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Summary

1. Here we review recent work on vesicular
secretion, with a focus on the control of post-fusion events
as a means of regulating secretory output.

2. In the classical model of secretion each fused
vesicle releases the entirety of its content in an all-or-none
manner. In this way the secretory output of a cell is
controlled by regulating the numbers of fused vesicles. The
realization that post-fusion events can control secretory
output leads to a distinct model of partial release of vesicle
content.

3. Recent work shows that post-fusion events are
under cellular control. Further, new data from our
laboratory demonstrates agonist-dependent regulation of
fusion pore behaviour.

4. We conclude that post-fusion events are not
epiphenomena but are likely an important mechanism of
secretory control.

Introduction

Regulated secretion is a fundamental cellular process,
central to the release of neurotransmitters from nerve cells,
the release of hormones from endocrine cells and the
release of proteins from epithelial cells.Vesicular secretion
therefore plays a pivotal role in almost every aspect of
human physiology. It is critical to brain functions, such as
learning and memory, to endocrine action such as the
release of insulin in the control of blood glucose, and in gut
function such as the release of digestive enzymes.
Furthermore, secretory dysfunction underpins many
diseases, such as type 2 diabetes and pancreatitis1-3 with the
mechanisms of secretory control a target for many
therapies. Whilesome of the core molecular components
regulating secretion have been identified,4,5 how these are
orchestrated to control secretion remain largely unknown.
This is a key question, its understanding is essential to
provide new therapeutic targets to up or down regulate
secretion in the treatment of disease.6

Secretory content, like hormones and peptides are
packed inside secretory vesicles and prevailing models for
secretion indicate that, on cell stimulation, these vesicles
fuse with the cell membrane and then collapse, releasing
their entire hormone content in an all-or-none manner. The
vesicle membrane is subsequently recovered back into the
cell. However, there is evidence that argues against this
model.7-12 In this new model there is the potential for partial
release of vesicle content.

The differences between the models are fundamental
to our understanding of secretory control. In the old model

secretory output is adjusted by changing the numbers of
vesicles fusing. In contrast, the new partial-release model
places regulation of vesicle behaviour as central to
controlling secretory output. Furthermore, this new model
is proposed to be relevant to disease with evidence that the
insufficient insulin secretion seen in type 2 diabetes is due
to premature vesicle fission.14 Defining the mechanisms that
govern vesicle behaviour and testing the validity of this new
model of secretion are essential to our understanding of the
control of secretion in health and disease.

Models of secretion

In the classical model of secretion, vesicle content is
lost through the aqueous pore that forms at the point of
vesicle and cell membrane fusion.5 Subsequent dilation of
the pore, and collapse of the vesicle into the cell membrane,
empties the entire vesicle content to the outside. The vesicle
membrane, now incorporated into the cell surface, is
recovered back into the cell, a necessary step in maintaining
cell size and integrity. In this classical model the fusion of
the vesicle therefore initiates a process that leads to all-or-
none release of vesicle content. However, there are many
findings that challenge the universality of this model
including observations that whole post-fusion vesicles can
be recovered back into the cell15 a process now termed
cavicapture.9,13 In addition, electrical measurements16-19

and more recently imaging methods11,20-21 show that the
fusion pore can dynamically change its pore dimensions
and even close and reopen.

These additional post-fusion complexities can, in
principle, differentially regulate the secretion of low and
high molecular weight vesicle content7,9,10,13 and lead to
partial hormone release from individual vesicles.9

Furthermore, recent evidence suggests that the premature
closure of the fusion pore may underlie the decreased
insulin secretion seen in type 2 diabetes14 although this
remains controversial.22

A couple of points should be made clear. Firstly the
observations on the dynamic nature of the fusion pore are
sometimes referred to as “kiss-and-run”. But, although
fusion pore dynamics, in particular pore closure, are a
requirement for cavicapture it does not follow that fusion
pore dynamics inevitably lead to whole-vesicle recapture.19

Secondly, the term fusion pore is sometimes strictly used to
refer to the small, low conductance pathway that is present
at the onset of vesicle to plasma membrane fusion.23 Here
we use the term pore to loosely describe the aqueous
channel linking the vesicle to the outside, since our work
suggests that even a  pore as large as 30 nm diameter is
capable of reclosure.20
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In summary, post-fusion behaviour of the fusion pore
and complete recapture of the vesicle argue that the all-or-
none model of vesicular secretion is not universal.

What are the mechanisms that control post-fusion
vesicular behaviour?

A long running controversy centres on the nature of
the fusion pore and whether it is composed of lipids and/or
proteins.24 But, independent of this debate, if post-fusion
ev ents are relevant to the biology of secretory control they
must themselves be regulated. Evidencenow supports this
idea, lending credence to the model of partial release of
vesicle content. Firstly, it has been shown that calcium acts
post-fusion to accelerate fusion pore expansion25,26 and
enhance vesicle content loss.25 In addition to calcium,
fusion pore expansion has been shown to be regulated by
protein kinase C26 suggesting phosphorylation as a step in
its control. It is possible that the calcium-dependent
mechanisms of pore expansion are involved in
differentiating between full and transient fusion; high
calcium tending to favour pore closing18 with evidence
suggesting synaptotagmin as the calcium-dependent target
mediating the switch in behaviour.27

Dynamin is well known to participate in clathrin-
dependent membrane recovery mechanisms but there is also
evidence of its involvement in fusion pore dynamics. In
PC12 cells,28 chromaffin cells8 and MIN613 cells GTPγS
treatment (considered to target and disrupt dynamin
GTPase activity) affects parameters consistent with an
action on fusion pore lifetimes. In PC12 cells, dynamin co-
localizes with fused vesicles and GTPγS treatment prevents
pore closure.28 In native chromaffin cells, amperometric
recordings show an increase in the amount secreted per
vesicle in cells where the Src-homology domain 3 (SH3)
was overexpressed to disrupt dynamin function.8 Finally in
MIN6 cells expression of dynamin mutants (K44E or
K535A) affected the kinetics of loss of fluorescently tagged
secretory products.13

It has also been shown, in some cell types, that
complexin II, Munc18 and cysteine string proteins (all
proteins associated with vesicle fusion) can affect pore
dynamics24 although it is not clear whether these are targets
for regulation or necessary, static components in a
macromolecular pore complex. However, a number of
researchers, studying a wide range of cell types, are
reaching a consensus that F-actin and myosin 2 are dynamic
regulators of vesicle behaviour. Recent work shows that
actin polymerization is triggered immediately after vesicle
fusion forming an F-actin network around the vesicle29-35

that keeps the fusion pore open20 and stabilizes the vesicle
shape.29,30,35,36 In the last year a number of reports now
show that myosin 2 phosphorylation regulates fusion pore
opening.21,37,38 It is not clear how F-actin and myosin 2
function but it might be envisaged that they act in concert to
either promote or maintain structural changes in the sub-
plasmalemmal region. It is likely that they control multiple
processes; including fusion pore opening and closing,21,37,38

vesicle shape changes38 and ultimately endocytosis,39 all of

which are part of an orchestrated post-fusion response.
We conclude that the evidence indicates that

regulatory machinery does exist to control fusion pore
behaviour and that this lends weight to the suggestion that
the fusion pore dynamics are under cellular control.

Regulation of vesicle content loss

For fusion pore dynamics to have a physiological
consequence in terms of secretion it is necessary for them
to affect vesicle content loss. In fact experiments, elegantly
combining electrophysiological measures of pore opening
with electrochemical methods of measuring content loss, do
directly show this.6,7,19 Here a transient opening of the
fusion pore leads to partial release of vesicle content.7,19

But there is more detail to pore dynamics, with evidence
that pore size changes over time after fusion.7,10,17,40

This combination of different pore lifetimes and
different pore diameters gives rise to the possibility of
differential release of smallversushigh molecular weight
vesicle content. In fact there are now many reports
indicating that content can be differentially released from
vesicles. For example, inβ cells, ATP has been shown to be
released prior to the loss of and sometimes in the absence
of, significant peptide release.10 In further studies onβ
cells, serotonin and GABA hav ebeen shown to exit faster
than ATP indicating a whole range of possible vesicle
constituents being differentially released.41 Although not
commonly thought of as releasable vesicle content, protons
have also been shown to be released very rapidly after pore
opening42 consistent with the idea that maybe the early,
small diameter, stages of pore opening restricts the loss of
some vesicle content.

The above experiments, largely performed by
measuring differential release of native vesicle contents, are
supported by experiments where vesicle cargoes have been
fluorescently tagged. It is known that the size and
positioning of fluorescent tags can affect the dynamics of
release from vesicles.43 Nevertheless, even accepting the
idea that tagging might not be a true reflection of the
kinetics of native content, it is clear that different tagged
cargoes can be released differentially. For example, inβ
cells13 and in chromaffin cells9 the kinetics of loss of
fluorescently tagged tissue plasminogen activator were
significantly slower than that of other tagged proteins.

If pore closure really is a limiting factor to the release
of content then we would expect to find evidence of
vesicles that had fused with the cell membrane but still
contained residual content and this is the case. This has
been shown for fluorescently tagged proteins13,9 but has
been proven by measuring residual native vesicle content
with immunolocalization of prolactin in lactotrophs12 and in
our own work with acinar cells where we show
chymotrypsinogen is still present in vesicles where the
fusion pore has opened and then closed.20

Is post-fusion vesicle behaviour controlled by
physiological stimulation?

The above discussed work shows that in principle

38 Proceedings of the Australian Physiological Society (2009)40



C. Soekmadji & P. Thorn

vesicle dynamics can affect vesicle content release but there
is only limited evidence for its regulation in a physiological
context.

In a comprehensive study Fulopet al.44 investigated
the physiological control of secretion in chromaffin cells.
At low, tonic stimulation chromaffin cells secrete
background levels of catecholamines but during activation
of sympathetic drive the cells not only increase
catecholamine secretion but also secrete peptides. It is
known that both catecholamines and peptide co-exist in the
same secretory vesicles and Fulopet al. present evidence
that it is agonist dependent regulation of fusion pore
dilation, during high levels of cell stimulation that enables
secretion of the larger peptides.44

In another example, in lactotrophs it has been shown
that transient fusion dominates the secretory activity in
unstimulated cells (so-called spontaneous activity) but that
when the cells are stimulated with high potassium the
fusion characteristics changed, consistent with the
stimulation of large fusion pore openings.45

It is clear that there is still much work to be done to
prove that the control of post-fusion vesicle behaviour is of
physiological and possible pathophysiological14 relevance.

Our new data

Our studies on vesicular secretion use a 2-photon
microscope for real-time imaging of single vesicle
behaviour measured with vital dyes11 and a fixed-cell
confocal microscopy approach to measure single vesicles
labelled with extracellular dyes.20,21,31This latter approach
relies on extracellular dye entering fused vesicles; then with
fixation of these dyes we can follow the behaviour of
vesicles post-fusion and also record, using
immunohistochemistry association of these vesicles with
regulatory proteins such as myosin 2A.21

In one particular refinement of the method we
stimulate the cells in the presence of one extracellular dye
which enters (and therefore labels) the aqueous
environment of fused vesicles. We then, at later time points
add a second extracellular dye; subsequent fixation and
analysis then determines the ratio of these two dyes within
individual vesicles. If the fusion pore remains open
throughout the addition of both dyes then the dye ratio
within the vesicles is the same as the dye ratio outside the
cell and normalizes to a ratio of 1.00. On the other hand if
the fusion pore closes after the addition of the first dye, this
traps the first dye and prevents entry of the second dye
giving low values for the normalized ratio (see ref 20 for
details). In practice we find a distribution of ratios, which
we interpret as reflecting the distribution of fusion pore
lifetimes between pores open all the time and pores closed
for a proportion of the time the second dye is present. This
simple assay enables us to analyse the fusion pore dynamics
of hundreds of vesicles.

Here we have used a range of different concentrations
of acetylcholine, a native secretagogue in acinar cells, to
determine a dose-response relationship between fusion pore
dynamics and acetylcholine concentration. To present the

data we have arbitrarily used cut-off of 0.4 for the
normalized ratio of the two dyes within single vesicles;
these vesicles with lower ratios are the ones where the
fusion pore has closed before, or during, the addition of the
second dye. The histogram (Figure 1) shows that at high
acetylcholine concentrations of 2µM most of the vesicles
(83%) have dye ratios above 0.4; their fusion pores are
mostly open. In contrast, at low acetylcholine
concentrations of 100 nM, 41% of vesicles have dye ratios
less than 0.4; their fusion pores have closed. We are now
exploring the mechanisms that lie behind the actions of the
agonist. The strong conclusion from our data is that the
pore dynamics are under physiological control. Since our
published work indicates that myosin 221 (under the control
of myosin light chain kinase) is required for pore opening it
is logical to suggest the rise in intracellular calcium, seen
with acetylcholine, as a likely mediator linking this agonist
with fusion pore control.
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Figure 1. Fusion pore opening is dependent on agonist
concentration. This graph is derived from data analysing
the fluorescence signals within individual vesicles in cells
stimulated with different concentrations of acetylcholine.
The cells are initially bathed in one dye, stimulated with
acetylcholine and then a second dye added at a later time.
The ratio of the second dye to the first dye is then used to
assess fusion pore dynamics; a low ratio indicating the pore
had closed before (or during) the addition of the second
dye. Specifically the protocol used in these experiments is
acetylcholine is applied for 2 minutes, followed by applica-
tion of excess atropine. Then 5 minutes later the second dye
is added and 5 minutes after that the cells are fixed with
paraformaldehyde. At low agonist concentrations many of
the vesicles have a low dye ratio (2nd dye divided by 1st dye)
indicating pore closure. In contrast at higher agonist con-
centrations the vesicles tend to have higher ratios indicat-
ing that the pore has remained open.

Concluding remarks

The possibility that secretion is controlled by
regulating the post-fusion behaviour of vesicles has been
recognized for some time.We are now beginning to build
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up a picture of how that control might operate. However,
there are still few reports of fusion pore control in a
physiological context; the new work we present here clearly
supports the idea of agonist-dependent regulation.

Methods

Imaging vesicular secretion. We hav e published
extensively on the use of the two photon microscope for the
study of single vesicle secretory events in pancreatic acinar
cells11 and described experiments using the entry of
extracellular fluorescent dyes to identify vesicle fusion. In
these published experiments we show that the extracellular
dye, under our conditions labels the secretory vesicles. In
principle the dye would enter any endocytic compartment.
But we show that the fluorescent labelling of vesicles is in
the right place (only apical in polarized epithelia), occurs
with the right time course (compared to measures of
enzyme secretion) and labels structures of the right size for
vesicles (∼ 0.8 µm in acinar cells). Furthermore, in
immunocytochemical data we show that fluorescently
labelled vesicles also contain residual amounts of
chymotrypsinogen (a specific secretory enzyme only found
in zymogen vesicles).20 In the experiments shown in this
review, SRB and HPTS were both added to the extracellular
solution at a concentration of 400µM.
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