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Introduction Exocytosis and Vesicle Cycling

Secretion of cellular content, stored in vesicles, is a funMembrane fusion involves the merging of two phospho-
damental process which requires assembly of distinclipid bilayers and is a regular occurrence in eukaryotic
proteins as well as merging of two lipid bilayers. Exo- Cells. Intracellular vesicle targeting and subsequent
cytosis can be induced by specific secretagogues (reguinembrane fusion regulate protein processing and sort-
lated exocytosis) or can occur constitutively. Ouring, intracellular digestion, integrity and dynamics of
knowledge about proteins involved in vesicle fusion hascellular compartments as well as cell growth and prolif-
expanded dramatically during the last 5 years. Nonethe€ration. Fusion of vesicles with the plasma membrane
less, little is known about the morphological aspects of1as three aims: the first is to incorporate integral mem-
vesicle fusion. The classical model of exocytosis, alsdPrane proteins, such as ion transporters or ion channels,
known as “total fusion”, predicts the complete incorpo- tC., into the cell menjbrane. The second is to incorpo-
ration of the vesicle membrane into the plasma mem/até membrane material into the plasma membrane. The
brane. An alternative model suggests that fused vesiclddird is to release |ntrave5|_cular contents into the extra-
can detach from the cell membrane and be retracted int6€llular space by exocytosis. _ _

the cytoplasm. Vesicles preserve their integrity during ~ During regulated exocytosis, vesicles storing pro-
this process, which is also known as the “transient fu_tems.t.hat.are prepackaged for secretion, act_|vely move to
sion” or “kiss and run” model. New morphological ap- specific sites at the plasma membra}ne (active zone) and
proaches, such as fluorescent microscopy or atomic forci/s€ after stimulation by specific secretagogues-
microscopy, provide new evidence for transient vesicle Vesicles fuse fully (total fusion) with the plasma mem-
fusion. Exocytosis of neurotransmitters, amylase, or surPrane and after a delay, components of the vesicle mem-

factant are examples of regulated secretion by a “proPrane are recaptured by endocytosis. Endocytosis is
longed kiss” between vesicle and plasma membrandound at sites distant from the active zones. Endocytosed

This review will focus on new fluorescent optical ap- vesicles fuse with the endosomal compartment for repair

vesicle fusion with the plasma membrane. These techtons and endocrine cellsgeFig. 1) [27, 28, 34].

of exocytosis. the plasma membrane, referred to as “transient fusion” or

“kiss and run”, can be documented [3, 4, 10, 11, 15, 35,
45, 50, 87] éeeFig. 1). This process has been the sub-

ject of controversy in recent years. These vesicles fuse
with the plasma membrane by forming a transient fusion
pore while preserving vesicle integrity. After detach-

Key words: Exocytosis — Secretion — Fluorescence — AFM — Mment, vesicles can fuse again without any preceding en-
Transient fusion — Total fusion dosomal fusion. Therefore, the advantage of transient
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Fig. 1. A schematic drawing of vesicle cycling. After vesicle movement to the cell periphery, the vesicle is primed and becomes docked to th
plasma membrane. After an intracellular calcium increase the vesicle fuses with the plasma membrane (rarely is a CAMP increase necessary
fusion). Priming, docking and fusion of vesicles require several cytosolic as well as membrane-bound proteins. The illustration displays the tv
discussed morphological concepts for vesicle fusion. First, the vesicle gets integrated into the plasma membrane, and subsequent endocy
happens at a distinct membrane area with subsequent endosomal fusion (“total fusion”). Second, the vesicle fuses and detaches from the ple
membrane in a reversible manner. Thereby the vesicle integrity is maintained and repeated fusion events are possible (“transient fusion”).

fusion is a rapid cycling between a fusion state and & New Cell Imaging Tool: Atomic
nonfusion state. It seems that some cells, such abBorce Microscopy
chromaffin cells, can switch between total and tran-
sient fusion by varying extracellular calcium [1]. Data The AFM is a tactile instrument that was invented in
supporting the idea of transient fusion states werel986 by Binnig, Gerber and Quate [8]. In the AFM, a
first established by patch-clamp techniques [3, 10, 15]fine silicon or silicon nitride tip scans the surface of the
In recent years, morphological methods, such as fluoressample. Any deflection of the tip due to surface topo-
cent microscopy or atomic force microscopy (AFM) graphy is recorded. The AFM provides three-
have provided evidence for the kiss and run model. Bothldimensional data of biological samples with a resolution
morphological techniques showed that vesicles releasim the nanometer range. The lateral or X, y resolution of
their contents within seconds [38] to minutes [69]. After the AFM is in the range of 50-100 nm, whereas the
the fusion event, the vesicles detach and return intdeight or z-resolution is bettefff nm). Resolution is
the cytosol while maintaining their integrity and mor- limited mainly due to the softness of living cells. An
phology. increasing loading force by the tip leads to an indentation
This review summarizes data that support the kisof the plasma membrane followed by an increase in con-
and run model in different cell types. Transient fusiontact area between the tip and the membrane.
events have been shown in pancreatic, pulmonary, neu- The benefit of the AFM is that it makes possible the
roendocrine and neuronal cells. The review is organizesgtudy of the morphology of living cells in their physi-
according to the different cell types and the technicalological environment in a time-dependent manner.
approaches used in studies of exocytosis. About 6 years after the invention of AFM the first studies
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on living cells were published [25, 30, 61]. The authorsFig. 2, low resolution). After stimulating the cells the
predicted that the main potential of AFM was to follow diameter of the depressions reversibly increased within 5
membrane dynamics, such as exo- or endocytosis [32nin from around 150 to 200 nm. The diameter of the
37], on living cells. One year later, Oberleithner and depressions returned to normal after another 20 min (Fig.
collaborators demonstrated vesicle transport and endocy?, high resolution). The opening and closing of the de-
tosis on living cells imaged by AFM [51]. Scanning the pressions correlated well with the amount and with the
lamellipodium of migrating cells they visualized endo- kinetics of secreted enzymes (amylase) stored in pancre-
cytosis in this area. Endocytotic pores were measuredtic vesicles. This confirmed that depressions are areas
and they showed a mean diameter [0 nm and a of secretion. The pits did not change their morphology
lifetime of 1 min. The authors foundllO dimples per during exocytosis. Depressions within the pits represent
pwm?, enough vesicles to contribute to membrane expanpreselected areas of docked vesicles that are ready to fuse
sion after reinsertion at the leading edge to pass aheaafter stimulation. This prepared vesicle pool was de-
with migration [51]. Similar studies were done by Fritz scribed in neuronal cells and is called the “readily re-
and coworkers [20] and by Braunstein and Spudich [9].leasable pool” [11, 12, 56, 63]. After stimulation the
Other examples of how AFM can be used to addresseadily releasable vesicle pool is able to fuse with the
specific questions in cell physiology are studies on exoplasma membrane within seconds to release its vesicle
cytosis, cell migration, cell volume regulation, cell divi- content. In our own studies we found an immediate di-
sion or secretion of ATP by lung epithelial cells [25, 41, ameter increase of the depressions after stimulation con-
52, 61, 64, 67, 68, 70-73]. sistent with an instant fusion process of a readily releas-
Rather than imaging entire cells AFM can be used toable vesicle pool with the plasma membrane. However,
study isolated cell membranes containing secretoryn contrast to neuronal cells, depressions remain enlarged
vesicles [5] as well as to study isolated secretory vesiclefor several minutes before their diameter decreases
[36] with both high temporal and high spatial resolution. again. Thus, exocytotic secretion in epithelial cells
In addition to morphological data physical parametersseems to be slow (minutes) when compared with neuro-
can be measured, such as cell elasticity or intermoleculamal cells. In addition exocytotic pores cause significant
binding forces [19, 24, 44, 59, 60, 64]. Forces that in-morphological alterations of the plasma membrane. The
volve protein-protein interaction that occur in exo- or “opening” and “closing” of the depressions suggest that
endocytosis, can be measured with picoNewton resoluthe vesicle fuses with the plasma membrane, releases its
tion [14, 18]. content into the extracellular space and finally detaches
from the plasma membrane. This model is called “kiss
and run” or “transient fusion”"deeFig. 1). In case of a
Distinct Areas of Transient Exocytosis in Pancreatic  total collapse of the zymogen vesicles into the plasma
Epithelial Cells Imaged by AFM membrane (“total fusion”) we would expect a permanent
increase of the depressions’ diameter. The depressions’
Previous studies postulated “active zones” of exocytosigliameter should increase until the vesicle membrane and
in neurons. Such active zones are characterized as dithe plasma membrane are indistinguishable from each
tinct locations in the plasma membrane where vesicleother. Such a complete incorporation of vesicles into the
fusion and exocytosis occur [27, 28, 39]. Steyer and coplasma membrane was shown in frog neuromuscular
workers suggested these active zones exist in chromaffijunctions after electrical stimulation [27, 28]. By using
cells [78]. In our own studies we also proposed distinctfreeze-fracture electron microscopy the authors showed a
areas in the plasma membrane of epithelial cells wher@ermanent increase of the exocytotic pore until complete
exocytosis occurs. We studied pancreatic acinar cells iintegration of the vesicle membrane into the plasma
the rat using AFM geeFig. 2; images were generated membrane.
using BioScope from Digital Instruments). In this pre- The slow process of secretion involving large
vious study we looked at single events of exocytosis invesicles may be an explanation for the alternative path-
exocrine pancreatic cells [69]. By probing the outer sur-way of transient vesicle fusion in pancreatic cells. In
face of acinar cells we found large craterlike areas (di-exocrine pancreatic cells it is not necessary to secrete
ameter 0.5-2um) we called “pits”. The plasma mem- amylase within milliseconds, as is the case in neuronal
brane in such an area has a lowered elasticity. Dimin¢ells. A fusion pore limits the diffusion velocity of
ished elasticity of this area is most likely due to a reducedresicle content into the extracellular space. Therefore a
or missing cortical cytoskeletal network. Pits were only mechanism that involves a fusion pore increases the du-
found at the apical surface where regulated secretoryation of release. A prolonged release of amylase avoids
vesicle docking and fusion are hypothesized to takebursts of high amylase amounts in the intestine and en-
place. Inside the pits we found “depressions” (diametersures a more balanced enzyme concentration. Moreover
150 nm) representing the docking and fusion sites folby varying fusion pore size and fusion pore lifetime the
zymogen vesicles (vesicle diameter: 0.2—ju®) (see cell is able to regulate the amount of amylase release
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Low resolution

Fig. 2. Low resolution: Topography of the apical
cell surface of living, isolated pancreatic acini
observed by atomic force microscopy. Scattered,
circlelike pits at the apical plasma membrane
surface are seen. One pit (Insert) with 3
depressions is shown. High resolution: Dynamics
of depression (there are no pits visible) following
stimulation of secretion. Notice an increase in the
depressions’ diameter 5 min after stimulation,
correlating with an increase in total cellular
amylase releasen¢t shown. At 30 min after
stimulation there is a decrease in diameter of the
depressions and no further increase in amylase
release ifot shown). Modified from [69].

Fig. 3. Upper panel: Confocal laser scanning
microscopy of images of a single pulmonary cell
during stimulation with ATP (given 10 min before
images were taken). Transition of 2 pre-exocytotic
lamellar bodies (green; stained with LysoTracker
Green, between the two yellow vesicles), to
postexocytotic lamellar bodies (red; stained with
FM1-43, between the two yellow vesicles) [43].
Lower panel: Confocal laser scanning microscopy
of a single vesicle/plasma membrane fusion event
using FM1-43. At time point 0 sec only plasma
membrane staining is detectable. After stimulation
with ATP additional staining of vesicle membrane
and vesicle content is visible. Release continues
over minutes. Image kindly provided by Thomas
Haller, University Innsbruck, Austria.

450s 900s



S.W. Schneider: Kiss and Run Mechanism in Exocytosis 71

according to demand. Previously it was shown that pro-cytosis of stained vesicles or plasma membrane is shown
tein kinase C and extracellular calcium may be regulatordy the intracellular localization of fluorescence spots
of fusion pore kinetics and lifetime in chromaffin cells [48].
[1, 21]. In contrast, in neuronal cells it is necessary to  In the case of exocytosis of lamellar bodies, extra-
secrete high and precise amounts of transmitters in a vergellular FM1-43 stains additionally the lipophilic vesicle
short time. Therefore, a complete vesicle fusion with thecontent, surfactant. Stimulation of ATII cells with ex-
plasma membrane with concomitant quantal transmittetracellular ATP increased intracellular calcium concen-
release is useful. The amount of transmitter release ifration, accompanied by exocytosis [22]. The calcium
determined only by the numbers of vesicles that fuseéncrease was transient (time period: 5 min). However,
with the plasma membrane. exocytosis of lamellar bodies outlasted the calcium sig-
In the case of vesicle cycling that is in line with a nal (seeFig. 3, lower panel). The secretion of surfactant
transient fusion model one question arises. How is itproceeded for more than 60 min. During exocytosis of
possible to maintain vesicle morphology during secredamellar bodies the dye FM1-43 got access to the vesicle
tion? During amylase secretion vesicle diameter shouldontent through the fusion pore. Therefore a bright fluo-
decrease and therefore due to Laplace’s law vesicle surescent staining of intravesicular surfactant was observed
face tension should increase. An increase of vesicle suitred color in Fig. 3, upper panel and green color in the
face tension should further force enzyme release, whicltower panel). Simultaneously, the same fused vesicles
should further decrease vesicle dimensions until thdost their trapped dye (LysoTracker Green, green color in
vesicle collapses. To address this question we isolateBig. 3, upper panel) indicating loss of protons into the
pancreatic zymogen vesicles to follow single vesicle dy-extracellular supernatant (extracellular pH 7.4). The
namics during stimulation. The 3-D imaging of isolated fluorescent images have shown that lamellar bodies
vesicles (diameter: 0.2—10m) from exocrine pancreas maintained their morphology during exocytosis and did
showed a vesicle swelling of about 20% upon stimula-not collapse into the plasma membrane. Moreover, some
tion [36]. Swelling of secretory vesicles has been sug-exocytosed vesicles were retrieved from the cell periph-
gested to be crucial for fusion with the plasma membranesry to the perinuclear region, which is consistent with
measured by electrical techniques [17, 31]. Vesicletransient fusion rather than total fusion events [22]. In
swelling during the fusion process prevents vesicle colcontrast, cell capacitance increased over 20 min after
lapse, thus maintaining vesicle integrity and morphol-stimulation. The authors concluded that there is no en-
ogy—prerequisites for transient fusion, as mentioneddocytotic retrieval of vesicles within this time frame
above. [43]. There are two possible explanations for this dis-
crepancy. First, there was no intracellular ATP available
Slow Secretion Events and Transient Vesicle Fusion during these measurements; ATP is required for endocy-
in Pulmonary Cells Imaged by tosis after stimulation, and ATP-free solutions were nec-
Fluorescence Microscopy essary to avoid additional stimulation of the cells. Sec-
ond, endocytosis was too slow or too small to produce a
Slow secretion occurring over a time constant of minuteameasurable cell capacitance decrease within this time
can be also observed in alveolar type Il cells [22]. Sur-frame. In conclusion, the permanent cell capacitance in-
factant release by alveolar type Il (AT Il) cells via exo- crease over 20 min mainly confirmed the slow process of
cytosis of lamellar bodies is essential for normal lungexocytosis of lamellar bodies.
function. Lamellar bodies are large vesicles with diam- The benefit of a slow process of lamellar body exo-
eters of up to 3um. They exhibit an acidic intravesicular cytosis is a more balanced secretion of surfactant. More-
pH (pH [6.1). Therefore they can be visualized with over, a transient fusion of the large lamellar bodies with
weak basic fluorescent markers such as LysoTrackethe plasma membrane preserves the vesicle membrane
Green or acridine orange, which accumulate in acidicand avoids lipid mixing. It is likely that the lipid com-
compartmentsseeFig. 3). Additionally, the phospho- position of vesicles and the plasma membrane is distinct
lipid dye FM1-43 was used to stain the lipophilic vesicle [53]. A full fusion of the lamellar bodies with the plasma
content surfactant and the plasma membrane (red colanembrane during exocytosis would presumably be a
in Fig. 3, upper panel and green color in the lower panel)rapid mixing of lipids and therefore result in a lipid sort-
Prestaining of the plasma membrane with styryl dyesjng after endocytosis.
such as FM1-43, that are incorporated into the plasma
membrane allows the visualization of vesicle fusion and
recycling [13, 22, 38, 48, 65]. As soon as the unstaine
vesicle membrane fuses with the prestained plasma
membrane the dye diffuses into the vesicle membraneA promising tool in studying vesicle trafficking, fusion
Therefore, fluorescence dye accumulation along the opand endocytosis are fluorescent proteins, such as green
tical path can be visualized by bright fluorescence sig-fluorescent protein GFP [40, 83]. Fluorescent proteins
nals where vesicle fusion occurs [79]. Subsequent enddused with native proteins of interest, such as secretory

luorescent Proteins to Study Vesicle Fusion in
ast Cells
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proteins, often colocalize with the endogenous proteinsequent endocytosis happens slowly (>20 sec) at sites
Vesicle or protein trafficking, for example of tissue plas- distant from active zones. Endocytotic vesicles then re-
minogen activator (tPA) and glucose transporter GLUT4 cycle through the endosome. New experiments show
can be monitored in living cells [42, 58]. Mieseidbo evidence for a transient fusion of vesicles in neuroendo-
and coworkers designed two pH-sensitive GFPs, soerine and neuronal hippocampal cells mainly through the
called “pHluorins”. One is called ratiometric pHluorin use of fluorescence microscopy.
and displays a reversible excitation ratio between pH 7.5
and 5.5 with a response time of less than 20 msec. The
second pHluorin is called ecliptic pHluorin and gradually Kiss and Run in Chromaffin Cells
loses fluorescence as the pH is lowered [46]. Ecliptic
pHIuorins are invisible in an environment of pH <6.0 at Prior to exocytosis vesicles must move to the plasma
475 nm excitation wavelength, but can still be weaklymembrane. In chromaffin bovine cells Steyer and co-
seen at 410 nm. pH-sensitive fluorescent proteins allowvorkers measured vesicle dynamics with evanescent-
the distinction between vesicles in nonfused and a fusewave fluorescence microscopgegFig. 4) [77, 78]. By
state. In intact cells intravesicular pH is usually acidicilluminating a thin layer of cytosol[(300 nm) where
(pH 5.0-6.0). When vesicles fuse, the pH change of theells adhere to the glass coverslip, motion of single
vesicle interior is followed by altered GFP fluorescenceprestained vesicles can be tracked in three dimensions.
intensity. Miesenbek and coworkers used the ecliptic Vesicles were prestained briefly by acridine orange. Im-
synapto-pHIluorin (a fusion protein of synaptobrevin andages were recorded with a diffraction-limited resolution
the ecliptic pHluorin) to study vesicle fusion events in of approximately 30 nm and with a millisecond time
mast cells. Synaptobrevin or VAMP is a transmembranegesolution [77]. Steyer and coworkers found about 1,000
protein of the vesicle and belongs to a group of structurdocked vesicles. After stimulation (producing depolar-
ally related and conserved proteins, known as SNAREszation) with high K™ about 50% of docked vesicles im-
(soluble N-ethylmaleimide-sensitive factor attachment mediately were lost in groupséeFig. 4) [78]. This is
protein receptors) (for further detaiee[6, 16, 34, 62]).  consistent with the view of localized secretion at distinct
These proteins are necessary for vesicle fusion. Synamgreas as mentioned above for pancreatic cells. Docked
tobrevin forms a stable complex with other SNARE pro- vesicles that instantaneously fuse with the plasma mem-
teins anchored at the plasma membrane. Complex fobrane after stimulation, forming the first burst of secre-
mation bridges the opposing membranes and thereby méion, represent the so-called “readily releasable pool”
diates vesicle fusion [34]. Ecliptic synapto-pHluorin [11, 12, 56]. The existence of these docked vesicles is
was exposed to the vesicle lumen (pB.2) and there- well known for neurons [12]. After stimulation Steyer
fore was only seen with 410- but not 470-nm excitation.and coworkers measured a partial replenishing of secre-
After triggering exocytosis, vesicle content was releasedory vesicles with a time course of 6 min. However,
into the medium and locations harboring vesicles becamasing patch-clamp measurements, the pool of readily re-
fluorescent at 470 nm excitation. Beside the expectedeasable vesicles in chromaffin cells is replenished with
fusion events (incorporation of pHluorin-stained vesiclesa time constant of about 10 sec, similar as in neurons [47,
into the plasma membrane) fluorescence “flickering” can76, 77, 81]. These data suggest that more vesicles are
be monitored. This phenomenon of appearing and disbound to the plasma membrane than are rapidly released
appearing fluorescent signals at the same location wagl,000 vesicles docked, of whidtb0% are readily re-
interpreted as a transient opening and closing of a fusioleasable vesicles). As mentioned above, it tak@snin
pore causing the internal pH of the vesicle to fluctuate.to replenish vesicles after secretion, not 10 sec. It is
Flickering due to vesicle fusion events with the plasmamore likely that replenishment of the readily releasable
membrane in mast cells was also described by using thpool reflects stimulation of dormant vesicles that were
patch-clamp technigue and amperometry [10, 15, 49already docked rather than movement of “new” vesicles
82]. The data suggest a transient fusion model that magyowards the plasma membrane [54, 57, 77]. The authors
occur in parallel with a total fusion of the vesicle with the showed that vesicles need minutes to evidently reach
plasma membrane. fusion competence after reaching the plasma membrane
(‘docking’). Another interpretation of the rapid replen-
ishment of the readily releasable pool is that some
Transient or Total Vesicle Fusion in vesicles cycle between a fused, secreting state and a
Neuroendocrine and Neuronal Cells? docked, readily releasable state. After fusion, a rapid
refilling of these vesicles is necessary. Since Steyer and
The classical model of exocytosis was first described atoworkers used acridine orange to prestain the vesicles it
the frog neuromuscular junction by Heuser and Rees&as not possible to study the destiny of the vesicles after
[27]. In their model, vesicles collapse completely (total their fusion with the plasma membrane.
fusion) into the plasma membrane at active zones. Sub- Using the same cell type, Ales and coworkers
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Fig. 4. Upper panel: Evanescent-wave fluorescence
micrographs of a living chromaffin cell in normal
buffer (left image). Many fluorescence-stained
vesicles are visible. Two minutes after stimulation
(right image) (high K) a selective loss of vesicles is
visible, indicated by black patches within the cell.
Lower panel: 1-4: Successive frames at 0.5 5ec
show a vesicle (1,2) vanishing abruptly owing to
exocytosis (2,3); the vesicle and its last location are
indicated by circles. Images 5,6 are the same as 2,3
2 um after subtracting image 4. Modified from [78].

I um

showed by using the cell-attached patch-amperometrpansion and subsequent pore closure and vesicle re-
technique that in response to an increase of extracellularieval. The results suggest that PKC modulates the life-
calcium chromaffin cells shift from the preferred model time of vesicle fusion with the plasma membrane and
(total fusion) of exocytosis to the kiss and run mecha-therefore regulates transmitter release. Modulation of
nism [1]. A calcium increase from 5 to 90mrincreased fusion pore expansion and closure to regulate transmitter
the relative frequency of kiss and run events from 7 torelease seems only to be important if vesicles undergo
78%. During kiss and run events the fusion pore ap4ransient fusion events with the plasma membrane.
peared to expand briefly to a large size, allowing for Moreover, it is conceivable that PKC activation in addi-
rapid and complete transmitter release. There was nton to calcium éeethe work by Ales and coauthors)
size difference between vesicles that undergo permaneshifts the preferred mode (total fusion) of exocytosis to
fusion and those that release transmitter by the kiss anthe kiss and run mechanism. PKC activation promotes
run method (vesicle radius was always about 95 nm)vesicle retrieval after fusion and should prevent vesicle
Even though the authors used a high, and for chromaffircollapse into the plasma membrane.
cells not physiological, calcium concentration, the con-
centration may be close to that attained in nerve termi-
nals under physiological conditions. The authors pro-Transient Vesicle Fusion in Hippocampal
pose that during phases of high electrical activity kissNeuronal Cells
and run is an excellent mechanism by which the pool of
releasable vesicles can be rapidly replenished. Thig€vidence for kiss and run fusion events in hippocampal
probably occurs through a direct pathway that bypassesells was shown by Klingauf and coworkers [38]. Pre-
the endosomal compartment. The advantages of the asynaptic vesicles were loaded with FM1-43 in advance
ternative cycling, involving total fusion and conventional of stimulation. Cells were stimulated with a high-
endocytosis of the vesicle, are repair mechanisms thgtotassium solution and fluorescence destaining was mea-
allow the elimination of defective membrane proteinssured. The authors showed an incomplete loss of
and the reassembly of maximally refilled vesicles. Theprestained (FM1-43) vesicles during an initial round of
work by Ales and coworkers shows that vesicle cyclingexocytosis, allowing subsequent dye release to appear as
can be consistent with both total fusion and transient delayed burst. The time constant for endocytosis was
fusion. [6 sec, considerably faster than estimated for total fusion
Aside from calcium as an important regulator for events (R0 sec) [66, 85]. Endocytosis was even faster
vesicle fusion in chromaffin cells, Graham and cowork- (<2 sec) after increasing extracellular calcium (from 1 to
ers showed that protein kinase C (PKC) modulates th& mM) or applying the nonselective kinase inhibitor stau-
kinetics of single vesicle release events [21]. Activationrosporin [38]. The fast endocytosis and the incomplete
of PKC in chromaffin cells accelerated fusion pore ex-loss of dye reinforced the idea that a substantial fraction
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of synaptic vesicles undergoes endocytosis quicklyfor exocytosis. This was shown in kidney collecting duct
enough to retain the dye. After rapid endocytosis thefor aquaporin insertion to increase water resorption or in
vesicles maintain their fluorescence signal. However, garietal cells for H/K™ ATPase insertion to increase HCI
second stimulus (depolarization) produced a diminutiorsecretion [29]. In both examples an increase of intracel-
in fluorescence immediately (as expected for a newular cAMP concentration was the decisive trigger for
round of exocytosis from internalized vesicles). The in-membrane fusion.

completeness of initial dye loss suggests a diffusion bar-  The morphodynamics of the images described in this
rier that delays lateral diffusion of the dye into the review support the kiss and run or transient fusion model
plasma membrane. Such a barrier might arise from &s an alternative pathway for vesicle fusion and cycling.
fusion pore [86]. The results indicate a kiss and runkiss and run occurs in epithelial, chromaffin and even
mechanism for a large percentage of vesicles that unneyronal cells and was found to be in parallel with total
dergo exocytosis. Moreover, internalized vesicles bevesicle fusion [1, 38, 39, 46]. Patch-clamp studies by
come fusion competent again without communicationajyarez de Toledo and coworkers presented the first evi-
with the endosomal compartment. Vesicle cycling with- yence for the transient fusion model of vesicle cycling in

out intracellular fusion events after endocytosis wasyast cells [3]. A flickering of membrane capacitance
shown by Murthy and Stevens [48]. They showed thafi,jicated a switch between a fused and nonfused vesicle

the amount of fluorescent dye uptake (styryl dye FM1-yih the plasma membrane. Vesicles maintain their in-

43).per vesicle in endocyt.osis r_natched the amo_unt 0[egrity after secretion and therefore transient fusion pre-
vesicles lost after exocytosis. This means that during the,o .o lipid mixing between the vesicle membrane and the

vesicle recycling_prpcess there is_ no d_ye loss or Ieakageblasma membrane. Advantages of this model are a re-
for example by dilution due to fusion with the endosomalduced membrane turnover by conservation of vesicle

compartment. The vesicle maintains its integrity aﬂermembrane and a reduced intracellular vesicle cycling.

fus!on "’.‘”d internalization suggesting exo- and_ endocyPeduced energy consumption is the consequence. More-
tosis without a total collapse of the vesicle into the ; : . )
over, kiss and run is an excellent mechanism for a rapid

plasma membrane. - . .
The advantages of this model are a reduced memr_eﬂllmg of vesicles, probably through a direct pathway

brane turnover by conservation of vesicle membrane anHmt bypasses the endosomal compartment [1, 53]. Dur-

a rapid intracellular vesicle cycling. Reduced energy'ng_ﬁe”%dstwc’f h'gr} acgwtydthe frapu; r;actyc_lmg Off |
consumption is the consequence. vesicles between a fused and nonfused state is a usefu

mechanism to support cell function. Concerning epithe-
lial or slowly secreting cells a further advantage is con-
ceivable. A fusion pore that occurs during transient fu-

This review concentrates on optical approaches, esp@_ion_events limits the diffusion velocity of vesicle con-
cially on fluorescence microscopy and AFM, to study tentinto the extracellular space. Therefore a mechanism
exocytosis. Quick-freeze electron microscopy revealedhat involves a fusion pore increases the duration of re-
the fusion events in neuromuscular junctions already 2dease. A prolonged release avoids bursts of high
years ago [27, 28]. Morphological data described in thisamounts of vesicle content in the extracellular space and
review were mainly obtained from living cells and there- €nsures a more balanced concentration.

fore give information on the dynamics of vesicle cycling. ~ The present review shows that most of the morpho-
However, most of our knowledge about exocytosis wadogical data are consistent with electrical data and pro-
gained by electrical approaches, such as the patch-clamygde new morphological aspects of exocytosis that com-
technique and amperometry [2, 7, 26, 80, 84], or byplete our understanding of exocytosis. AFM or fluores-
biochemical analysis of proteins participating in vesiclecence microscopy (GFP or evanescent-field fluorescence
fusion [6, 16, 23, 33, 34, 55, 62, 74, 75]. The knowledgemicrocopy), are novel approaches to study exo- and en-
from all these data suggests that neurons, epithelial andocytosis in living cells to reveal complementary infor-
endocrine cells, and cells from different species sharenation about a fascinating cell function. A hypothesis
many common principles of secretion, such as SNAREhat can be imagined and verified by these morphological
proteins, a readily releasable pool of vesicles®’G#e-  approaches is that secretion may be regulated, not only
pendence of secretion, etc. [16]. Nonetheless, there is nloy the number of fused vesicles, but also by the fusion
general model of exocytosis valid for all cell types. All pore size and fusion pore life time. Initial evidence for
cell types show typical characteristics concerning exocysuch a mechanism was produced from chromaffin cells
tosis, for example time course of secretion, total or tran{1, 21]. The authors of these studies showed that fusion
sient fusion, vesicle size or vesicle geometry, which argore opening and closing may be regulated by extracel-
likely to be due to individual specific cell function. Even lular calcium and protein kinase C. Vesicle fusion that is
intracellular calcium increase, commonly accepted as theonsistent with the kiss and run model should benefit
major fusion stimulus, is not necessarily the final triggermost from such a mechanism.

Conclusion
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