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Abstract
The aqueous compartment inside a vesicle makes its first connection with the extracellular fluid
through an intermediate structure termed the exocytotic fusion pore. Progress in exocytosis can be
measured in terms of the formation and growth of the fusion pore. The fusion pore has become a
major focus of research in exocytosis; sensitive biophysical measurements have provided various
glimpses of what it looks like and how it behaves. Some of the principal questions about the
molecular mechanism of exocytosis can be cast explicitly in terms of properties and transitions of
fusion pores. This Review will present current knowledge about fusion pores in Ca2+-triggered
exocytosis, highlight recent advances and relate questions about fusion pores to broader issues
concerning how cells regulate exocytosis and how nerve terminals release neurotransmitter.

During exocytosis, the merger of two biological membranes is accompanied by the mixing
of the two aqueous compartments delimited by those membranes. Thus, a fluid connection
forms between the two aqueous compartments at a distinct time. This connection starts out
as a microscopic water-filled passage with a long narrow shape that evokes the image of a
pore. The formation of the fusion pore marks a well-defined stage in the fusion process that
can be studied experimentally. Likewise, the merger of the two fusing membranes marks a
well-defined stage in the fusion process, which can also be studied experimentally. These
two processes, aqueous content mixing and membrane merger, need not occur
simultaneously, and, as will be discussed in detail below, different models of membrane
fusion make different predictions about the sequence of these two events. Furthermore, since
the fusion pore emerges as a structure of molecular dimensions within a specialized contact
between two fusing membranes, studying the structure and dynamics of the fusion pore
reveals the process of exocytosis at a fundamental level.

Electron microscopy provided the first images of fusion pores with diameters of ~50 nm, but
it was pointed out that these pores could have grown from something smaller1,2. Electrical
measurements captured fusion intermediates with conductances ranging from 20 to 330 pS,
and from these values one can estimate a fusion pore diameter of on the order of ~1 nm
(refs. 3–5). The structures inferred from these electrical measurements are good candidates
for early-stage fusion pores. In addition to conducting ions, fusion pores also pass small
neurotransmitters, and amperometric recording has revealed the flux of some of these
molecules6–8. Reports vary as to whether the initial fusion pore is well-defined and
stable9,10, or noisy and chaotic11–13. Thus, it is small and has protein-like dimensions, but
it is not clear whether it can maintain the kind of rigid conducting state characteristic of
proteinaceous ion channels.
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Capacitance measurements have shown that fusion pore opening is a reversible
process4,6,14–17, and amperometry has confirmed these observations6,13,18,19. These
studies define the fusion pore as a metastable intermediate that can evolve in two distinct
ways. Upon formation, a fusion pore is not absolutely committed to growth, and the vesicle
is not absolutely committed to collapse into the plasma membrane. Vesicles can take an
alternative route, pulling back from the plasma membrane intact, possibly with some
neurotransmitter remaining inside. The idea that vesicles can engage in a transient
exocytotic contact with the plasma membrane while preserving their integrity had an early
incarnation as a mechanism of efficient membrane recycling at synapses20. Thus, we can
envision two distinct modes of release21, ‘full fusion’ and ‘kiss-and-run’, with the fusion
pore as the most likely bifurcation point. This gives the fusion pore a critical role as the
structure that dictates the nature of the release process.

Two contrasting models
Models of exocytosis fall into two distinct classes, depending on whether the fusion pore is
lined by protein or lipid3. Models with proteinaceous fusion pores invoke a gap junction–
like channel that spans the lipid bilayers of both the plasma and vesicular membranes (Fig.
1a). The pore is formed as proteins from the vesicular and target membranes associate (Fig.
1a, ii). Fusion pore opening in this model is viewed as a conformational transition of this
protein complex (Fig. 1a, iii). From the open fusion pore state, a second transition must
occur in which the fusion pore dilates as lipid replaces protein (Fig. 1a, iv). This dilation
step must occur for the two bilayers to merge, but no satisfactory mechanism for this
dilation step has been proposed. The open state of a proteinaceous fusion pore should be
fairly rigid, like an open ion channel. After dilation has started, the incorporation of lipid
would make the structure more fluid. For proteinaceous fusion pore models, aqueous-
content mixing generally precedes membrane mixing, although the formal possibility of a
contiguous lipid pathway around a proteinaceous pore cannot be ruled out, and this could
provide a way for the outer leaflets to mix before pore opening22. (With regard to the two
leaflets of the two fusing lipid bilayers, the terms ‘outer’ and ‘inner’ derive from the case of
two fusing vesicles, wherein the inner leaflets face the vesicle lumen and the outer leaflets
face one another.)

An initial fusion pore composed of lipid invokes a very different mechanism of exocytosis
(Fig. 1b). The prevailing model for a lipidic fusion pore begins with the formation of a stalk
between the outer leaflets of the fusing lipid bilayers23 (Fig. 1b, ii). These two merged
leaflets then pull back to form a hemifusion diaphragm in which a lipid bilayer patch forms
between the inner leaflets of the two membranes (Fig. 1b, iii). A lipidic pore then forms in
the single bilayer of the hemifusion intermediate (Fig. 1b, iv). Although lipid bilayers do not
readily form pores, the pulling back of the inner leaflets would expand and stress the nascent
boundary bilayer; energetic calculations indicate that this stress could provide sufficient
energy to create a pore23. The structure of this lipidic pore should be less rigid and fluctuate
more readily. According to the lipid-stalk-hemifusion model (Fig. 1b), the outer leaflets mix
before the fluid content; the onset of aqueous-compartment mixing coincides with the onset
of inner-leaflet mixing.

Protein-free lipid bilayers can fuse under a variety of experimental conditions, and when
they do, the reaction follows the sequence illustrated in Figure 1b (refs. 24,25). Furthermore,
lipid bilayers can form stalk-like structures (Fig. 1b, ii) as water is removed26. Recombinant
SNARE proteins reconstituted into liposomes are able to mediate membrane fusion in
vitro27, and hemifusion intermediates have been inferred from the observation that the outer
leaflets of the bilayer mix before the inner leaflets in fusion mediated by a variety of
SNAREs28–31. Isolated yeast vacuoles fuse with one another, and they have been used as
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an in vitro system in which these ideas can be extended to a biological membrane.
Experiments based on very different methodological approaches have shown that when
yeast vacuoles fuse the lipid bilayers mix before the aqueous contents32–34. However, these
studies did not directly address the issue of hemifusion because the experiments did not
resolve outer and inner leaflet mixing. Furthermore, it is not clear that the lipid mixing
revealed in these experiments reflects a productive intermediate on the way to full fusion
rather than a dead-end side reaction35,36.

The stalk model describes much of what is seen when a viral envelope fuses with a cell’s
plasma membrane37,38. Studies of viral fusion have shown that modifying the form of
membrane attachment of a fusogenic protein (such as by replacing the membrane-spanning
segment by a glycosyl phosphatidylinositol anchor) favors the formation of a hemifusion
diaphragm39; pores can form in this metastable intermediate state, but not nearly as easily as
with the wild-type protein, and pore enlargement is impaired40,41. Fluorescent lipids
migrate between the membranes of fusing cells after the opening of a fusion pore42,43, but
conditions can be found that reverse this sequence37,44.

In summary, although questions remain, most of the evidence favors lipidic pores in lipid
bilayer fusion in vitro and during viral infection. In these forms of fusion, intermediates
resembling those illustrated in Figure 1b may well come into play. Both the proteinaceous
and lipidic fusion pore models have been invoked in experiments on Ca2+-triggered
exocytosis in endocrine cells and neurons, and we will now discuss this work.

Membrane transfer during Ca2+-triggered fusion
Capacitance recordings in a variety of cell types have indicated that an upward step in
capacitance is rapidly followed by a downward step, indicating that fusion pore opening is
reversible6,14–16. In the fusion of dense-core vesicles and microvesicles in rat posterior
pituitary nerve terminals4, as well as the small granules of human neutrophils45, the upward
step is matched precisely by a downward step, suggesting that the fusion pore acts as a
barrier to bulk membrane flow between the vesicular and plasma membranes. However, the
largest exocytosis steps in mast cells during guanine nucleotide–stimulated secretion are not
precisely compensated by the ensuing endocytosis step; some membrane mixing occurs in
such processes, so these fusion pores probably contain lipid46. The participation of lipid in
mast cell fusion pores is further supported by a marked decline in the rate of fusion pore
closure with decreasing temperature47. This sudden change in temperature dependence is
reminiscent of a lipid-fluidity phase transition.

A study of Ca2+-triggered exocytosis from PC12 cells used two labels, GFP-phogrin and the
styryl dye FM4-64, to explore the fate of the secretory granule membrane after
exocytosis48. FM4-64 fluorescence decreases when a granule fuses, as the dye escapes to
the extracellular fluid. GFP-phogrin fluorescence goes up, because the acidic environment
inside a vesicle suppresses the fluorescence of GFP. After fusion, the increased GFP signal
reverses by two mechanisms. With full fusion, the GFP-phogrin can spread out by lateral
diffusion through the plasma membrane. Alternatively, with kiss-and-run, the GFP-phogrin
can be internalized and repackaged in an acidic environment. (The addition of NH4Cl
distinguishes between these two possibilities because it raises the intravesicular pH and
recovers a point source of fluorescence.) Regardless of the fate of GFP-phogrin, a similar
amount of FM4-64 dye is lost48. The loss of FM4-64 during events that terminate by
repackaging GFP-phogrin suggested that the fusion pore provides a route for mixing of the
vesicular and plasma membranes. However, movement of FM4-64 through the aqueous
lumen of the pore is difficult to rule out completely. For the closely related dye FM1-43, the
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dissociation rate constant from lipid bilayers is on the order of 300 s−1 (ref. 49), so even a
fairly short-lived aqueous channel could allow a considerable amount of destaining.

In summary, some experiments have suggested that membrane can move through a fusion
pore and others have suggested the opposite. In the experiments showing membrane
movement, it is not clear whether the fusion pore was in its earliest state of inception, or,
alternatively, in some advanced, partially dilated state. Thus, the lipidic pores inferred from
these studies do not rule out a proteinaceous pore at an earlier point in time. Both models
posit lipid mixing during pore growth. Likewise, pore closure does not mean that the pore is
proteinaceous because lipidic pores can also close24.

The studies showing no membrane movement are also not conclusive. Because a
proteinaceous pore should obstruct flow, membrane movement is a sufficient criterion for a
lipidic pathway between two membranes. But if the forces of membrane tension are well
balanced between the two compartments, then there would be a small amount of diffusive
transfer without bulk flow. Thus, membrane movement is not a necessary criterion for
lipidic pores.

Mutagenesis and putative pore proteins
To contribute structurally to a fusion pore, a protein should have one or more
transmembrane segments. Many of the proteins implicated in exocytosis harbor hydrophobic
segments capable of forming membrane spanning α-helices. In addition to the t-SNARE
syntaxin and the v-SNARE synaptobrevin, the integral membrane proteins synaptotagmin,
synaptophysin, and innumerable ion channels, pumps and transporters harbor structural
motifs that could participate in the formation of a proteinaceous fusion pore.

Involvement of syntaxin in a proteinaceous fusion pore was tested in experiments on Ca2+-
triggered exocytosis from PC12 cells. Amperometric measurements of the flux of
norepinephrine through individual fusion pores provide an index of pore size. To test the
hypothesis that the membrane anchor of syntaxin is a structural component of the fusion
pore, mutations were introduced that altered the size of various residues50. At three out of
sixteen locations, a bulky tryptophan replacement reduces fusion pore flux. Making more
room by replacement with glycine enhances fusion pore flux, and changing the charge by
replacement with acidic or basic residues enhances or reduces flux in a manner expected for
electrostatic interactions with positively charged norepinephrine51. Selected tryptophan
mutations were also tested in conductance measurements, and those mutations that reduce
norepinephrine flux also reduce the ionic conductance of the fusion pore50. The three
mutations in the syntaxin membrane anchor that influence fusion pore flux and conductance
fall along one face of a putative α-helix. Mutations that alter the flux through the fusion pore
in this manner are rare; many mutations in the SNARE motifs of syntaxin, synaptobrevin
and SNAP-25 have no effect9. These experiments suggest that the membrane anchor of
syntaxin lines the walls of the fusion pore through the plasma membrane (Fig. 2). Cyclin-
dependent kinase-5 activity also influences norepinephrine flux through fusion pores, and an
interaction with syntaxin has been proposed as a possible origin of this effect52.

The obvious partner for a fusion pore through the synaptic vesicle is synaptobrevin. This
protein has a hydrophobic putative α-helical segment that could span the vesicular
membrane and complete the fusion pore so that it spans both bilayers. This hypothesis has
yet to be tested, and further protein components of the fusion pore have not been identified.
It must be mentioned that the presence of a protein in the fusion pore does not rigorously
exclude the existence of lipid as an additional structural component.
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Fusion pore transitions
The fusion pore reports key structural transitions that occur during exocytosis, so studies of
fusion pores can probe the kinetic mechanism of membrane fusion. Experimentally, we can
observe when fusion pores open, close and dilate. If a molecular manipulation reduces
exocytosis but leaves fusion pore closing and dilation unchanged, this implicates the
targeted molecules in a step that precedes fusion pore opening. This still leaves a broad
range of possibilities, starting from vesicle mobilization and proceeding to docking, priming,
fusion pore assembly and the final structural transition that produces an open fusion pore. A
large body of work in chromaffin cells and PC12 cells, using amperometry and capacitance
recording to resolve the sequence of fusion pore transitions in single-vesicle release events,
has addressed how various molecules function in different stages of exocytosis.

A number of proteins have been implicated in pre-fusion-pore steps of exocytosis, including
the synaptic SNAREs9,53–55, complexin II (ref. 56), and tomosyn57,58. Some
manipulations of these proteins reduce the frequency of vesicle fusion events but do not alter
fusion pore lifetime. Many other molecular manipulations alter the stability of fusion pores.
These proteins are more likely to play a role in the actual membrane remodeling process of
exocytosis. Thus, the synaptic SNAREs, for which roles in steps leading to fusion pores
were just noted, also can influence fusion pore lifetime9,59. Overexpressing different
synaptotagmin isoforms and mutants can make fusion pores more stable or less
stable18,19,60,61, and amisyn stabilizes open fusion pores62. It is thus possible that these
proteins help catalyze the structural transitions of the fusion complex during key steps in the
merger of the vesicular and plasma membranes.

In the case of synaptotagmin I, parallel experiments with varying Ca2+ concentrations and
mutations in the Ca2+-binding sites support a role for Ca2+ binding as the trigger of both a
pre-fusion pore step and the transition of an open fusion pore to a dilating fusion pore19.
Furthermore, mutations that selectively impair synaptotagmin I binding to SNAREs
destabilize open fusion pores61. These results suggest that a synaptotagmin–SNARE
complex formed during Ca2+-triggered exocytosis catalyzes the opening of fusion pores and
then stabilizes them by preventing them from returning to a closed state. Mutations in the
Ca2+-binding sites of synaptotagmin I and IV also alter the rate with which open fusion
pores close and influence the choice between full fusion versus kiss-and-run18,19.

The validity of interpreting changes in fusion pore kinetics in terms of functional transitions
of the exocytotic apparatus has been complicated by the discovery that changing the size of
a vesicle affects its fusion pore. Altering the amount of transmitter loaded into a vesicle
alters its size and, unexpectedly, alters fusion pore stability such that larger vesicles produce
longer-lasting fusion pores and smaller vesicles produced shorter-lived fusion pores63.
Future studies of fusion pore kinetics will have to control for these effects by checking
vesicle size or content. This result indicates that there may be extra physical determinants of
fusion pore stability, and a better understanding of these effects will no doubt aid efforts to
use fusion pores to study the molecular mechanism of exocytosis. We also note that proteins
such as Munc18 (refs. 64,65), cysteine string proteins66, complexin II (ref. 67) and myosin
II (ref. 68) alter release kinetics after the fusion pore has started to dilate. Although these
effects have been interpreted in terms of fusion pore transitions, the weak temperature
dependence of kinetic processes at this late stage of release argues against major membrane
remodeling steps as limiting processes during release following fusion pore dilation10.

Synaptic transmission
Probing fusion pores in synapses has proven far more difficult than in endocrine cells. An
indirect approach has focused on the kinetics of vesicle recycling. A membrane-bound,
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fluorescent pH sensor targeted to vesicles increases its fluorescence during exocytosis
because of the higher pH of extracellular fluid. Fluorescence then declines as the label is
reinternalized into an acidic compartment, and this decay follows a single exponential curve
with a time constant of 14–15 s (refs. 69,70; but see also ref. 71). This argues against kiss-
and-run because kiss-and-run should follow a kinetically detectable, distinct pathway. The
interpretation of these experiments rests on the assumption that the fluorescence decrease
reflects the internalization of the same proteins that produced the fluorescence increase.
However, the plasma membrane has a standing pool of vesicular proteins, and when their
labels are removed by proteolytic cleavage, much of the compensatory fluorescence decay
after exocytosis is lost72. Thus, the newly exocytosed vesicle labels remain on the cell
surface while other proteins are endocytosed. The endocytosis of proteins that were on the
plasma membrane before exocytosis cannot be explained by kiss-and-run, but kiss-and-run
could contribute to the protease-insensitive component of post-exocytosis fluorescence
decay.

Another argument against kiss-and-run at synapses has been based on molecular occlusion
experiments. Knocking down clathrin eliminates all synaptic-vesicle recycling, and this has
been interpreted as suggesting that nerve terminals recycle their synaptic vesicles by a single
mechanism that depends on the well-established clathrin pathway of endocytosis73. Studies
in the Drosophila neuromuscular junction have shown that with a temperature-sensitive
mutant allele of dynamin, called shibire, the restrictive temperature leads to a virtually total
loss of vesicles by blocking recycling74,75. Hence, at these synapses, all vesicles can enter a
fusion pathway that culminates in complete fusion and collapse. But a key question with
both the clathrin and the dynamin experiments remains: do synaptic vesicles enter only the
full-fusion pathway, or can they access another pathway, such as kiss-and-run, one or more
times before they commit to the full-fusion pathway? In the shibire experiments, the flies
were exposed to the restrictive temperature for 5 min, leaving ample time for vesicles to
undergo one or more rounds of kiss-and-run before entering the irreversible path to full
fusion. This reservation applies to most of the studies based on disruption of endocytosis.
What is clearly needed are ways to disrupt the endocytic machinery with temporal precision
—using, for example, chromophore assisted photoinactivation76.

More direct studies of exocytosis make a strong case for kiss-and-run at nerve terminals.
Unitary release events with a time course consistent with the presence of a fusion pore
intermediate have been reported at the Drosophila neuromuscular junction, and
manipulations of synaptotagmin alter the time course of these events in a manner consistent
with an effect on fusion pores77. Kiss-and-run events were revealed by capacitance
recordings from nerve terminals, which showed that stepwise capacitance increases are
rapidly followed by precisely matching stepwise capacitance decreases4,17. In studies of
FM1-43 destaining at synapses, some vesicles lose only a fraction of their label, indicating
that a fusion pore restricts the efflux of dye molecules49,78. These studies of the release of
single vesicles confirm that nerve terminals have two modes of exocytosis, full fusion and
kiss-and-run21. These direct experimental approaches have the capability to illuminate
fusion pore properties at synapses.

Biological ramifications
The fusion pores of Ca2+-triggered exocytosis are dynamic structures that can regulate the
form and speed of release of chemical signals. A fusion pore can act as a sieve to limit or
prevent the release of different cargo molecules depending on size. For example, moderate
stimulation of chromaffin cells triggers the release of only norepinephrine, but stronger
stimulation triggers the release of larger neuropeptides as well79. This selectivity is
achieved by favoring kiss-and-run with weaker stimulation, leading to fusion pores that are
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too small to pass neuropeptides. Stronger stimulation shifts the mode of release to full fusion
such that larger cargo molecules can also be secreted.

Synaptic vesicles contain neurotransmitters that generally are small molecules. At present,
there is no indication that synaptic-vesicle fusion pores can regulate what kind of molecules
can exit, but fusion pore size is widely believed to determine the rate with which
neurotransmitter floods the synaptic cleft. A simple diffusion calculation shows that small
fusion pores will not allow the subsynaptic neurotransmitter concentration to rise to that
needed for the activation of synaptic receptors80, and this has been verified by more detailed
numerical81,82 and analytical83 treatments. However, there is at present no experiment that
explicitly tests the relationship between fusion pore properties (dimensions and dynamics)
and a synaptic response (magnitude and time course). Thus, until fusion pores can be
manipulated at a synapse and the consequences for synaptic function studied, we will not
know how a fusion pore can influence synaptic function.

A consideration of how a small fusion pore would limit neuro-transmitter release prompted
the speculation that kiss-and-run could serve as an inhibitory signal in which low levels of
neurotransmitter desensitize receptors and make synapses less responsive to an ensuing full-
fusion event4,18,48. This suggests that a new class of electrophysiological experiments will
be needed to test the impact of a previous kiss-and-run event on a subsequent full-fusion
event. Thus, the debate about kiss-and-run exocytosis impinges on basic questions of
molecular mechanism, as well as questions about the regulation of secretion and the
processing of information by neural circuits.
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Figure 1.
Two models of membrane fusion. (a, i) Proteins capable of forming a fusion pore are present
in the vesicle and plasma membranes. (ii) These proteins associate into a closed pore. (iii) A
conformational change in this complex opens the pore. (iv) The lipid bilayers merge through
a remodeling of the two lipid bilayers. (b) Lipid fusion according to the stalk model23. (i)
Lipid bilayers are pulled together. In regulated exocytosis, proteins (not shown) exert the
necessary force. (ii) An initial merger stage forms, in which the outer leaflets remodel to
form a stalk. (iii) The outer leaflets draw apart and the inner leaflets form a bilayer in this
hemifusion diaphragm. (iv) A pore forms in the new bilayer of inner leaflets.
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Figure 2.
A model of the fusion pore formed by the membrane anchors of syntaxin48. A barrel of five
to eight membrane anchors can form a fusion pore with a conductance consistent with
experimental measurements; six are shown here (top). The SNARE motifs radiate outward
from the pore. The fusion pore through the vesicle membrane and the t-SNARE components
are not shown. The residues where mutations alter fusion pore flux and conductance fall
along one face of a helical wheel formed from the membrane anchor. Residues implicated as
lining the pore are highlighted in yellow (bottom).
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