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Abstract
Secretion is a basic process in all cells and is required for
several important functions such as neurotransmission,
the secretion of digestive juices from the exocrine pan-
creas and the release of hormones from endocrine and
neuroendocrine cells. Due to these important functions,
the mechanism of cell secretion has been intensely
investigated for over half a century. However, it is only in
the last decade, with the discovery of a new cellular
structure, the ‘porosome’ or ‘fusion pore’, and the eluci-
dation of SNARE-induced membrane fusion, that has
finally provided us with an understanding of cell secre-
tion at the molecular level. The ‘porosome’, a supramole-
cular structure at the cell plasma membrane, was first
discovered in the exocrine pancreas, and subsequently
in endocrine/neuroendocrine cells and in neurons. The
structure and dynamics of the ‘porosome’ in live cells at
nanometer resolution and in real-time, its composition
and functional reconstitution in lipid membrane, have all
been determined. These findings have fundamentally
changed our understanding of cell secretion and provide
a clear understanding of this highly regulated process in
cells.
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Cell secretion is a key process occurring in all cells and
is involved in the physiology of neurotransmission, and
the release of hormones and enzymes. A number of dis-
eases are known to result from secretory defects. The area
of intracellular transport and secretion has been intensely
investigated for over half a century. Until recently, it was
commonly accepted that the final step in secretion is the
total incorporation of secretory vesicle membrane into the
cell plasma membrane leading to the release of intravesi-
cular contents by diffusion, and the compensatory retrie-
val of excess membrane by endocytosis at a later time [1–
10]. Studies within the past decade have finally revealed a
completely different molecular mechanism of secretion
and membrane fusion in cells [11–22]. Contrary to ac-
cepted belief, the mechanism of cell secretion is quite dif-
ferent, and a highly regulated process. These studies [11–
16, 23] demonstrate that membrane-bound secretory ves-
icles dock and transiently fuse at the base of specialized
plasma membrane structures called porosomes or fusion
pores, to expel vesicular contents. Contrary to what was
previously suggested, there is no incorporation of the vesi-
cle membrane at the cell plasma membrane. Recent stud-
ies further demonstrate that during secretion, secretory
vesicles swell, enabling the expulsion of intravesicular
contents through porosomes [24–26]. These seminal find-
ings [11–16, 23] have given rise to a new understanding of
cell secretion, and were confirmed by other laboratories
[27–30].
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The presence of fusion pores had been suggested ear-
lier, both from freeze-fracture electron microscopy [31]
and electrophysiological studies on mast cells [32]. In
both studies however, it was assumed that fusion pores
are transiently formed as a result of plasma membrane
invagination during secretion. The pore formed, either
closed, termed ‘flicker fusion’ or completely distended as
a result of total incorporation of the vesicle membrane
with the cell plasma membrane. The later model, how-
ever, failed to account for the appearance of empty and
partially empty vesicles following cell secretion. Further,
contrary to this model, no change in vesicle number is
demonstrated following secretion. So the only possibility
left was ‘flicker fusion’. In the mid 90s, atomic force
microscopy on live pancreatic acinar cells demonstrated
for the first time at nanometer resolution the presence of
pores, 100–150 nm in diameter and 25–40 nm in depth at
the apical plasma membrane, where secretory vesicles are
known to dock and fuse to secrete digestive enzymes [11].
When the cell was stimulated to secrete, both the depth
and opening of the pore increased by 35–50%, returning
to resting size following completion of secretion [11].
Exposure of the cell to cytochalasin B resulted in a
decrease in pore size and a significant loss (60–70%) in
stimulable secretion. These studies suggested that the
pore may be the fusion pore, where secretory vesicles fuse
to extrude their contents from the cell. Further, it demon-
strated that actin may be an important component of the
pore structure-function and the pore to be a stable struc-
tural entity at the cell plasma membrane. The actual
release of secretory products through the pore was demon-
strated when immuno-atomic force microscopy was per-
formed on live pancreatic acinar cells [12]. An antibody
against amylase (a major secretory enzyme within zymo-
gen granules) was gold conjugated, and specifically deco-
rated the opening of the pore [12]. Subsequently, similar
secretory pores were identified in chromaffin cells [13],
growth hormone cells of the pituitary gland [14], mast
cells [23], the ß cells of the endocrine pancreas [23], and in
neurons [23]. Acknowledging the universal presence of
the pores, from the exocrine pancreas through endocrine
and neuroendocrine cells to neurons, the structure was
named the ‘porosome’. The next breakthrough in these
seminal findings were the isolation of the porosomes,
determination of their biochemical composition, and
their structural and functional reconstitution into artifi-
cial lipid membrane [15, 16]. Electron microscopy subse-
quently has confirmed the presence of porosomes in cells
[16, 23].

To understand the molecular mechanism of cell secre-
tion, the next burning problem was how membrane fusion
occurs in the cell. The discovery of SNAREs [17–20] led
the way. Three soluble N-ethylmaleimide-sensitive fac-
tors (NSF)-attachment protein receptors (SNAREs) had
been identified to be involved in membrane fusion in
cells. Plasma membrane proteins SNAP-25 and syntaxin,
collectively called t-SNARE or target SNARE, and secre-
tory vesicle-associated membrane protein v-SNARE,
were found to be involved in fusion of opposing bilayers.
However, the detail of the molecular mechanism of
SNARE-induced membrane fusion remained unknown
until 2 years ago [21]. t-SNAREs were identified to asso-
ciate at the base of the cup-shaped porosome [16]. It was
demonstrated that in the presence of calcium, t-SNAREs
and v-SNAREs in opposing bilayers interact in a circular
array to form conducting pores. Later, it was further dem-
onstrated that SNARE proteins are instrumental in
bringing the opposing bilayers within a few ångströms of
each other, allowing appropriate calcium bridging, lead-
ing to membrane fusion [22]. Thus, the molecular mecha-
nism of SNARE-induced membrane fusion was solved.
Following fusion of secretory vesicles at the base of poro-
somes, the molecular mechanism of secretory vesicle
swelling for the expulsion of vesicular contents has also
been determined [24–26]. With these findings the area of
cell secretion has finally been resolved.

As mentioned above, cell secretion is a universal cellu-
lar process which regulates a number of processes, both at
the cellular and physiological level. Its understanding has
greatly impacted both biology and medicine. Although
major discoveries in cellular transport and secretion are
complete (as outlined in this minireview), what triggers
the budding and fusion of intracellular transport vesicles,
and how empty secretory vesicles are recycled, is not
clearly understood. Future studies will address these ques-
tions, to provide an understanding of these cellular
events.
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