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Abstract

Neurotransmitter release occurs in the form of quantal events by fusion of secretory vesicles with 

the plasma membrane, and begins with the formation of a fusion pore that has a conductance 

similar to that of a large ion channel or gap junction. In this review we propose mechanisms of 

fusion pore formation and discuss their implications for fusion pore structure and function. 

Accumulating evidence indicates a direct role of SNARE proteins in the opening of fusion pores. 

Fusion pores are likely neither protein channels nor purely lipid, but are of proteolipidic 

composition. Future perspectives to gain better insight into the molecular structure of fusion pores 

are discussed.

Introduction

The first report indicating that synaptic transmission occurs in the form of discrete packages 

of neurotransmitter was published by Fatt and Katz in Nature (1950) with the title “Some 
observations on biological noise”. When they recorded from frog muscle fibers, they 

observed that “when the electrode is inserted immediately under the motor nerve endings … 

there is local activity of a characteristic nature: small action potentials of rapid rise and slow 

decay follow one another at random intervals. These discharges occur in discrete sizes, 

indicative of a number of separately firing units.” and they concluded “We must therefore 

think of a local mechanism by which acetylcholine [(Ach)] is released at random moments, 

in fairly large quantities;..” [1]. A few years later the first electron micrographs of synapses 

were published showing small membrane bound microsomes in the presynaptic nerve 

terminals that were named synaptic vesicles [2].

Inspired by the discovery of the synaptic vesicles, Del Castillo and Katz presented at an 

International CNRS Colloquium entitled Microphysiologie Comparée des Éleménts 
Excitables in 1955 the vesicular hypothesis of neurotransmitter release. In the landmark 

paper entitled “La base <quantale> de la transmission neuro-musculaire” published in the 

proceedings from this colloquium [3] they presented the scheme shown in Fig. 1. In 

translation, the figure legend states “The transmitter is believed to be preformed in 
intracellular microsomes, which after critical collision with the nerve membrane, release 
their Ach contents into the intersynaptic space…..it can be assumed that it occurs when 
certain reactive molecules (represented by dots) of the two surfaces meet.” With 

remarkable intuition they suggest in this scheme that when the reactive molecules meet, a 

small pore is opened allowing for escape of Ach.
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Combining rapid freezing with electron microscopy, Heuser and Reese captured fusing 

vesicles in the frog neuromuscular junction, which revealed omega-shaped structures with 

membrane lined pores of ~20 nm diameter [4]. Because of their large diameter and 

smoothness of the membrane lining the pores, these fusion pores seemed to be entirely 

lipidic but they were thought to be possibly preceded by smaller pores that could not be 

resolved in these experiments. Information about the initial formation and expansion of 

fusion pores while their size is < 20 nm, corresponding to the dots in Fig. 1, has been 

assessed in real time by electrophysiological, electrochemical and fluorescence techniques.

Main Text

Fusion pore conductance and fusion pore structure

Conductances of initial fusion pores indicate molecular dimensions—
Exocytotic fusion of individual vesicles with the plasma membrane leads to an increase in 

membrane area, which manifests itself as a stepwise capacitance increase in 

electrophysiological recordings [5]. The first experimental characterization of the initial 

fusion pore properties was performed by electrophysiological measurements of fusion pore 

conductance in beige mouse mast cells, which have exceptionally large secretory granules. 

Due to the large membrane capacitance of large secretory granules it is possible to measure 

the currents through the fusion pore in whole cell patch clamp experiments [6–8] as 

illustrated in Fig. 2. Upon fusion pore formation this current charges the granule membrane 

to the same potential that is set on the plasma membrane by the voltage clamp and the 

conductance of the nascent fusion pore could be determined with a time resolution of ~20 μs 

[7]. The experiments revealed an average initial fusion pore conductance of 230–330 pS 

[6,7], similar to that of a large ion channel or gap junction. However, in contrast to typical 

ion channels, the conductance varied considerably between individual fusion pore openings 

[7]. Such measurements were also performed in horse eosinophils, which have similarly 

large granules and provided similar results [8]. These current transients are brief and provide 

the time course of fusion pore conductance over the first millisecond of its existence. They 

show that after the instantaneous opening, the fusion pore conductance begins to rise slowly, 

indicating fusion pore expansion. On a slower time scale the fusion pore conductance can be 

determined by admittance analysis using a lock-in amplifier (Fig. 3) [9], which reveals a 

fluctuating fusion pore conductance [7,10] that may proceed to unmeasurably large 

conductance that was interpreted as an indication of full fusion. Closing of the fusion pore is 

indicated by a transient capacitance flicker [5].

For cells with smaller secretory vesicles, the charging currents are too fast to be resolved but 

fusion pore conductance measurements can be performed using cell attached patch clamp 

capacitance measurements and admittance analysis [11,12] (Fig. 4). In these measurements 

the time resolution is lower, providing initial fusion pore conductance values within ~5 ms 

[13]. Such measurements revealed similar mean initial conductance values in neutrophils 

(150 pS) [11], chromaffin cells (330 pS) [13–15], and for large dense core vesicles in 

pituitary nerve terminals (213 pS) [16]. For small vesicles in these nerve terminals [16] and 

for synaptic vesicles [17], fusion pore conductances have been resolved only during 

flickering fusion events and the detected fusion pore conductance values were generally 
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smaller (<45 pS in pituitary nerve terminals and <250 pS in synapses). However, the lack of 

larger fusion pore conductance values is likely due to the detection limit that makes it 

extremely difficult to detect fusion pore conductances >50 pS for 50 nm vesicles with only 

80 aF capacitance.

Another method to measure individual fusion pore openings uses carbon fiber 

microelectrodes (CFMs) placed close to a cell that releases oxidizable transmitter, such as 

catecholamines). Quantal release events produce amperometric spikes that reflect the flux of 

transmitter release from individual vesicles [18]. These amperometric spikes are often 

preceded by a so-called foot signal indicating initial slow leakage of catecholamines (Fig. 5) 

[19].

In chromaffin cells, cell attached patch clamp capacitance measurements were combined 

with simultaneous measurements of catecholamine release from the same vesicle with a 

carbon fiber microelectrode inserted into the patch pipette [14,20]. These measurements 

revealed that the flux of transmitter release through the early fusion pore is proportional to 

fusion pore conductance [13,14] (Fig. 6). The release of positively charged catecholamines 

through a narrow fusion pore is an electrodiffusion process associated with entry of sodium 

ions into the vesicle [13]. The mean proportionality factor is ~10 pA/nS, which means that 

the amperometric foot current through a 250 pS fusion pore is on average ~2.5 pA. The 

proportionality factor varies, however, from cell to cell [13] presumably due to cell to cell 

variability of vesicular catecholamine concentrations [21]. Nevertheless, analysis of 

amperometric foot currents does provide valuable information about average fusion pore 

properties and the kinetics of fusion pore dynamics.

Transmitter release is extremely fast, which has led to the hypothesis that it occurs through 

opening of a pre-assembled fusion pore [22]. Based on the finding that fusion pore 

conductances were similar to those of ion channels, it was suggested that the fusion pore 

could be a proteinaceous channel traversing the vesicle membrane and the plasma 

membrane, similar to a gap junction as shown in Fig. 7 [22,23], which would be able to 

change conformation very fast and thereby achieve the required speed.

Fusion pore conductance and fusion pore geometry—Measurements of fusion 

pore conductance have led to predictions of the initial fusion pore geometry. For a 

cylindrical aqueous pore with radius r, filled with a solution with specific resistivity ρbulk, its 

conductance is given by

GP = πr2

ρbulk l + πr
2

(1)

In the denominator the pore length is increased by πr/2, a minor correction to account for 

the access resistance, which relates to the contribution made by the diffusion of ions to the 

pore mouth (equation 11-1 in ref [24]). Assuming a gap junction-like fusion pore traversing 
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vesicle and plasma membrane with length l~15 nm and ρbulk~100 Ωcm, a fusion pore 

conductance of 250 pS corresponds to a fusion pore radius r~1 nm [6,23].

Equation (1) holds, however, only for large pores, as it does not take into account the 

interaction of the molecules filling the pore with the pore walls. These interactions lead to a 

significant reduction of the effective diffusion coefficient of water and ions in a narrow pore. 

This has been studied by molecular dynamics simulations for the OmpF porin channel, in 

which the pore radius varies along the length of the pore (z) from ~0.5 nm to ~1.5 nm 

[25,26], showing a reduced water self-diffusion coefficient giving a correspondingly 

increased resistivity

ρchannel(z) = ρbulk(Dbulk Dz(z)) (2)

where Dz(z) is the diffusion coefficient as a function of the z coordinate along the length of 

the pore. The ratio Dz(z)/Dbulk decreases from ~0.7 at 1.5 nm pore radius to ~0.2 at 0.5 nm 

pore radius with ~0.5 at 1 nm pore radius [25]. Taking this correction into account increases 

the radius of a 250 pS fusion pore to ~1.5 nm.

However, as mentioned above, initial fusion pore conductances vary considerably, which 

differs from the typical behavior of ion channels and gap junctions. One alternative model 

postulates the formation of a purely lipidic fusion pore, which is to be formed through the 

remote action of proteins, which are not integral parts of the fusion pore [27–30]. In these 

models the merging of the membranes proceeds through formation of a stalk and hemifusion 

intermediate [31,32]. Such lipidic fusion pores were modeled assuming a toroid structure 

formed by revolving semi-circles that form a pore with a shape resembling the hole in a 

doughnut (Fig. 8). Such pores could also have conductances consistent with experimental 

values [27]. Using equation 2 we estimate for a 250 pS pore in a single 4 nm thick bilayer as 

in Fig. 8C, a pore radius of ~0.6 nm. Evidently, the initial fusion pore conductance would be 

consistent with both models, giving in both cases a fusion pore with molecular dimensions.

It was suggested that the forces that are necessary to generate tension and curvature leading 

to a hemifusion intermediate and subsequently pore formation in the hemifusion diaphragm 

would be generated by a protein scaffold surrounding the fusion site [29] but there is no 

model of the nanomechanical force generation and its transmission to the membrane contact 

area. For force transmission, the associated proteins must be very close to the fusion site and 

must be membrane anchored, making it likely that they also participate somehow in the 

fusion pore formation. The mechanisms of Figs. 2 and 3 appear to be extreme models. As is 

often the case, the truth seems to be in between, the formation of a protelipid initial fusion 

pore [33].

The role of SNARE proteins in fusion pore opening

With the discovery of the SNARE proteins as essential components of the vesicle fusion 

mechanism [34] and the demonstration that they can form a minimal fusion machinery [35], 

fusion pore models were developed that incorporate the vesicular SNARE proteins 
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synaptobrevin 2 (vSNARE), and the plasma membrane proteins (tSNAREs) syntaxin 1 and 

SNAP25 as integral components. The SNARE proteins turn out to be at least in part the 

reactive molecules (represented by dots) (Fig. 1) of the vesicular hypothesis put forward by 

Del Castillo and Katz [3].

The central importance of the SNARE proteins in fusion pore formation has been evident 

from the botulinum and tetanus toxins that cleave the SNARE proteins at specific sites and 

strongly inhibit fusion pore formation [36]. Synaptobrevin 2 and syntaxin 1 are both 

anchored in the respective membrane by a single transmembrane (TM) domain whereas 

SNAP25 is lipid anchored through four palmitoylated cysteines. One helical SNARE domain 

each from synaptobrevin and syntaxin, and two SNARE domains contributed by SNAP25, 

form a zippered coiled coil [37]. In the post-fusion state the helical bundle continues 

throughout the synaptobrevin and syntaxin TM domains [38].

The role of SNARE protein TM domains—Several studies were undertaken to 

determine if the TM domains of syntaxin and synaptobrevin might line the fusion pore, 

forming a proteinaceous fusion pore as previously proposed [23]. In these experiments the 

fusion pore was assessed either by cell attached patch clamp recordings measuring fusion 

pore conductance or by measuring the rate of catecholamine release by amperometry. 

Measurements of fusion pore conductances and amperometric foot signals investigating the 

effect of bulky tryptophan point mutations in the syntaxin TM domain revealed small but 

significant reductions that showed a helical wheel periodicity and it was suggested that 5–7 

syntaxin TM domains might form a fusion pore hemichannel in the plasma membrane 

[39,40]. Results in subsequent experiments with synaptobrevin TM domain mutations also 

revealed effects on the fusion pore but the point mutations that influence fusion pore 

permeation fell along two α-helical faces of the TMD [41]. The evidence for a fusion pore 

lined by syntaxin and synaptobrevin TM domains as two connected fusion pore 

hemichannels was therefore not entirely conclusive.

How could SNARE proteins open a fusion pore—The general significance of the 

SNARE TM domains for the process of fusion pore formation was controversial for some 

time. When the synaptobrevin or syntaxin TM domains were replaced by lipid anchors, 

fusion was strongly inhibited or abolished [42–44]. However, for synaptobrevin a lipid that 

spanned both leaflets could support fusion in an in vitro assay, which suggests that the TM 

part of the vSNARE must interact with both leaflets [42]. Synaptobrevin thus needs a 

membrane anchor spanning both leaflets of the membrane but the observation that its TM 

domain can be replaced by a lipid with sufficient length [42], the mutational analysis [41], 

the improved functionality of a TM domain with its central 16 residues replaced by valines 

[44], and the finding that two copies of synaptobrevin are sufficient to form a fusion pore 

[45] indicate that it does not form a pore lined by TM domains but that the membrane 

anchor does nevertheless play a key role in fusion.

The role of interactions of the synaptobrevin C terminus with the intravesicular leaflet was 

investigated by expressing constructs with C terminal modifications in mouse embryonal 

chromaffin cells devoid of endogenous synaptobrevin 2 and cellubrevin [46]. These 

experiments revealed that addition of polar residues strongly inhibited fusion induced by 
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flash photolysis of caged calcium, which led to the hypothesis that zippering of the SNARE 

complex pulls the C terminus of synaptobrevin deeper into the membrane and that this 

movement of the synaptobrevin TM domain may be required for fusion pore opening [46]. 

Further insight into this mechanism came from coarse grain molecular dynamics 

simulations, which showed that the activation energy to translocate the synaptobrevin C 

terminus deeper into the membrane and thereby detach the C terminus from the lipid head 

groups was strongly increased by C terminal addition of two lysines [47], a construct that 

totally abolished fusion experimentally [46]. These results point to motion of the 

synaptobrevin TM domain in the membrane as a key event to induce fusion pore formation. 

The energy required to tilt the TM domain through the membrane [47] can be provided by 

SNARE complex zippering as has been shown by direct nanomechanical measurements 

using optical tweezers [48]. Coarse grain molecular dynamics simulations have shown that 

tilting the C termini into the hydrophobic core can trigger formation of a fusion pore 

between two 20 nm vesicles [49].

In addition to the C terminus, the nanomechanical properties of the synaptobrevin TM 

domains are important. The introduction of helix-stabilizing leucines within the 

synaptobrevin TM domain impairs exocytosis and delays fusion pore dilation. In contrast, 

increasing the number of helix-destabilizing, ss-branched valines or isoleucines supports 

fusion rates just like wild type synaptobrevin but in addition accelerates fusion pore 

expansion [44]. These results indicated that conformational flexibility of the synaptobrevin-2 

TM domain increases fusion rates and accelerates fusion pore expansion.

Evidence for a proteolipid fusion pore incorporating SNARE TM domains—
Botulinum toxin A., which cleaves off the 9 C terminal residues of SNAP25 [50,51] inhibits 

fusion only partially [36,52,53]. Expression of truncated SNAP25, lacking the 9 C terminal 

residues (SNAP25Δ9) reduces the rate of release events and slows down the kinetics of 

release from individual vesicles [53,54]. Fusion pores formed by SNAP25Δ9 or by SNAP25 

carrying a mutation of R198 to an uncharged or negatively charged residue have lower 

conductance and produce correspondingly smaller amperometric foot signals, indicating a 

change in fusion pore structure [54]. The SNAP25 C terminus contributes to the final tight 

SNARE complex zippering [55,56] but is not located in the membranes, these findings 

suggest that SNARE proteins and lipids interact to form a proteolipid fusion pore structure 

(Fig. 9). Strong support for this hypothesis has come from in vitro experiments studying 

SNARE mediated fusion between liposomes and nanodiscs (NDs) [45].

NDs are self-assembled particles, which contain a single phospholipid bilayer stabilized by 

an encircling membrane scaffold protein. Nanodiscs incorporating synaptobrevin fuse with 

small unilamellar vesicles containing syntaxin and SNAP25 [57]. While lipid mixing was 

observed when the synaptobrevin TM domain was replaced by a membrane spanning lipid 

or with the TM domain of platelet-derived growth factor receptor, a fusion pore life time 

sufficient for efficient release of vesicle contents required the native synaptobrevin TM 

domain [57]. Fusion was observed using nanodiscs as small as 6 nm, which is too small to 

accommodate a lipidic fusion pore [45]. However, a fusion pore formed by SNARE TM 

domains could also be excluded because fusion was observed with nanodiscs containing as 

few as 2 copies of synaptobrevin [45] and two v-SNAREs are too few to form a 
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proteinaceous pore lined by Syb2 TM domains, which would require at least 3 TM domains. 

Therefore, these results support the formation of a proteolipid pore.

Variable numbers of SNARE complexes determine fusion pore properties—It is 

widely believed that in synaptic vesicles or dense core granules fusion pore formation 

involves more than one SNARE complex. Synaptic vesicles contain ~70 copies of 

synaptobrevin [58], but it is unclear how many of these cooperate in the formation of a 

fusion pore [59]. In vitro experiments indicated that one SNARE complex is sufficient for 

fusion as indicated by lipid mixing [57,60], more are needed to produce a fusion pore that is 

stable enough to allow for efficient cargo release. Apparently, more SNAREs are required 

for efficient fusion of large vesicles while fewer can support maximal fusion rates of small 

(40 nm) vesicles [61]. An imaging study suggested a minimal requirement of two copies of 

synatobrevin for synaptic vesicle fusion and transmitter release [62]. At least three copies of 

SNAP-25 appear to be required for fast fusion in chromaffin cells [63]. It has been suggested 

that the fusion rate may increase with increasing numbers of SNARE complexes and that 

activation of fusion within 1 ms may require a cluster of at least 15 SNARE complexes [64]. 

These results suggest that fusion pores may be formed by a variable number of SNARE 

complexes leading to fusion pore properties that depend on this number.

Experiments combining total internal reflection fluorescence (TIRF) imaging of a SNAP25 

FRET construct with amperometric imaging by a 4-electrode electrochemical detector array 

showed that fusion sites associated with a SNAP25 cluster produced amperometric spikes 

without a foot signal whereas sites lacking such a cluster produced amperometric spikes that 

were preceded by a foot signal [65]. These results suggest that fusion pores that originate at 

a tSNARE cluster and presumably involve a larger number of SNARE complexes, expand 

rapidly whereas those involving fewer SNARE complexes exhibit delayed fusion pore 

expansion. Measurements of fusion pore conductance using v-SNARE-containing NDs as 

fusion partners with cells expressing ‘flipped’ t-SNAREs in their plasma membrane showed 

that fusion pore formation required a minimum of two v-SNAREs per ND face. These pores 

show a flickering behavior and, presumably due to their constriction in the ND, eventually 

close again. The average conductance of these flickers increased with increasing number of 

v-SNAREs in the NDs and was ~450 pS for NDs with 8 v-SNARES but was ~2,200 pS for 

NDs carrying 30 v-SNAREs. The increased pore dilation with increasing v-SNARE copies 

was not saturated at 15 v-SNARE copies per face, which was the maximum capacity of the 

23 nm NDs used in these experiments [66]. Consistent with these results, fusion pore size 

increased from ~1 nm to ~3 nm with increasing SNARE copy numbers from 3 to 7, based on 

electrophysiological ND-planar membrane fusion pore conductance measurements [67].

The dynamics of fusion pore expansion

The lifetime of narrow fusion pores ranges from tens of microseconds to hundreds of 

milliseconds depending on the type of cell and vesicle being considered. While in many 

cases the fusion pore proceeds to an expanded state, an alternative outcome is the closing the 

fusion pore, which may limit release to a fraction of the vesicle contents. A fusion pore 

expanding from an initial conductance of 165 pS could expand to ~8,000 pS conductance 

and still close again [7] and vesicle membrane area may change during transient fusion pore 
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opening [68]. The closure of expanded fusion pores is thus not an exact reversal of the steps 

that open and expand the fusion pore.

Deletion of the last 9 residues of SNAP-25 in the SNAP25Δ9 construct or the mutations 

R198Q, R198E, and K201E increase the lifetime of narrow fusion pores and amperometric 

foot signals, indicating delayed fusion pore expansion [54]. Extending the synaptobrevin 

linker region, which connects its SNARE domain to its TM domain, also delays fusion pore 

expansion [69]. In contrast, the synaptobrevin mutations L84A and L84N located in the 

interaction layer +8 of the SNARE complex accelerate fusion pore expansion [70]. These C 

terminal interactions of the SNARE domains contribute to the final tight SNARE complex 

zippering [55,56] and extending the linker weakens the transmission to the TM domains, 

which suggests that SNARE complex zippering may directly contribute forces not only to 

fusion pore formation but also towards fusion pore expansion.

More expanded states of the fusion pore have a conductance too large to be measured and 

are not identified by an amperometric foot current. These states and their dynamic changes 

have been investigated in live cells using imaging techniques. In neuroendocrine cells, the Ω 
shapes formed by vesicle fusion are often very stable. While lipid probes, such as styryl FM 

dyes, diffuse very rapidly into the plasma membrane after fusion pore formation [71,72], this 

is not the case for vesicle membrane proteins such as phogrin [73], indicating that different 

components of the vesicle membrane exchange differentially with the plasma membrane. 

Also the fluorescent membrane label 1,1′-dioctadecyl-3,3,3′,3′ tetramethylindo-

carbocyanine perchlorate (diI) [74], rapidly diffuses from the plasma membrane into the 

granule membrane [75], confirming the rapid lipid exchange between granule membrane and 

plasma membrane.

Regulation of fusion pore dynamics—Electrophysiological and amperometric studies 

on mast cells and eosinophils have shown that elevating [Ca2+]i increases the fusion pore 

expansion rate while initial fusion pore conductance is not affected [8,76]. In chromaffin 

cells the frequency of flickers during amperometric foot signals increases with increasing 

[Ca2+]i indicating increased fluctuations of fusion pore conductance [77]. [Ca2+]i thus 

regulates not only fusion pore formation but also its subsequent dynamics. Strongly elevated 

extracellular [Ca2+] shifts the mode of exocytosis to the kiss-and-run mechanism but this 

may also reflect interactions of extracellular Ca2+ ions entering the vesicle through the 

fusion pore with the granular matrix [78].

Vesicle fusion involves various accessory proteins in addition to the SNAREs (Fig. 9). The 

most studied Ca2+ sensor is synaptotagmin 1 (Syt1), which mediates fast synchronous 

transmitter release [79]. In PC12 cells, overexpression of Syt1 prolonged amperometric foot 

signals and thus the time from fusion pore opening to dilation, whereas synaptotagmin IV 

shortened this time [80]. Syt1 mutations that reduced its binding to SNAREs also showed a 

reduction in foot duration [81]. Corresponding results were obtained with Syt1/Syt9 knock-

down [82], suggesting that Syt1 as well as other Syt isoforms regulate fusion pore dynamics. 

Amperometric recordings from Syt7 knockout chromaffin cells showed a reduced rate of 

fusion events but no change in quantal size and foot duration suggesting that these are 

mediated by Syt1. However, in patch amperometry recordings, which selectively measures 
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fusion pores with very long duration, the duration was further increased in the Syt7 

knockout, suggesting that Syt7 plays a role in the subset of fusion pores that expand after a 

long delay [83]. Interestingly Syt1 and Syt7 are mostly localized in separate granule 

populations in chromaffin cells. Polarized TIRF experiments indicated full fusion and fast 

release of fluorescently tagged neuropeptide Y (NPY) from Syt1 granules whereas Syt7 

granules showed slow release and extended stability of Ω-shaped vesicles connected to the 

plasma membrane by an open fusion pore [84]. These results are consistent with the 

unchanged properties of Syt7 independent short foot signals associated with rapid release 

and the delayed fusion pore expansions involving Syt7 [83]. It remains to be determined 

what Syt1 isoform (if any) mediates fusion of Syt7 granules in the absence of Syt7 where 

fusion pore expansion is delayed even further. Switching the C2B Ca2+-binding loops of 

Syt1 to those of Syt7 also exhibited slower fusion pore expansion and neuropeptide release 

relative to wild type Syt1 [85]. There is thus strong evidence for a role of Syt1 and its 

homologs in fusion pore dynamics.

Expression of a Munc18-1 mutant with reduced affinity for syntaxin in chromaffin cells 

shortened the duration of amperometric spikes and decreased quantal size suggesting a shift 

to kiss-and-run fusion [86] but this result was not confirmed in a later study [87]. Regulation 

of fusion pore dynamics by complexin is similarly controversial [88,89]. A recent study 

suggested antagonistic effects of complexin and synaptotagmin. Complexin II deficiency 

was without effect on fusion pore dynamics at high [Ca2+]i, but accelerated fusion pore 

expansion at low [Ca2+]i. Conversely, over expression of complexin II delayed fusion pore 

expansion as did deletion of Syt1 [90].

Disease related fusion pore regulation—Alpha-synuclein is a presynaptic protein 

implicated in Parkinson’s disease pathogenesis. It is localized on dense core vesicles and 

accelerates the kinetics of individual release events of brain derived neurotrophic factor 

(BDNF) labeled with pHluorin and reduces fusion pore closure (‘kiss-and-run’) [91]. 

Mutations that cause Parkinson’s disease abrogate this property without impairing its ability 

to inhibit exocytosis when overexpressed [91], indicating that the pathogenesis of 

Parkinson’s disease may be related to changes in fusion pore dynamics.

Amisyn is a syntaxin binding protein and its overexpression increases the foot duration, 

indicating more persistent fusion pore restriction [92]. A mutant form of the transcription 

factor SOX4 that is implicated in type 2 diabetes, upregulates the expression of amisyn and 

thereby changes fusion pore properties in beta cells [93]. It was suggested that increased 

SOX4 expression inhibits insulin secretion and increased diabetes risk by the upregulation of 

amisyn and an increase in kiss-and-run exocytosis with restricted fusion pore size that 

impairs insulin release. It was proposed that pharmacological interventions promoting fusion 

pore expansion may be effective in diabetes therapy [93].

Fusion pore expansion dynamics depends on vesicle content—The release of 

different granular contents from Ω-shaped fused vesicles shows different kinetics. 

Catecholamine release measured by amperometry is generally very rapid with a half time 

<10 ms [18]. NPY and tissue plasminogen activator (tPA) are endogenously expressed 

proteins in bovine chromaffin cell granules but are present in distinct subpopulations [94]. 
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While release of fluorescently labeled NPY is generally also rapid (<200 ms), release of tPA 

takes many seconds [95]. Polarized TIRF imaging revealed that ~70% of fusion events of 

tPA-cerulean-containing granules maintained Ω shape curvature for >10 s, about half of 

them appeared connected to the plasma membrane by a short narrow neck. Such persistent 

shapes were not commonly observed upon fusion of granules containing NPY-cerulean [96]. 

In dense core granules of cortical neurons, similar differences between release of NPY and 

tPA were reported with release of semaphorin 3A and BDNF resembling the features of tPA 

release [97]. The persistent Ω shapes are strongly diminished when the interactions between 

the cargo molecules and the granular matrix are abolished [97]. It would be interesting to 

know if these differential fusion properties with respect to granule cargo are related to the 

differential localization of Syt1 and Syt7 discussed in the preceding section.

Plasminogen activator inhibitor (PAI), the physiological inhibitor of tPA, is coexpressed in 

secretory granules and co-discharged with tPA. The persistent Ω shape creates a nanoscale 

reaction chamber in which tPA may be inhibited in response to the pH increase in this 

compartment following fusion pore formation [98]. Thereby the release of enzymatically 

active tPA is reduced and the covalent tPA/PAI complex is released instead. This complex 

may have physiological function as it is a high affinity ligand for the LDL receptor-related 

protein LRP-1 [98].

Evidence for shrinking rather than flattening of Ω profiles—Recently, live super-

resolution imaging of dense core granule fusion in chromaffin cells has provided impressive 

direct insight into the real time behavior of expanded fusion pores. Experiments were 

performed combining confocal and STimulated Emission Depletion (STED) microscopy 

[99] to image entry of a fluorescent dyes present in the bath solution, release of GFP-labeled 

NPY (NPY-GFP), and the fate of the GFP labeled vSNARE, VAMP2-GFP [100]. Two dyes 

were used simultaneously with one excited with very high intensity leading to rapid 

bleaching if the fusion pore had closed but not if the fusion pore stayed open, allowing rapid 

exchange with unbleached dye from the extracellular solution. Chromaffin cells were 

stimulated by 1 s depolarizations in the whole cell patch clamp configuration.

Over the 30 s observation time following the fusion event, these Ω profiles of fused vesicles 

changed in several different modes. On average, the fusion pore closed during the 

observation time in about half of the fusion events and remained open in the other half. 

However, for the Ω shapes studied in these experiments, NPY-GFP was not expressed in 

most experiments and in view of the results described above, it is possible that different 

modes may relate to differences in granule cargo or synaptotagmin isoforms as discussed 

above.

Vesicle flattening, as is widely assumed to occur when the fusion pore expands, was not 

observed in these experiments. Instead, in ~60% the vesicle was shrinking while an open 

fusion pore neck persisted. In a significant fraction of the partial shrinking events the fusion 

pore closed while the partial Ω profile was still present. In the remaining cases, the Ω profile 

size stayed constant or enlarged while the fusion pore was open. The enlargement would be 

consistent with the membrane transfer from the plasma membrane to the granule membrane 
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through the fusion pore during capacitance flickers in mast cells [68] whereas the shrinking 

would correspond to membrane transfer in the reverse direction.

Interestingly, total VAMP2-GFP fluorescence of the vesicle stayed constant during shrinking 

while its spot size decreased consistent with it being concentrated around the fusion pore 

neck. This behavior may explain an old observation in cell-attached patch clamp capacitance 

measurements in neutrophils showing a gradual capacitance decrease after a capacitance 

step that started at the time of fusion pore expansion, presumably to a large neck [101]. This 

capacitance decrease following exocytosis could compensate the capacitance increase from 

the fusion event partially or completely, as if some of the vesicle membrane would disappear 

from the Ω profile without entering the plasma membrane, being “sucked up” somehow, 

eliminating its contribution to the membrane area. It should be noted, however, that previous 

studies had indicated that only 10% of fusing vesicles retained VAMP2-GFP while in 90% 

of vesicles rapid loss of VAMP2-GFP occurred by diffusion into the plasma membrane 

[102]. A possible explanation for such differences could be that the preferred mode of 

exocytosis appears to depend on the stimulation protocol [103] and on the specific vesicle 

cargo [95–97].

A role for actin and myosin II—The study by Wen et al indicates that the shrinking of 

the vesicles is the dominant mode of exocytosis in chromaffin cells when cells were 

stimulated with a train of ten 50 ms depolarizations [103]. Shrinking was inhibited by 

hypertonic solution, indicating that it depends on plasma membrane tension. Inhibiting actin 

polymerization with Latrunculin A or cytochalasin D inhibited vesicle shrinking, which 

could be partly rescued by hypotonic solution restoring membrane tension. Shrinking was 

also inhibited in β-actin knock-out cells and rescued by expression of β-actin-GFP. These 

results are consistent with a previous report demonstrating that actin and myosin II facilitate 

release from individual chromaffin granules possibly through generation of mechanical 

forces [104]. Inhibition of myosin II function or actin polymerization both slow down rapid 

catecholamine release during amperometric spikes [104]. However, the early fusion pore 

expansion is only delayed by inhibition of actin polymerization but not by the myosin II 

inhibitor blebbistatin. It was suggested that the relaxation of membrane tension exerted by 

inhibiting actin polymerization may be responsible for the slower fusion pore expansion 

[104]. The slower catecholamine release during amperometric spikes due to inhibition of 

actin polymerization or myosin II function could be by due to matrix compression or by 

expanding the fusion pore to much larger size. Imaging Lifeact-GFP showed that additional 

actin was recruited to some of the Ω profiles but this recruitment appeared to lag behind the 

shrinking, suggesting that the shrinking may not be a consequence of compression [103]. It 

would be interesting to see if the shrink mode depends on myosin II. The interaction of the 

secretory granules with actin filaments may be to be mediated by the adaptor molecules N-

Wasp and ARP2/3 [105]. Accordingly, wikostatin, which inhibits N-WASP-mediated Arp2/3 

dependent F actin assembly inhibited the shrink mode [103].

The fusion pore closures were prominent in cells with large calcium currents and 

progressively reduced as calcium currents decreased, consistent with the high abundance of 

rapid kiss-and-run fusion events [106] in cell attached recordings of fusion and transmitter 

release from chromaffin cells with high calcium concentrations in the pipette solution [78]. 
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Fusion pore closures were also strongly diminished in imaging experiments with the 

dynamin inhibitor dynasore or a dynamin inhibitory peptide. These results indicate that the 

observed fusion pore closure involved dynamin activity and was not a reversal of the steps 

opening the fusion pore [100].

A recent more detailed study using STED microscopy succeeded with imaging of the Ω 
profiles visualizing fusion pores with 65–490 nm diameter in live cells [107] by expressing 

mNeonGreen labeled phospholipase Cδ1 PH domain, which labels PIP2, a lipid that is 

specifically localized in the cytoplasmic leaflet of the plasma membrane. When the granule 

fuses with the plasma membrane, the labeled PIP2 diffuses into the granule membrane 

allowing improved super-resolution STED imaging of the Ω profile. Smaller fusion pores 

were also present, as evident from dye entry or release but were below the resolution of the 

STED images. The images revealed the presence of dynamin surrounding the fusion pore, in 

support of its role in fusion pore closure. Release of the false transmitter FFN511 [108] was 

slow when the fusion pore was invisible but fast when a visible expanded fusion pore was 

present.

It is presently unclear what happens to the dense core matrix in the shrinking vesicles. Given 

their size, the matrix must either be dissolved or expelled via brief transient expansion of the 

fusion pore. The latter possibility is supported by the observation of fast NPY-GFP release in 

most fusion events that were followed by rapid fusion pore closure and in fusion events with 

rapid shrinking of the vesicle [107]. It is also supported by the observation that rapid and 

complete release of catecholamines occurred at the end of capacitance flickers in cell-

attached patch amperometry experiments [78]. These results indicate that brief transient 

fusion pore expansion followed by fusion pore closure does not necessarily limit cargo 

release [78,107].

Do hemifusion intermediates exist?

The question if fusion pore formation occurs from a hemifusion intermediate and is 

therefore a pore in a single membrane has been intensely debated. The fusion pathway 

through a hemifusion intermediate was predicted using theoretical approaches in protein-

free membranes [109–111] [32]. It was suggested that expansion of the hemifusion 

intermediate, driven by the bilayer tension, leads to formation of a hemifusion diaphragm 

(HD), such that a single bilayer separates the fusing compartments. Mathematical modeling 

of lateral tension versus HD size [112] predicted that the tension at the HD rim may be high 

enough to cause HD rupture and thus fusion pore formation.

Experimental evidence for hemifusion initially came from studies on viral fusion but was 

considered to be a dead end pathway that did not lead to fusion pore formation [113–115]. 

As for hemagglutinin [114], full fusion mediated by SNARE proteins also appears to require 

a fully membrane spanning synaptobrevin TM domain [42]. Evidence for hemifusion states 

was also reported in SNARE mediated liposome fusion reconstitution experiments 

[116,117]. In reconstitution experiments using vesicles incorporating SNARE proteins, 

extended hemifusion diaphragms were observed and it was suggested that fusion may be 

initiated at their edges [118]. In a single vesicle–vesicle system with reconstituted SNARE 

and synaptotagmin-1 proteoliposomes, Ca2+-triggered immediate fusion started from a 
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membrane–membrane point-contact and proceeded to complete fusion without discernible 

hemifusion intermediates. In contrast, pathways that involved a stable hemifusion diaphragm 

only resulted in fusion after many seconds, if at all [119]. Computational molecular 

dynamics simulations using coarse-grained models predicted a HD for fusion of 15 nm 

diameter vesicle and indicated that the fusion proceeded via stalk and hemifused 

intermediates [120]. Atomic-resolution simulations predicted a transition state for vesicle 

fusion defined by contact of a few lipid tails [121]. A free energy analysis of pore formation 

pathways in HD using MD simulations showed that the work for fusion pore formation is 

more favorable for a smaller HD of 1.5 nm radius with a steeper stalk [122]. Simulations of 

SNARE mediated vesicle fusion using CG MD simulations indicated that fusion pores could 

be formed quickly through early hemifusion intermediates from a stalk or a stalk could 

alternatively expand into a HD followed by pore formation initiating at the HD rim [123].

Recent imaging experiments of dense core granule fusion in live chromaffin cells provided 

evidence for hemi-fused Ω-shaped structures that could proceed to opening of a fusion pore 

as indicated by dye entry [124], consistent with the in vitro results. The transition from a 

hemifused structure to a fused structure was very slow (seconds to tens of seconds) and 

occurred in about 1/3 of the observed fusion events. The majority of fusion events occurred 

without a detectable hemifusion intermediate [124].

These results indicate that for rapid fusion on the time scale of a millisecond or less, a 

hemifusion intermediate is unlikely and the question arises why a hemifusion intermediate 

may form in some cases leading to delayed fusion. This question relates to the molecular 

mechanism of fusion pore opening, which is likely involving a protelipid structure formed 

by SNARE proteins as well as lipids [33]. For a few SNARE complexes to cooperate in 

fusion pore formation, they must be located in close proximity. However, zippering of 

several nearby SNARE complexes likely leads to formation of a ring-shaped arrangement 

followed by entropically driven radial expansion. This expansion will pull the membranes 

together with high force depending on the number of SNARE complexes [64]. Given the 

increased distance between the SNARE complexes, this will likely produce a hemifused 

zone as observed in the experiments described above. For rapid fusion pore formation a 

mechanism is presumably needed that keeps the SNARE complexes close together to allow 

for fusion pore formation before the radial expansion. The subsequent radial expansion will 

then be the driving force for rapid fusion pore expansion, which will likely depend on the 

number of SNARE complexes involved.

SNARE complex arrangements limiting their mobility

Role of accessory proteins in fusion pore opening—An extensive body of evidence 

has shown that accessory proteins in addition to the SNAREs are involved and can 

substantially accelerate fusion. These proteins include synaptotagmin, complexin, CAPS, 

Munc18 and Munc13, which are involved in calcium sensing, docking, priming and fusion 

pore expansion. [80,81,83,86,88,125–130]. Syntaxin and Munc18 were shown to assemble 

at vesicle docking sites [126]. Together with complexin they form a complex that arrests 

fusion of docked secretory vesicle that can be primed by CAPS or Munc13 for calcium 

triggered fusion mediated by synaptotagmin [131]. Very recently, the “buttressed ring 
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hypothesis” has been put forward, suggesting that an outer ring of up to six curved Munc13 

‘MUN’ domains may surround an inner ring of synaptotagmin C2 domains, forming a 

structure where SNARE zippering is templated [132]. Such a structure would arrange the 

SNARE complexes in close proximity, allowing rapid fusion pore formation, while 

subsequent disassembly of the ring would allow for fusion pore expansion.

It is also possible that dynamin plays a role in expanding SNARE complexes at the fusion 

site, promoting hemifusion. It has been shown that when dynamin was knocked out or 

inhibited in chromaffin cells, not only was fusion pore closure inhibited but also the 

incidence of hemifusion was markedly reduced, shifting the observed mode to fusion pore 

openings without appearance of hemifusion [124]. The shift towards long-lived Ω shapes by 

inhibition of dynamin is also consistent with corresponding findings using polarized TIRF 

imaging [133]. Both studies also find stabilization of Ω shapes when Sr++ replaces Ca++ 

during stimulation of fusion [75,124]. This is consistent with the Ca++ dependence of fusion 

pore closure [78,134] and the evidence from interference reflection microscopy that Sr++ 

does not support fusion pore constriction, locking fusion at the Ω shaped open pore state 

[134].

tSNARE clusters and their function in fusion pore opening—Another mechanism 

that may prevent premature dissociation of an arrangement of assembled SNARE complexes 

could be the organization of tSNAREs in clusters [135], which has been reported for PC12 

cells [136–138], INS1 cells [126], and neurons [139]. In PC12 cells the tSNARE clusters 

consist of 50–70 molecules [137,138] and in INS1 cells of ~30; in neurons they consist of at 

least 10 but possibly many more [139]. tSNARE clusters may be associated with secretory 

granules (on-granule clusters), but such clusters exist also elsewhere, without associated 

granules (off-granule clusters). The number of SNAP-25 molecules in these clusters seems 

similar to that of syntaxin molecules [138]. However, SNAP25 clusters are difficult to 

identify because, in PC12 cells, SNAP-25 exists in an ~10-fold excess over Syntaxin and the 

excess SNAP-25 creates rather diffuse background fluorescence [138]. A super-resolution 

microscopy study using PC12 cells led to the conclusion that the secretory granules do not 

reside directly over tSNARE clusters but are located between them [140]. Although vesicles 

with a syntaxin cluster have a higher probability of undergoing exocytosis, vesicles without 

such a cluster may do so as well. In neurons, t-SNARE clusters showed a high level of 

colocalization between not only syntaxin and SNAP25 but also Munc-18-1. In the absence 

of syntaxin1A and knockdown of syntaxin1B, the colocalization of SNAP25 with Munc18-1 

was lost [139]. Interestingly, on-granule syntaxin clusters require the syntaxin N terminal 

Habc domain [141]. In INS1 cells secretory granules were visualized with NPY-mCherry and 

EGFP-labeled Syntaxin 1, SNAP25, Munc18, Munc13 and rab3a constructs were used to 

investigate their appearance or dispersal at sites where granules dock, undock or fuse [126]. 

These experiments revealed that after arrival of a vesicle at the plasma membrane, assembly 

of a Syntaxin/Munc18 cluster at this site is required to proceed to the docked state. 

Subsequently, on a time scale of 1–2 minutes SNAP25 and Munc13 appear to be recruited to 

the docking site [126], presumably preparing the vesicle for fusion in a priming step [142] 

such that the vesicle can be released rapidly in response to stimulation, i.e. Ca2+ entry via 

voltage-gated Ca2+ channels. It is possible that at this stage Munc13 entering the Syntaxin 
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cluster switches Syntaxin to the open conformation and thereby recruits SNAP-25 to the 

docking site.

Fusion appears to occur not directly on top of the tSNARE clusters but rather at their edges 

[143,144]. It has been argued that it is only at the edge where SNAP25 can engage in a 

complex with syntaxin [144] but this seems to be inconsistent with equal numbers of 

SNAP25 and syntaxin in the clusters [138]. Recent simulations have shown that at the edge 

of tSNARE clusters a favorable membrane curvature exists that would allow contact 

between vesicle and plasma membrane and facilitate fusion pore formation [145]. Fusion 

pores formed at tSNARE clusters expand more rapidly than those formed in the absence of 

clusters. [65]

A role for specific lipids

Rapid fusion requires cholesterol: The plasma membrane and secretory vesicles contain 

~40% cholesterol [58] and many studies have shown that cholesterol lays a very important 

role in exocytotic as well as viral fusion (reviewed in [146]). Cholesterol depletion 

diminishes rapid evoked release and augments spontaneous release in neurons [147]. It also 

attenuates the frequency of unitary fusion events in lactotrophs [148]. Experiments 

investigating SNARE-mediated fusion in planar bilayers revealed that increasing cholesterol 

favors a mechanism of direct fusion pore opening, whereas low cholesterol favors a 

mechanism leading to a long-lived hemifusion states [149]. One mechanism by which 

cholesterol may affect fusion pore formation is its effect on spontaneous curvature and 

elasticity of lipid membranes [150]. However, cholesterol also affects the fusion machinery 

via its role in tSNARE cluster formation, which was shown to depend on cholesterol [143] 

in membrane sheets as well as intact cells [151]. Cholesterol depletion leads to loss of 

syntaxin clusters and inhibition of fusion [135]. In liposome-planar bilayer SNARE 

mediated fusion experiments, physiological cholesterol levels strongly increased the fraction 

of fully open fusion pores and fusion pore formation was very rapid, consistent with 

tSNAREs being preclustered by cholesterol forming functional docking and fusion sites 

[152].

PIP2 supports fusion but its role in tSNARE clusters is 
questionable: Phosphatidylinositol 4,5-bisphosphate (PIP2) is a minor lipid component 

localized in the cytoplasmic leaflet of the plasma membrane as well as other organelles and 

has been implicated as a regulator of in a wide range of membrane proteins (recently 

reviewed in [153]). PIP2 interacts with syntaxin via electrostatic interactions [154–156] and 

depletion of PIP2 or syntaxin-mutations reducing its PIP2 interactions inhibit fusion, 

possibly through a defect in vesicle priming [157–160]. Consistent with these reports, recent 

experiments have shown that photoactivatable PIP2 uncaging, which provides a very rapid 

increase of PIP2, potentiates exocytosis in mouse chromaffin cells by a mechanism involving 

synaptotagmin-1 and Munc13-2 as relevant effector proteins. PIP2 uncaging by itself also 

triggered rapid fusion of a subset of readily-releasable vesicles [161].

It has been reported that formation of syntaxin clusters depends critically on PI(3,4,5)P3, 

clustering syntaxin via interactions with its cationic juxtamembrane domain [162]. Also 
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PIP2 was found to be associated with syntaxin clusters on the membrane could therefore 

mediate specific docking of vesicles at cluster sites via synaptotagmin-PIP2 interactions 

[145,163–165]. However, these studies were performed in membrane sheets and 

reconstituted systems and PIP2 depletion was on a slow time scale. In contrast, rapid PIP2 

reduction in the plasma membrane of INS1 cells strongly inhibited secretion but not 

sytaxin1a clustering. However, selective local PIP2 reduction at vesicle docking sites caused 

vesicle undocking from the plasma membrane at these sites [166]. Another very recent study 

in live INS1 cells revealed also no evidence for PI(3,4,5)P3 or PIP2 association with 

syntaxin clusters and actually no evidence for PIP2 clustering at all [167]. Instead, PIP2 

appeared to be homogeneously distributed in the plasma membrane. Depletion of PIP2 had 

no effect on syntaxin clusters and vesicle docking but, nevertheless, resulted in strong 

inhibition of exocytosis [167]. It should be noted that PIP2 clustering, in part associated with 

syntaxin clusters, was appearing slowly following cell permeabilization [167], suggesting a 

wash-out phenomenon of some intracellular factor(s) that presumably prevent at least 

partially the association of PIP2 with syntaxin clusters in intact cells.

Conclusions and Perspectives

Exocytotic fusion pores have been hypothesized since the formulation of the vesicular 

hypothesis of neurotransmitter release more than 60 years ago. Since the first fusion pore 

conductance measurements, which were performed about 30 years ago much has been 

learned but nevertheless the molecular and nanomechanical details are still largely unknown. 

The present view is that SNARE proteins and lipids likely form a proteolipid fusion pore but 

this mechanism involves additional accessory proteins that are required for rapid fusion pore 

formation. PIP2 lipids and cholesterol are also important factors that determine vesicle 

priming and fusion pore properties. In addition fusion pore properties are related and 

possibly directly affected by vesicle cargo. Given the very transient nature of fusion pores a 

fusion pore crystal or NMR structure might never be feasible. Thus, significant progress may 

come from multiscale computer simulations, which can be validated by including 

experimentally identified molecular manipulations that affect fusion pore properties and that 

must manifest themselves also in the simulations. In addition advances in utilizing non-

natural amino acids might become a tool to investigate the dynamics of molecular 

interactions on a time scale that relates to that of fusion pore formation.
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Fig. 1. 
Diagram explaining the quantal discharge character of Ach at a motor nerve terminal (N). 

M: muscle fiber with junctional folds (see Robertson, 1956 [168]). The transmitter is 

believed to be preformed in intracellular microsomes, which after critical collision with the 

nerve membrane, release their Ach contents into the intersynaptic space. This phenomenon 

is illustrated in b and c and it can be assumed that it occurs when certain reactive molecules 

(represented by dots) of the two surfaces meet. From [3].
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Fig. 2. 
Initial fusion pore conductance from analysis of current transients. (A) Upon fusion the 

capacitance Cv of the vesicle is added to the plasma membrane (CM) and any intravesicular 

potential VV is rapidly discharged by the current IPore that flows across the fusion pore 

conductance Gp. The initial VV is obtained from the integrated charge of IPore and the CV. 

CV is the difference of CM before the fusion event and after fusion event. CM is measured 

periodically by applying a sine wave voltage to determine the equivalent circuit parameters. 

RA is the access resistance from the pipette tip. (B) A typical current transient measured at 

−80 mV holding potential. (C) Two representative fusion events showing different initial GP. 

Modified after reference [8].
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Fig. 3. 
Whole cell capacitance measurements of fusion pore dynamics in cells with large vesicles. 

(A) Whole cell configuration using the lock-in amplifier technique and equations used for 

analysis. (B) Minimal equivalent circuit for analysis of fusion pore conductance with access 

(pipette) resistance RA, membrane capacitance CM, vesicle capacitance CV, and fusion pore 

conductance GP. (C) Recording of fusion pore expansion in a horse eosinophil. When the 

fusion pore conductance increases, the phase shifted current component (Im/ω, red) 

increases gradually to the full vesicle capacitance CV while the in-phase component (Re, 

blue) shows a transient increase. GP can be calculated from Im and Re or from Im and CV as 

indicated. GP shows a fluctuating increase with an average slope of ~15 nS/s. Data from 

reference [8].
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Fig. 4. 
Cell attached capacitance measurements of fusion pore dynamics in cells with small 

vesicles. (A) Cell attached configuration using the lock-in amplifier technique. (B) Minimal 

equivalent circuit for analysis of fusion pore conductance with components RA, CM, CV, and 

GP. In this configuration the measured capacitance is that of the patch (CPatch). CM is 

negligible because it is much larger than CPatch and enters with its reciprocal value. (C) 

Recording of fusion pore opening from a human neutrophil [11]. GP rises from an initial 

value as small as 35 pS. CV was calculated from Re and Im as indicated.
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Fig. 5. 
Amperometric measurement of fusion pore dynamics. (A) A CFM is placed close to the cell 

and a voltage of typically 700 mV is applied. (B) Amperometric current from a single fusion 

event in a chromaffin cell [54]. The amperometric current reports the flux of catecholamine 

molecules from the vesicle. Amperometric spikes are typically quantified by quantal size, 

half width, mean foot current and foot duration as indicated. The foot current reports fusion 

pore properties as shown in Fig. 6.
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Fig. 6. 
(A) Patch amperometry records simultaneously fusion pore conductance by cell attached 

capacitance measurement and catecholamine release by amperometry with a CFM inserted 

into the patch pipette together with the reference electrode. The sine wave for capacitance 

measurement is applied to the bath electrode. (B) Measurement of a single fusion event with 

extremely long amperometric foot signal. (C) Foot current fluctuations (green trace) are 

synchronous with GP fluctuations (red trace).
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Fig. 7. 
Hypothetical steps in exocytosis. A–E illustrate the hypothesis where a proteinaceous fusion 

pore is formed, expands and eventually proceeds to full fusion. F–H show a section through 

the hypothetical fusion pore complex and the position of that complex in the two lipid 

bilayers of the plasma and vesicle membranes. Once the pore has opened, lipid molecules 

can diffuse along the amphipathic surfaces exposed between the fusion pore subunits. The 

entry of lipid molecules between the subunits causes the pore to dilate. Redrawn after [22]
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Fig. 8. 
Geometry of a lipidic pore that is generated by revolving the semicircles (red curves) about 

the axis of revolution, Y. a = radius of the narrowest part of the pore; b = radius of the 

generating semicircles; X = shortest distance between the axis of revolution and a point on 

the semicircle. Inset shows the same geometry with the angle and radii of curvatures. Jp
−1 

and Jm
−1 are the parallel and meridional radii of curvature, respectively. ψ(x) is the angle 

between the tangent to the semicircle at the point (x, y) and the horizontal axis. (B) A pore 

spanning two bilayers and the space between them. h=monolayer thickness, d=interbilayer 

distance, L = pore length = 4h + d. (C) A pore spanning the single bilayer formed on 

hemifusion of the fusing bilayers (L = 2h). Modified after [27].
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Fig. 9. 
Schematic illustration of a proteolipidic fusion pore formed by SNAREs in cooperation with 

accessory proteins as indicated. The function of the various components is discussed in the 

text. Ca2+ ions are depicted as black dots.
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