the amount of dopamine released through exocy-
tosis, the total vesicle content might not be the same. How much neurotransmitter is compartmentalized into an individual
secretory vesicle? When two techniques are used to study the same question, new and interesting results can be found. In
2008, Borges and coworkers used both conventional amperometry as well as patch amperometry at a single cell where suction
is applied to a part of the membrane in order to create a seal and allow for capacitance measurements to study wild-type and
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mutant chromaffin cells (Montesinos et al. 2008). Although not the focus of the study, comparison of the average quanta
released per vesicle by these two approaches provides interesting information about the nature of each technique. With con-
ventional amperometry, the total change per event was 0-67 £ 0-08 pC, whereas patch amperometry revealed that the total
charge to be 1-81 £ 0-09 pC for the same cell line. The greater release detected through patch amperometry is presumably
due to the applied suction on the membrane, which might make complete release more likely, indicating that what is com-
monly seen with conventional amperometry might not be full fusion, but be partial release. A partial release of 40% can be
inferred by comparing the conventional and patch amperometry data discussed above.

In 2009, Ewing and coworkers developed a method to determine the total vesicle content by studying vesicles in vitro
(Omiatek et al. 2009). In this method they coupled capillary electrophoresis to electrochemistry to first separate isolated ves-
icles from PC12 cells, and then detect their contents amperometrically by allowing them to lyse on the surface of a carbon
fiber electrode through a method called electrochemical cytometry (Fig. 5). The Ewing group then went on to compare mea-
surements of release with conventional amerometry to this new cytometry technique for the same line of cells, allowing them
to quantify what is released during an individual exocytosis event, using amperometry, and the total contents of an individual
vesicle, using cytometry (Omiatek et al. 2010). Using PC12 cells, Omiatek et al. estimated that only around 40% of the total
dopamine content seems to be released during a single exocytosis event. Thus, the remaining 60% of the vesicular contents
were not released. Significantly less catecholamine was measured by stimulated exocytosis at single cells, 141 + 3, versus 387 £
2 zmol for isolated vesicles measured on the microfluidic platform. Partial exocytosis appears to be highly likely. Comparison
of release events and vesicle content by these methods is shown in Fig. 6. Omiatek et al. also ably examined the effect of phar-
macological drugs known to effect dopamine release from cells, specifically L-DOPA, which accumulates dopamine, and re-
serpine, which decreases dopamine content. In these studies it was determined that total vesicle content is altered dramatically
by addition of these agents, but that the vesicles continued to release roughly 40% of their total dopamine content.

In another report, electrochemical cytometry was used to study the mechanisms of vesicular content modulations in vivo
(Omiatek et al. 2013). By dosing live animal models and studying the resulting vesicular content, it was demonstrated that
medications such as reserpine and L-DOPA alter the synaptic vesicle transmitter content in rats in a time dependent manner.
Additionally, and in agreement with the previous study, this work showed that vesicular dopamine content was higher than
expected. More recently, individual vesicle content was quantified with a new approach. Here a 33 um electrode is placed in a
suspension of secretory vesicles isolated from chromaffin cells and then the electrochemical response of the vesicles is mea-
sured as they rupture. The impact events occur stochastically allowing for quantification of individual vesicles (Fig. 7)
(Dunevall ef al. 2015). The vesicles appear to adsorb onto the electrode surface and sequentially spread out over the electrode
surface, trapping their contents against the electrode. These contents are then oxidized, and a current (or amperometric) peak
results from each vesicle that bursts. A large number of current transients associated with rupture of single vesicles (86%) are
observed under the experimental conditions used, allowing them to quantify the vesicular catecholamine content. Although
preliminary, if one compares the measured average number of catecholamines per vesicle (4-31 x 10° molecules) to published
results for amperometrically measured release from adrenal cell vesicles, the amount released during exocytosis is in the range
of 40-60% of the amount contained in the average vesicle. It should be noted that although this is similar to other measure-
ments, there are issues with signal to noise differences between the methods that need to be taken into account before num-
bers like this can be certain. However, this indeed suggests that the average vesicle contains considerably more catecholamine
than observed in a single exocytotic release event, which provides more evidence for partial release in an open and closed form
of exocytosis.

In a further investigation, the Ewing group used flame-etched carbon-fiber microelectrodes to obtain conical nanotips and
used these for intracellular detection of the catecholamine content of individual nanoscale vesicles in live PC12 cells
(Li et al. 2015). The nanotip conical carbon-fiber microelectrodes were pushed through the cell membrane without significant
damage. In this way, the active conical electrode surface was exposed to catecholamine-containing vesicles in the cell interior
(Fig. 8) (Li et al. 2015). The total vesicular catecholamine content measured by intracellular vesicle electrochemical cytometry
(114 500 + 15 300 molecules) is significantly different from the amount detected for stimulated exocytosis in single-cell
amperometry experiments with the same electrodes (73 200 £ 5820 molecules). According to these data, it appears that ap-
proximately 64% of the total catecholamine content of the vesicles is released during stimulated exocytosis in these PC12
cells. Although the fraction release is somewhat higher than measured previously for PC12 cells, this result again supports
the hypothesis that exocytosis is characterized by an open and closed mechanism.

4.2 The majority of exocytotic events are followed by immediate endocytosis

Using Quartz Crystal Microbalance with Dissipation (QCM-D), Cans et al. were able to study both exocytosis and endocytosis
simultaneously for a population of cells (Cans et al. 2001). In the QCM-D measurement, two secreting cell types, PC12 and
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Fig. 5. Electrochemical cytometry with a three layer PDMS device for the end-column lysis and electrochemical detection of vesicles sep-
arated by capillary electrophoresis (Omiatek et al. 2009). (a) Schematic of device (not drawn to scale). (b) Bright field and confocal fluo-
rescence images of the device.

NG 108-15, were grown to confluence on a quartz crystal coated with oxidized polystyrene. Exocytosis was stimulated by
introduction of high K*.

Solution and changes in frequency and dissipation were monitored simultaneously. For both cell types, results showed that
the release from the cells could be detected by a shift in frequency after stimulation (loss of mass). The mass lost was
completely regained in a matter of seconds (Fig. 9) (Cans et al. 2001). To determine where exocytosis and endocytosis
began and ended, the data were fit to a three-state model consisting of three consecutive first order irreversible reactions
in which the first state (the original state) represents the release of mass by the cells, i.e. exocytosis, and the second state is
followed by recovery and uptake of mass, i.e. endocytosis, and finally, a slower phase where the frequency descends lower
than the original baseline and might result as the cell structure recovers from release. The results of the model provided
time constants for each of the three phases as well as the amplitude of the frequency change when one phase ended
and the next began. By comparing the predicted frequency to the experimentally determined frequency they were able
to determine that exocytosis and endocytosis significantly overlap. With careful consideration of their data it appears
more than 97% of exocytosis events undergo immediate endocytosis due to the differences in the magnitude of the theo-
retical and experimental frequency maxima between the first two states. In these experiments the dissipation measurement
is correlated to the rigidity of the cells. Although three phases were apparent for frequency measurements, only two are
apparent for dissipation measurements and relate to first an increase in rigidity of the cells, followed by a recovery period
after which the cells are more elastic. Again, these results indicate the retrieval of material after exocytosis that allows the
cells to return nearly to their initial state.

4.3 Full distention of the vesicle may not be necessary for quantal release

In 2010, Amatore et al. studied the maximum aperture angle necessary for a vesicle to completely release its contents based on
a physiochemical simulation of exocytosis and compared with several individual event spikes recorded by amperometry
(Amatore et al. 2010). The model was based on a vesicle fusing to the cell membrane and the consequences of constraining
the membrane during release of vesicular contents, based on the radius and the angle of aperture for the vesicle. They deter-
mined that the vesicle only needs to open to about 10° in order to release its contents and provide the transient signal ob-
served, as opposed to completely fusing with the cell membrane and fully dilating (Fig. 10) (Amatore et al. 2010). This
indicates that at the end of a release event the vesicle matrix is still mostly covered by membrane, and not exposed to the
extracellular environment, suggesting that full fusion is unlikely for these events.
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Fig. 6. Amperometric quantification of catecholamine amounts released from during exocytosis in PC12 cells with amperometry and in
vesicles with electrochemical cytometry (Omiatek et al. 2010). (a) Representative amperometric trace resulting from exocytotic release at
intact cells. Red arrow indicates where an elevated K* application was used to induce exocytosis. (b) Electrochemical cytometry of individ-
ual vesicles. (c) Normalized frequency histogram of the vesicular catecholamine amounts quantified from intact cells that underwent stim-
ulated exocytosis (red) versus isolated vesicles (black) investigated with electrochemical cytometry.
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Fig. 7. The electrochemical response to single adrenal chromaffin vesicles filled with catecholamine hormones as they are adsorbed and
rupture on a 33 pm diameter disk-shaped carbon electrode. (a) Representative trace from a suspension of chromaffin cell vesicles. (b) A
5-s baseline at 0 mV versus Ag|AgCl in the presence of vesicles. (c) Expanded view of current transients. The pink squares represent the
Inax Of all peak candidate peaks submitted for further analysis. The green line represents the root-mean-square (RMS) and the red line
five times the RMS of the baseline noise (Dunevall et al. 2015).

Previous work by Frolov et al. focused on the point connecting the vesicle to the plasma membrane, called the neck (Frolov
et al. 2003). Here model systems of the neck were created using a patch pipette and a stable Teflon ring. When a lipid film is
attached to both points the stability and shape of the neck connecting the two can be studied as a function of the length of the
neck. Their model demonstrates that this neck structure can have more than one stable stationary shape, which are dictated by
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Fig. 8. Intracellular electrochemical vesicle impact cytometry (Li et al. 2015). (a, b) Amperometric traces for a nanotip conical carbon-
fiber microelectrode pushed against a PC12 cell without breaking into the cytoplasm (a) or placed inside a PC12 cell (b). (c) Amplified
amperometric current trace. (d) Normalized frequency histograms describing the distribution of the vesicular catecholamine amount as
quantified from untreated PC12 cells by intracellular vesicle electrochemical cytometry (red, n=1017 events from 17 cells) and by
K*-stimulated exocytosis at the same electrode (black, n=1128 events from 17 cells). Bin size: 2 x 10* molecules. Fits were obtained from
a log normal distribution of the data.

Nmolecule{“I 03)

the lateral tension and bending rigidity of the system. This work further suggests a mechanism for providing a transient open-
ing of the neck, similar to what may be present during ‘kiss-and-run’ exocytosis, where the permeability of the neck can be
‘toggled’ by the different stable states, and might even ‘flicker’. This concept might play an important physiological role,
maintaining the compartments where two environments meet (Frolov et al. 2003).

4.4 A flickering fusion pore might regulate quantal release and vesicle recycling

The concept of ‘flickering’ has been studied in two ways, both of which relate to the regulation of release from a synaptic
vesicle. First, it has been used to define the variations or fluctuations in an open fusion pore (amperometry), and secondly
it has been used to define the opening and closing of an individual fusion pore (patch amperometry). In a conventional am-
perometric trace, a single rise and decay are linked to the release of material from a synaptic vesicle. Staal et al. published data
indicating that a portion of these events actually consists of more complex events. In 25-30% of the events, the pore appears to
open and close more than once, each opening expelling small quanta of neurotransmitter into the synaptic cleft. The evidence
for this can be found in the analysis of the individual event. Each complex event has ‘flickers’ in which a distinct increase and
decrease in current can be detected above the background noise level. These flickers are part of the larger peak considered to
be the release from a single vesicle, where the total quanta released and duration (#;/,) are greater for complex events. With
each flicker a decrease in the amount of dopamine released is detected (Staal et al. 2004). They further found that the inci-
dence of complex events, but not the number of events per flicker, could be regulated pharmacologically. When neurons were
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Fig. 9. Schematic representation showing a cell grown on an oxidized polystyrene-coated piezoelectric quartz crystal and outlining the
layered configuration of the device (Cans ef al. 2001). Detection of frequency changes in populations of cells following high potassium
stimulation. Changes in frequency (Af) were recorded with the QCM-D for (a) NG 108-15 cells grown on polystyrene-coated quartz crys-
tals that were exposed to high-K" media, (b) a control experiment in which the NG 108-15 cells were rinsed with physiological buffer
only, (c) a control experiment in which NG 108-15 cells were depolarized in the presence of 3 mM EGTA, (d) PC 12 cells exposed to
high-K media and, (e) a control experiment in which PC 12 cells were stimulated in the presence of 3 mM EGTA. The stimulation buffer
was 90 mM K" for all stimulations with 2 mM Ca** added (a, b, d).

treated with phorbol 12,13-dibutyrate (PDBU), which increases the size of the readily releasable pool of vesicle, the incidence
of complex events decreases. In contrast, staurosporine was found to nearly double the occurrence of complex events. These
data have implications for both vesicle recycling and dopamine signaling. The rapid release and closure of vesicles through
this flicker process might allow the vesicle to release small amounts of material without losing its entire contents, thus skip-
ping the longer process of vesicle recycling through clathrin-coated pits, and allowing the vesicle to be involved in more sig-
naling events. Similarly, the ability to release small amounts of neurotransmitter might modulate how far a signal travels.
Models of dopamine diffusion in social synapses suggest that larger quanta can travel farther and have the ability to stimulate
more neurons in the network, while smaller quanta may not be able to reach as far and only stimulate neurons in closer
proximity.

In patch amperometry, the release events of most patch amperometry events are thought to represent full collapse of the syn-
aptic vesicle and incorporation of the new membrane material into the plasma membrane. This is usually seen by an up-step,
or increase in capacitance across the membrane derived from the increase in total surface area under study. According to the
Wu group at the National Institute of Neurological Disorders and Stroke in the USA, only 80% of events are from full release
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Fig. 10. Schematic membrane showing how the structural relationship of the vesicle with the membrane cytoskeleton network may con-
strain the maximum aperture angle (Amatore et al. 2010).

events causing the collapse of the vesicle, even though suction is applied directly to the membrane during study. The remain-
ing 20% of events are regarded as ‘flickers’ in which an up-step in the capacitance, and therefore in membrane area can be
detected, followed by a down-step back to baseline after a 10 ms—1 s period. In all cases these steps are low frequency (0-088
Hz) indicating that it is a single vesicle fusion, stimulated by K* addition and not random events, and of a size predictable by
electron microscopy (He et al. 2006). These two modes can be related back to full fusion where the collapse of the vesicle
indicates all content has been expelled, and open and closed exocytosis where the flickers indicate a quantal release from
a vesicle that may then be recycled back into the cell, and might control the quantal size and amplitude.

4.5 Nanometer-sized pores can be seen as ‘feet’ associated with amperometric spikes

First reported in 1992 by Chow et al. a foot is a low current feature associated with an amperometric spike found on a portion
of release events (Chow et al. 1992). These features can be described by the formation of a stable pore, longer than 1 ms (typ-
ically tens of ms) with an amplitude 3x the noise, where small amounts of neurotransmitter are released in addition to the
spike feature detected with all exocytosis events. Feet have been detected in the three forms; a ramp is a linear increase in
current until spike onset, while a plateau is a stabilized current preceding the spike, which can have a fast or progressive onset.

The first reports by the Neher group of pre-spike feet introduced a new concept to the molecular mechanisms of exocytosis.
Further measurements using patch amperometry showed that a small fusion pore, less than 3 nm, is present and stable before
it expands during exocytosis. Additionally they suggested that some of the pores that are transient might be capable of releas-
ing the entire contents of the vesicle without ever fully distending (Albillos et al. 1997). With PC12 cells, pharmacological
treatments with reserpine (known to decrease catecholamine content) and L-DOPA (known to increase catecholamine
content) were found to modulate the charge and duration of pre-spike feet (Sombers et al. 2004). Careful analysis of these
pre-spike events in chromaffin cells has revealed that they are quite common, occurring in approximately 30% of events,
and that although their occurrence does not indicate the size of the event, the flux through the corresponding fusion pore
correlates with the flux of the entire event (Amatore et al. 2009). Feet have been detected both before (Amatore et al.
2005) and after (Mellander et al. 2012) the spike for a significant number of events leading to a higher total release from
the vesicle as measured by the charge released.

Features detected at the termination of exocytosis are called post-spike feet. These feet are harder to detect due to the decay of
the spike at the end of exocytosis, but Mellander et al. were able to identify stable plateau features occurring at the end of
exocytosis, with a portion of events having both pre and post spike feet. They analyzed amperometric peaks corresponding
to release at PC12 cells and find stable plateau currents during the decay of peaks, indicating closing of the vesicle after in-
complete release of its content (Fig. 11) (Mellander et al. 2012). These post spike features have lower current than pre-spike
features, but a similar total charge was released that indicates the closing of the vesicle after a partial release of contents. Taken
together the presence of pre-spike and post spike features demonstrates that a stable fusion pore exists not only before, but
also after the release event that has been previously thought to be complete exocytosis. This evidence indicates that at least
some so-called full release events involve first the formation of a fusion pore, through which some content is released, followed
by a dilation of this pore, where the typical release event occurs, and then ending in the narrowing of the pore and reduction
in the flux of contents, and finally closing (Mellander et al. 2012). It was also observed that with amperometry, about 2% of all
events are of a larger category releasing more than 200 000 molecules from the average event at a PC12 cell (it is important to
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Fig. 11. (a) Three example peaks from PC12 cells. The first peak displays the traditional plateau foot, here termed pre-spike foot. The
second peak shows what is referred to as a post spike foot, while the third peak displays both types of feet. (b) Definition of the foot fea-
tures that were used in the analysis. The lifetime of the foot (f¢o), the current of the foot (Ig,.) and the charge of the foot (Qgor) for
both pre and post spike feet (Mellander et al. 2012).

note that most spike analysis software programs eliminate these slow, larger events from consideration in data analysis).
Finally, if one assumes that the foot height is related to concentration in the vesicle and that during the larger ‘full’ release
stage much of the content is released, then the post foot relative to the pre foot should reflect the fraction released. This was
examined for exocytosis where both pre and post feet were observed and the percentage released appeared to be about 40%.

5. Factors affecting the extent of partial release during individual events

We argue that the average exocytosis event from dense core vesicles represents partial release of the neurotransmitter content.
This hypothesis provides a rationale for the numerous observations of variations in the fraction of transmitter released to be
manipulated and represents a new pathway for secreting cells to regulate the amount of transmitter released without a mech-
anism involving up or down regulating the amount of transmitter inside the vesicles. We have found evidence for possible
mechanisms of this regulation in the literature, and also evidence that the method used to study exocytosis can affect the
fraction released.

5.1 Lipid composition of the plasma membrane

The most direct evidence that the fraction released can be altered was presented by both the Amatore and Ewing groups who
showed that the amount of neurotransmitter released per event can be quickly altered by influencing the lipid composition of
the plasma membrane (Amatore et al. 2006; Mellander et al. 2012; Uchiyama et al. 2007). In one case, they found that a short-
term incubation of PC12 cells with the inverted cone shaped lipid lysophosphatidylcholine (LPC) increased the average
amount of dopamine released per exocytosis event while incubation with the cone shaped phosphatidylethanolamine (PE)
decreased it. In the other case, a rapid alteration of amount released per event was demonstrated by Amatore and coworkers
who used LPC and arachidonic acid (AA), which displays a cone shape similar to that of PE, to study the effect of membrane
lipid composition on the dynamics of exocytosis from bovine chromaffin cells. They found that LPC facilitates catecholamine
release (rate, event frequency, charge released) while AA inhibits the exocytotic processes. They also observed that the detected
amount of neurotransmitters in the presence of LPC was larger than under control conditions, while the opposite trend is
observed with AA (Amatore et al. 2006).

Mellander et al. further presented direct evidence for a closing fusion pore by demonstrating that in addition to feet on the
ascending part of the spike, some peaks display feet of the descending part of the spike. Furthermore, the ratio between post
spike foot current and pre-spike foot current was found to decrease following PE incubation and increase following LPC in-
cubation, strengthening the hypothesis of alterations of the fraction released (Mellander et al. 2012). A 48-h incubation with
phosphatidylcholine (PC) has been shown to decrease the amount of dopamine released per event from PC12 cells while in-
creasing the vesicular size. However, since the incubation scheme in this study was so long it cannot be excluded that the
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treatment had some effect on the dopamine concentration in the vesicles (Uchiyama et al. 2007). Depletion of cholesterol
from PC12 cell membranes has also been shown to decrease the average of the quanta released, an effect that was abolished
through replenishment of membrane cholesterol (Zhang et al. 2009a).

High curvature lipids can influence the properties of the membrane by adding positive or negative intrinsic curvature. The
curvature is, however, also tightly coupled to the bending rigidity of the membrane. It has been speculated that the intrinsic
curvature of the membrane is only significant at structures of nanometric dimensions, which is the size scale that we are look-
ing at in the case of vesicle fusion. The first stage of vesicle fusion is the formation of a nanometer sized lipidic pore connect-
ing the inside of the vesicle to the outside of the cell. Some neurotransmitter can escape through this pore. If the pore is stable
for long enough, this leakage gives rise to the foot discussed above in some detail, preceding the peak resulting from the ex-
pansion of the pore. The magnitude of the foot current depends on the concentration of neurotransmitter inside the vesicle as
well as the dimensions of the fusion pore. Amatore et al. have shown that incubation with LPC increases the pre-spike foot
current. This was explained by the added positive curvature by addition of LPC to the outer leaflet of the cell, forming the
inner leaflet of the fusion pore, which was hypothesized to result in a pore of a larger diameter. Likewise, addition of the
negative curvature lipid, AA, resulted in a decrease in foot current, indicating a smaller fusion pore diameter (Amatore
et al. 2006). Further supporting the hypothesis of membrane regulation of exocytosis, studies have shown that lipid incubation
can manipulate the rate of decay of amperometric peaks, indicating that the vesicle is in fact closing again following partial
release of its contents since the membrane composition should not influence a decay based on diffusion and consumption of
the electroactive neurotransmitter at the electrode alone (Uchiyama et al. 2007). The results reported here together indicate
that altering the lipid composition of the plasma membrane influences the lipid structures formed during exocytosis and that
these structures can potentially govern the amount of neurotransmitter that escapes the vesicle during fusion.

5.2 Mechanically applied pressure to the membrane

The effects of membrane lipid composition on the kinetics and efficiency of release suggest that membrane dynamics seem
to play a part in the regulation of transmitter release. When studying exocytosis with patch amperometry a pressure is ap-
plied to the patched membrane. Reviewing the literature, as mentioned above it seems like this pressure causes the vesicles
to release a larger fraction of their neurotransmitter content as a result. Borges and coworkers studied release from wild
type and chromogranin A deficient mouse chromaffin cells using patch amperometry configuration and amperometry
of un-patched cells (Montesinos et al. 2008). When studying release from cells in the patch amperometry configuration,
the charge released was almost tripled in both cases. De Toledo and coworkers similarly used amperometry and patch
amperometry to study the influence of synaptotagmin-7 on exocytotic release from chromaffin cells (Segovia et al.
2010). The amperometry results indicate an average release of 0-62 pC from wild type cells while the patch amperometry
result shown an average amount of 3-24 pC for the same cells, again suggesting that the full amount of neurotransmitter
inside the vesicle is not expelled when the cell membrane is not under tension. The increase in released catecholamine from
vesicles where the cell membrane is under tension from the patch pipette could be explained by the full collapse of the
vesicle into the plasma membrane and the compete release of neurotransmitters. It could also result from a delay in vesicle
fission following partial release, allowing the vesicle to release a larger fraction of, or even its entire, content. Another pos-
sibility is that the actin sub-membrane cytoskeleton and its linked proteins are dissociated from the releasing vesicle and
can no longer control the fusion pore expansion and closing stages.

5.3 Osmolality

The osmolality of the solution surrounding the secreting cell is known to play an important role during exocytotic release. The
concentration of catecholamine (epinephrine and norepinephrine) in bovine chromaffin cell vesicles is estimated at about 550
mM with additional ions and molecules resulting in a total concentration exceeding 750 mM. This effective osmolarity is low-
ered by association and binding of molecules to each other resulting in a vesicle that is isotonic with 300 mM solutions (Holz,
1986). Altering the osmotic environment of the cell has been demonstrated to both induce and inhibit exocytotic release, in-
dicating a vital role in this process. High osmolality conditions have been shown to inhibit exocytosis in a number of different
cell types (Brown et al. 1978; Englert & Perlman, 1981; Hampton & Holz, 1983; Pollard et al. 1977). This inhibition appears to
occur at a stage subsequent to the entry of Ca** into the cell (Holz, 1986). The induction of exocytosis in low osmolality so-
lutions was first hypothesized to stem from a stress in the vesicle membrane caused by swelling of the vesicle, allowing the
vesicle membrane to fuse with the plasma membrane, whereas the effect of a hyperosmotic solution was suggested to be based
on the lack of swelling of the vesicles in this system, inhibiting fusion (Finkelstein et al. 1986; Holz, 1986). It has, however,
since been shown that fusion in mast cells precedes vesicle swelling indicating that fusion is not the critical step in the osmotic
regulation of exocytosis (Zimmerberg et al. 1987). Wightman and coworkers studied exocytotic release from chromaffin cells
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using carbon fiber amperometry and found that under hyperosmotic conditions, no major release events were detected; how-
ever, they did observe stand-alone feet. These results are in agreement with those from the Zimmerberg group (Zimmerberg
et al. 1987) indicating that release is inhibited at a stage later than fusion. A factor hypothesized to be affected by the osmo-
lality during release is the dense core vesicle protein matrix. Chromaffin cell secretory granules and dense core vesicles are
packed with chromogranins that make up a large part of the vesicle matrix in addition to messenger molecules. These acidic
proteins help lower the osmotic pressure of the vesicle by complexing with the catacholamine cargo. The important role of
chromogranins for the vesicular storage capacity has been demonstrated by Borges and coworkers who showed that chromaf-
fin cell vesicles from Chromogranin A deficient mice display a catecholamine vesicle content reduced by 30% compared with
wild type mice (Borges et al. 1997; Montesinos et al. 2008). Hyper- and hypo-osmotic solutions have been shown to decrease
the total amount of catecholamine released from a population of chromaffin cells without significantly influencing the influx
of Ca** (Hampton & Holz, 1983). This result could be explained with a decrease in release frequency or a decrease in released
amount per vesicle, or both. Wightman and coworkers studied the effect of altering the osmotic pressure on individual cells
using carbon fiber amperometry, allowing for a direct measure of quantal size and release frequency from bovine adrenal
medullary cells. They found that moderately increased osmotic pressure (630 mosm) caused a decrease in the amount of neu-
rotransmitter released per fusion event and a decrease in release frequency. When the osmolarity was increased even further
(970 mosm), exocytotic release was diminished to stand alone feet, as mentioned previously. The decrease in release amount
and frequency was found to be unrelated to calcium influx as this was unaltered as monitored by imaging with the calcium
sensitive dye Fura-2. After stimulation with barium under 970 mosm, flushing the cell with isotonic saline induced release
(Borges et al. 1997). In a separate study, Wightman and coworkers measured release from cells in hypoosmotic buffer,
which resulted in an increase in charge released from 1.7 pC during control conditions to 2-9 pC in hypoosmotic conditions.
When the cells were returned to isosmotic buffer the amount released was again decreased to 2-1 pC suggesting that the full
vesicular content is not expelled under the control isotonic conditions (Schroeder et al. 1996). The mechanism for this alter-
ation of quantal release is probably the effect of a change in the rate of dissociation of transmitter from the matrix, possibly in
combination with an altered fusion pore expansion rate. These findings suggest that the osmotic imbalance between the ves-
icle and surrounding media is important for regulating the number of molecules released from the vesicle during fusion. This
mechanism requires that release is partial.

5.4 Temperature

By studying amperometric recordings of release from mast and chromaffin cells, Pihel et al. were able to show that both cell
types release fewer molecules per event at lower temperatures (21 °C for mast cells and 22 °C for chromaffin cells) than at a
temperature of 37 °C. The release events for both cell types were also found to display slower kinetics, as demonstrated by the
half width of the peaks, at the lower temperature condition as well as a lower release frequency (Pihel et al. 1996). Haynes et al.
used carbon fiber amperometry to study exocytotic release from chromaffin cells at temperatures ranging from 25 to 37 °C
(Haynes et al. 2007). By stimulating with potassium or barium they were able to study release from readily releasable and
reserve vesicles, respectively. Their findings, in agreement with the study by Pihel et al. showed that decreasing the temper-
ature from physiological conditions significantly decreases the average amount of catechol released per event. This was found
to be true for stimulation with both K* and Ba**, with a decrease in molecules released of approximately 6 x 10*°C™". In
addition to smaller amounts released the release events were found to be kinetically slower as indicated by significantly in-
creased peak half widths, as well as a decrease in release frequency as the temperature was lowered. The authors argued that
the fact the half width of the events increases as the amount release decreases is evidence for a less efficient extrusion of the
vesicular catecholamine as opposed to a loss of stored transmitter molecules. They suggested that this lowered extrusion ef-
ficiency at lower temperature is due to the temperature dependence of the behavior of Chromogranin A, which has been
shown to become more disordered at higher temperatures. However, what is evident here is that the amount released was
altered and for this to occur, partial release of the contents had to be occurring.

5.5 External pH

A change in external pH has been shown to rapidly alter the amount of catecholamine released from bovine adrenal
medullary cells. These cells were shown to release more transmitter molecules per event at pH 8-2 than at pH 7-4 when release
was stimulated by Ba** in a Ca®" free solution. The authors argued that this flexibility in amount released is based on the
degree of vesicular matrix dissociation in the dense core vesicle. The dissociation is suggested to be enhanced when
the H" gradient over the fusion pore is increased, leading to a larger amount released of the total vesicle content when
the pH difference between vesicle and cell exterior is greater (Jankowski et al. 1994; Yoo & Lewis, 1995). Although not ex-
plicitly stated by the authors, the dense core dissociation mechanism assumes partial release as this mechanism does not affect
the amount contained in an individual vesicle.
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Fig. 12. Average amperometric peaks obtained from the control and 1 pM dynasore treatments. Amperometry of exocytotic events from
single PC12 cells (Trouillon & Ewing, 2013). The working electrode was held at +700 mV versus an Ag/AgCl reference electrode using an
Axon 200B potentiostat. The output was filtered at 2-1 kHz using a Bessel filter and digitized at 5 kHz.

6. Regulation of open and closed exocytosis
6.1 Evidence that dynamin regulates the opening of the fusion pore

If exocytosis is open and closed, then what regulates the process beyond formation of the fusion pore? Dynamin is a candidate
for part of this process. Dynamin is a GTPase mechanochemical enzyme involved in the late steps of endocytosis, where it
separates the endocytotic vesicle from the cell membrane. However, several recent reports have emphasized its role in exo-
cytosis. In this case, dynamin appears to contribute to the control of the exocytotic pore, and possibly directly influencing
the efflux of neurotransmitters.

Dynasore is a selective inhibitor of the GTPase activity of dynamin and this has been used to investigate the role of dyna-
min in exocytosis with amperometric detection (Trouillon & Ewing, 2013). These experiments (Fig. 12) revealed that dyna-
sore inhibits exocytosis in a dose-dependent manner. Analysis of the exocytotic peaks showed that the inhibition of the
GTPase activity of dynamin led to shorter, smaller events. This observation is in good agreement with results published
recently from near field microscopy observation of pore dynamics, where the GTPase activity of dynamin was inhibited
by dynasore or mutations (Anantharam et al. 2011). The duration of the feet is also reduced, and the constraining effect
of the pore is larger on the decaying part of the peak. In terms of pore dynamics, this appears to indicate that the fusion
pore opens and closes faster, and that its maximum opening radius is decreased, after dynasore. Thus it has been proposed
that dynamin is involved in regulating the duration and kinetics of the open and closed version of exocytotic release. The
role of dynamin in endocytosis is thought to be tube closure. In exocytosis, dynamin appears to contribute to the dilation
and stability of the pore.

In the case of open and closed exocytosis, it appears that the dynamin complex contributes to supporting, or framing, the
nanotube formed between the vesicle and the membrane. In this case, the pore does not follow its intrinsic kinetics, but is
apparently controlled by the dynamin complex. The longer g, in presence of the fully active dynamin might indicate
that the foot feature corresponds to the formation of the dynamin assembly and the initiation of GTPase activity, followed
by the pore expansion. This concept, supported by several studies (Berberian et al. 2009; Burgoyne et al. 2001; Fulop et al.
2008; Guzman et al. 2007; Wang & Richards, 2011) suggests that the mechanochemical activity of dynamin is involved in
exocytosis, and that this activity relies on its GTPase properties.

6.2 Evidence that actin regulates the closing of the fusion pore

A key question in open and closed exocytosis, is what closes the pore? The effect of latrunculin A, an inhibitor of actin
cross-linking, on exocytosis in PCI2 cells has been investigated, again with single cell amperometry to examine if the
actin cytoskeleton might be involved in regulating exocytosis, especially by mediating the constriction of the pore
(Trouillon & Ewing, 2014). In an open and closed release mode, actin could actually control the fraction of neurotransmit-
ter molecules released by the vesicle. Following application of latrunculin A to PC12 cells, a 40% increase of the median of
the amount released is observed (51% increase of the mean release). The frequency of large events (>200 000 molecules
released) is also increased. One of the main variations in the peak characteristics after the latrunculin A treatment is
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Fig. 13. Proposed scheme for the contribution of dynamin and actin to exocytosis. Actin appears to force the closing of the pore, where-
as dynamin promotes its opening (Trouillon & Ewing, 2014). The resulting amperometric spikes are presented in the bottom portion of
the figure (not drawn to scale). Exposure to latrunculin A induces higher, wider peaks, and inhibition of the GTPase activity of dynamin
with the inhibitor dynasore induces shorter, narrower peaks.

the observed increase in peak fall time. The decaying part of the peak is expected to contain some information about the
closing of the fusion pore in open and closed exocytosis (Allersma et al. 2004). In this case, the increased fall time is ev-
idence that the inhibition of actin polymerization increases the lifetime of the pore, and slows down the collapse of the
pore. Thus, it is argued that actin is an important factor in the closing of the lipid pore. These findings strongly support
the theory of partial release at PC12 cells, and that actin is involved in regulating the amount of vesicular content released
during open and closed exocytosis.

Interestingly, actin is known to interact with several membrane-shaping chemical motors, such as dynamin (Gu et al. 2010;
Orth & McNiven, 2003; Pelkmans et al. 2002). Together the two proteins appear to be part of the regulation of the fusion pore
dynamics in a competitive process between different mechanochemical transducers, as summarized in Fig. 13 (Trouillon &
Ewing, 2014). In this case, dynamin, at least in part, promotes the opening of the pore, and actin its closure. It appears likely
that actin and dynamin complement each other in balancing and controlling release during an open and closed exocytosis
process. The composition of the lipid membrane also plays a critical part. However, this list is not exhaustive, as other poly-
mers, proteins or lipid structures clearly might contribute to this highly dynamic and competitive process.

7. Summary of the evidence for open and closed exocytosis

The evidence for open and closed exocytosis as the primary mechanism of full exocytosis is mostly based on amperometric
measurements and overall it is apparent that the different methods measure different aspects of release and perhaps different
release events. It is important to note that for whole cell patch clamp, one measures exocytosis over an entire cell, whereas for
amperometry, a 5-um electrode covers perhaps 5% of a chromaftin or PC12 cell. TIRFM measurements look at the membrane
along the bottom of the cell. The fact that there are many more events measured at a typical cell with amperometry, a method
capable of measuring faster events, offers the possibility that amperometry methods primarily measure the faster open and
closed events and that TIRFM and patch clamp primarily measure the full distention events. There appear to be fewer of
these and searching for larger events with amperometry suggests that under control conditions about 2% of those at PC12
cells are the larger full distention events representing complete release of the vesicle content.

The following is the key evidence suggesting partial release during exocytosis is dominant.

7.1 The majority of exocytotic events are followed by immediate endocytosis

Using a Quartz Crystal Microbalance with Dissipation, Cans et al. were able to study both exocytosis and endocytosis
simultaneously for a population of cells.
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7.2 The total content of a secretory vesicle is greater than the amount released in PC12 cells

The amount released from individual vesicles containing electroactive neurotransmitters such as dopamine can be measured
through electrochemical methods. Work in the Ewing laboratory compared conventional amerometric measurements of exo-
cytosis with electrochemical cytometry of vesicle contents for the same line of cells. Comparative quantification of transmit-
ters released during individual exocytosis events, using amperometry, and the total contents of individual vesicles, using
cytometry at PC12 cells suggested that approximately 40% of the total dopamine content was released during a single exo-
cytosis event. Partial exocytosis is not only possible, but it is highly likely that it is the primary mode of exocytosis with only a
small number of amperometric events releasing large quantities of dopamine in full ejection of the vesicle content.

7.3 Release appears to be only a fraction of vesicle content in mammalian brains

Electrochemical cytometry in live animal models results in vesicular contents that are much larger than what is apparently
released. In fact, the data suggest that an even smaller fraction of transmitter is released from mammalian brain cells.

7.4 Impact cytometry of adrenal cell vesicles shows a significantly larger catecholamine content then that
released

A new version of electrochemical cytometry has been used to confirm comparative measurements of catecholamines, now in
chromaffin cell vesicles, and it is significantly larger than that released.

7.5 Impact cytometry has been used to measure vesicle content in live cells and this quantity is greater than the
amount released

Nanometer electrodes have been used for intracellular measurements of vesicle content in live PC12 cells, and using electrodes
of identical signal to noise the released transmitter was measured to be approximately 65% of the total content, confirming the
results from early cytometry experiments.

7.6 Full distention of the vesicle is not necessary for the measured amperometric current during exocytotic
release

Amatore et al. have studied the maximum aperture angle necessary for amperometric detection of complete release of vesicle
contents during exocytosis and found that the vesicle only needs to open to approximately 10° in order to release its contents,
as opposed to completely opening as part of the cell membrane, to generate the current observed in the amperometric
measurements of exocytosis.

7.7 Fast changes in cell environment alter the amount of messenger released

Temperature, osmotic stress and other environmental stresses can change the amount of exocytosis faster than would be
expected to change vesicle content. The change in the amount of release is consistent with a partial release mechanism.

7.8 Patch amperometry measurements reveal a greater amount of release

When an electrode is placed inside a patch clamp pipette, and the pipette used to pull on a cell membrane, the resulting am-
perometric measurement of exocytosis reveals that considerably larger amounts are released. It appears that the tension on the
membrane caused by suction from the pipette causes the vesicles to undergo full distention and release all their contents.

7.9 Postspike ‘feet’ are observed with an amperometric spike

Features have been detected at the end of an exocytosis spike for some of exocytosis events. These post spike features have
lower current than pre-spike features, but a similar total charge was released indicating the closing of the vesicle after a partial
release of contents. Taken together, the presence of pre-spike and post spike features demonstrates that a stable fusion pore
exists not only before, but also after the release event that has been previously thought to be complete exocytosis, and thus
suggests again that the pore closes.

It appears that when amperometry is used to measure exocytosis events, nearly all the events measured are from open and
closed exocytosis. This is distinguished from kiss-and-run exocytosis in that what we measure as predominant exocytosis
events with amperometric methods is open and closed, whereas kiss-and-run is a much smaller opening of the fusion
pore (flicker) that releases a very small amount of the vesicle content. In addition to the predominant open and closed events,
perhaps a few percent of the events monitored with amperometry are from full distention of the vesicle during the fusion
process. These few events might be those that are measured by patch capacitance measurements and TIRFM.
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Amperometry typically measures from about 5% of the cell surface and yet there are about 10-20 times more exocytosis
events observed compared with patch and TIRFM methods. Furthermore, these larger events are slower and are more ame-
nable to measurement by those methods. If exocytosis is open and closed, then the exocytosis process can be regulated at the
level of single events in terms of the percentage and the rate of released messengers. This avails new pharmacological targets
and can be involved in plasticity.
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