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Secretory control: evidence for agonist-regulation of post-fusion vesicle behaviour
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Summary secretory output is adjusted by changing the numbers of
) ) vesicles fusing. In contrast, the weartial-release model
1. Here we reiew recent vork on \esicular paces regulation of vesicle befieur as central to
secretion, with a focus on the control of post-fusivens  onirolling secretory output. Furthermore, thisvnmodel
as a means of regulating secretory output. - is proposed to be relant to disease with evidence that the
2. In the classical model of secretion each fuseghsyficient insulin secretion seen in type 2 diabetes is due
vesicle releases the entirety of its content in an afi@Te 5 yremature vesicle fissidhDefining the mechanisms that
manner In this way the secretory output of a cell iSgaem vesicle behaviour and testing thadidity of this nev

controlled by rgulating the numbers of fuseésicles. The mqqe| of secretion are essential to our understanding of the
realization that post-fusionvents can control secretory .ontrol of secretion in health and disease.

output leads to a distinct model of partial releaseesicle
content. Models of secretion

3. Recent work shows that post-fusiomests are ) . . ]
under cellular control. Furthernew cata from our In the classical model of secretion, vesicle content is
laboratory demonstrates agonist-dependent regulation '8t through the aqueous pore that forms at the point of
fusion pore behaviour. vesicle and cell membrane fusiérSubsequent dilation of

4. We onclude that post-fusionvents are not the pore, and collapse of thesicle into the cell membrane,

epiphenomena but are dily an important mechanism of empties the entireesicle content to the outside. Thesicle

secretory control. membrane, ne@ incorporated into the cell sade, is
recovered back into the cell, a necessary step in maintaining
Introduction cell size and intgrity. In this classical model the fusion of

the \esicle therefore initiates a process that leads to all-or

Regulated secretion is a fundamental cellular procesggne release of vesicle content.wéwer. there are man
central to the release of neurotransmitters fromenegils, findings that challenge the weisality of this model

the release of hormones from endocrine cells and the,,ding observations that whole post-fusion vesicles can
release of proteins from epithelial cellgesicular secretion po recoered back into the céfi a pocess no termed
therefore plays a potal role in almost eery aspect of cayicapturé!® In addition, electrical measuremefits®
human plsiology: It is aitical to brain functions, such as 5304 more recently imaging methéd%-21 shav that the

learning and memoyyto endocrine action such as thefsion pore can dynamically change its pore dimensions
release of insulin in the control of blood glucose, and in guhq een dose and reopen.

function such as the release of digestienzymes. These additional post-fusion complexities can, in
Furthermore, ~secretory dysfunction underpins ynanyinciple, diferentially regulate the secretion ofwcand
diseases, such as type 2 diabetes and pancreatiith the high molecular weight vesicle contéA€%12and lead to
mechanisms of secretory control a target for ynamartial hormone release from inmtlual \esicles?
therapies. Whilesome of the core _r_nolescular componentgrthermore, recent evidence suggests that the premature
regulating secretion e been identified;> how these are cjosure of the fusion pore may underlie the decreased
orchestrated to control secretion remairgddy unknevn. jhculin secretion seen in type 2 diab&eslthough this
This is a ley cuestion, its understanding is essential tQomains contreersial 22
provide nav therapeutic tajets to up or down gelate A couple of points should be made clefrstly the
secretion in the treatment of disedse. _ obsenations on the dynamic nature of the fusion pore are
Secretory content, lé& hormones and peptides aregometimes referred to as “kiss-and-run”. But, although
pacled inside secretory vesicles andvaiing models for  fsion pore dynamics, in particular pore closure, are a
secretion indicate that, on cell stimulation, thessiales requirement for cavicapture it does not fallthat fusion
fuse with the cell membrane and then collapse, releasiggre gynamics inevitably lead to whole-vesicle recagfire.
their entire hormone content in an all-or-none manfiee  gecondlythe term fusion pore is sometimes strictly used to
vesicle membrane is subsequently nezed back into the refer to the small, ko conductance pathway that is present
cell. Hovever, there is evidence that argues against thig the onset of vesicle to plasma membrane fSistere
model/*2In this nev model there is the potential for partial\ye yse the term pore to loosely describe the aqueous
release of vesicle content. channel linking the vesicle to the outside, since oarkw

The differences between the models are fundamengqjggests thatven a pre as large as 30 nm diameter is
to our understanding of secretory control. In the old mOdEJipable of reclosur®.
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In summary post-fusion behaviour of the fusion porewhich are part of an orchestrated post-fusion response.

and complete recapture of thesicle argue that the all-or We oonclude that the evidence indicates that
none model of vesicular secretion is notversal. regulatory machinery doesxist to control fusion pore

_ ) behaiour and that this lends weight to the suggestion that
What are the mechanisms that control post-fusion the fusion pore dynamics are under cellular control.

vesicular behaviour?

. Regulation of vesicle content loss
A long running contngersy centres on the nature of

the fusion pore and whether it is composed of lipids and/or  For fusion pore dynamics to Y& a ysiological
proteins?* But, independent of this debate, if post-fusiortonsequence in terms of secretion it is necessary for them
events are releant to the biology of secretory control the to affect vesicle content loss. In fact experimentgyaakty
must themselves begelated. Evidencaow supports this combining electropysiological measures of pore opening
idea, lending credence to the model of partial release with electrochemical methods of measuring content loss, do
vesicle content. Firstlyit has been shown that calcium actglirectly shev this®71° Here a transient opening of the
post-fusion to accelerate fusion porgpansiod®>?® and fusion pore leads to partial release of vesicle coritéht.
enhance @sicle content los®. In addition to calcium, But there is more detail to pore dynamics, witlidence
fusion pore expansion has been shown to be regulatedtbst pore size changesantime after fusion;10.17:40
protein kinase € suggesting phosphorylation as a step in This combination of dferent pore lifetimes and
its control. It is possible that the calcium-dependertifferent pore diameters \gis rise to the possibility of
mechanisms of pore expansion arevoimed in differential release of smallersushigh molecular weight
differentiating between full and transient fusion; higlvesicle content. In fact there are vmomary reports
calcium tending to dvour pore closing with evidence indicating that content can be differentially released from
suggesting synaptotagmin as the calcium-dependeggttarvesicles. For example, id cells, ATP has been shown to be
mediating the switch in behaviotfr. released prior to the loss of and sometimes in the absence

Dynamin is well knan to participate in clathrin- of, significant peptide relead®.In further studies o3
dependent membrane reeny mechanisms but there is alsocells, serotonin and GABhavebeen shown to exitabter
evidence of its imolvement in fusion pore dynamics. Inthan ATP indicating a whole range of possiblesicle
PC12 cellg® chromafin cell$ and MING?S cells GTRS constituents being differentially releas&dAlthough not
treatment (considered to ¢mt and disrupt dynamin commonly thought of as releasable vesicle content, protons
GTPase activity) dects parameters consistent with arhave dso been shan to be released very rapidly after pore
action on fusion pore lifetimes. In PC12 cells, dynamin capening? consistent with the idea that maybe the early
localizes with fused vesicles and G/BPreatment preents  small diameterstages of pore opening restricts the loss of
pore closuré® In natve diromafin cells, amperometric some vesicle content.
recordings sh@ an increase in the amount secreted per The abee eweriments, largely performed by
vesicle in cells where the Src-homology domain 3 (SH3neasuring dierential release of nag vesicle contents, are
was overexpressed to disrupt dynamin functidiinally in  supported by experiments where vesicle cargoes been
MING6 cells expression of dynamin mutants (K44E ofluorescently tagged. It is known that the size and
K535A) affected the kinetics of loss of fluorescently taggegositioning of fluorescent tags can affect the dynamics of
secretory products release from esicles’® Nevertheless, een accepting the

It has also been sthvm, in some cell types, thatidea that tagging might not be a true reflection of the
complin I, Muncl8 and gsteine string proteins (all kinetics of natre @ntent, it is clear that dérent tagged
proteins associated with vesicle fusion) cafedfpore camgoes can be released fdientially For example, in
dynamic$* although it is not clear whether these argats cells'® and in chromaffin celfsthe kinetics of loss of
for regulation or necessarystatic components in a fluorescently tagged tissue plasminogen vatr were
macromolecular pore comple However, a rumber of significantly slower than that of other tagged proteins.
researchers, studying a wide range of cell types, are If pore closure really is a limitingattor to the release
reaching a consensus that F-actin and myosin 2 are dynawficcontent then we would expect to find evidence of
regulators of vesicle bekisour. Recent work shows that vesicles that had fused with the cell membrane but still
actin polymerization is triggered immediately aftessicle contained residual content and this is the case. This has
fusion forming an F-actin network around thesicle®3%> been shown for fluorescently tagged prot&ifisout has
that keeps the fusion pore optand stabilizes theesicle been preen by measuring residual nag vesicle content
shape?®30:3536|n the last year a number of reportswno with immunolocalization of prolactin in lactotropgsnd in
shav that myosin 2 phosphorylation regulates fusion poreur own work with acinar cells where we 8ho
opening?3738t is not clear he F-actin and myosin 2 chymotrypsinogen is still present in vesicles where the
function but it might be arisaged that theact in concert to  fusion pore has opened and then clo¥ed.
either promote or maintain structural changes in the sub- ] . .
plasmalemmal igion. It is likely that thg control multiple !SPOst-fusion vesicle benaviour controlled by
processes; including fusion pore opening and clc&ige® Physiological stimulation?

i i ic39
vesicle shape chang&sand ultimately endotosis® all of The abve dscussed wrk shows that in principle
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vesicle dynamics can f&ftt vesicle content release but therelata we hee abitrarily used cut-df of 0.4 for the
is only limited @idence for its regulation in a pbiological normalized ratio of the tav dyes within single @sicles;
context. these vesicles with lower ratios are the ones where the

In a comprehenge gudy Fulopet al?* investigated fusion pore has closed before, or during, the addition of the
the plysiological control of secretion in chromaffin cells.second dye. The histogram (Figure 1)wbdhat at high
At low, tonic stimulation chromaffin cells secreteacetylcholine concentrations off@M most of the esicles
background leels of catecholaminesub during actiation (83%) hae dye ratios abee 04; their fusion pores are
of sympathetic dvie the cells not only increase mostly open. In contrast, at wo acetylcholine
catecholamine secretionutb also secrete peptides. It isconcentrations of 100 nM, 41% oésicles hee dye ratios
known that both catecholamines and peptide xistén the less than 0.4; their fusion poresvhadosed. V¢ ae naw
same secretory vesicles and Fuktpal. present eidence exploring the mechanisms that lie behind the actions of the
that it is agonist dependent regulation of fusion poragonist. The strong conclusion from our data is that the
dilation, during high leels of cell stimulation that enables pore dynamics are under physiological control. Since our
secretion of the larger peptid¥s. published wrk indicates that myosir?2(under the control

In another example, in lactotrophs it has beenwvsho of myosin light chain kinase) is required for pore opening it
that transient fusion dominates the secretoryviéigtin  is logical to suggest the rise in intracellular calcium, seen
unstimulated cells (so-called spontaneous activity) but thaith acetylcholine, as a likely mediator linking this agonist
when the cells are stimulated with high potassium thaith fusion pore control.
fusion characteristics changed, consistent with the
stimulation of large fusion pore openirf§s.

It is clear that there is still muchork to be done to
prove that the control of post-fusioresicle behaviour is of
physiological and possible pathophysiologitatlevance.

(&)
o

Our new data

Our studies on asicular secretion use a 2-photon
microscope for real-time imaging of singleesicle
behaiour measured with vital dy&s and a fied-cell
confocal microscop approach to measure singlesicles
labelled with extracellular dye8:2131 This latter approach

% of vesicles with a dye ratio < 0.4

relies on &tracellular dye entering fused vesicles; then with 0 -

fixation of these dyes we can folMlothe behsiour of 100 400 800 2000
vesicles  post-fusion and also record, using Acetylcholine concentration (nM)
immunohistochemistry association of thesesigles with

regulatory proteins such as myosin ZA. Figure 1. Fusion pore opening is dependent on agonist

~In one particular refinement of the method weoncentration. This gaph is derived from data analysing
stimulate the cells in the presence of orgagellular dye the fluoescence signals within individual vesicles in cells
which enters (and therefore labels) the aqueougimylated with dferent concentrations of acetylaline.
ernvironment of fused vesicles. &\hen, at later time points The cells ae initially bathed in one dyestimulated with
add a secondx&acellular dye; subsequent fixation andycetylholine and then a second dye added at a later.time
analysis then determines the ratio of these dyes within  The ratio of the second dye to the first dye is then used to
individual vesicles. If the fusion pore remains opeRgssess fusion perdynamics; a lowatio indicating the pa
throughout the addition of both dyes then the dye ratigzq closed befer (or during) the addition of the second
within the \esicles is the same as the dye ratio outside tge ecifically the potocol used in these experiments is
cell and normalizes to a ratio of 1.00. On the other handj etylholine is applied for 2 minutes, followed by applica-
the fusion pore closes after the addition of the first dye, thig of excess atpine Then 5 minutes later the second dye
traps the first dye and pents entry of the second dyejs added and 5 minutes after that the cells fixed with
giving low values for the normalized ratio (see ref 20 fObaraformaIdehyd.eAt low agonist concerdtions many of
details). In practice we find a distnion of ratios, which e vesicles have a low dyatio (2 dye divided by %Ldye)
we interpret as reflecting the distribution of fusion POrghdicating poe dosure. In contrast at higher gonist con-

lifetimes between pores open all the time and pores closgghtations the vesicles tend to have highetias indicat-
for a proportion of the time the second dye is present. Th}ﬁg that the poe has remained open.

simple assay enables us to analyse the fusion pore dynamics
of hundreds of vesicles.
Here we hee wsed a range of dérent concentrations Concluding remarks
of acetylcholine, a naté scretagogue in acinar cells, to o ) )
determine a dose-response relationship between fusion pore 1he possibility - that secretion is controlled by

dynamics and acetylcholine concentration. ffesent the régulating the post-fusion behaviour oésicles has been
recognized for some timeéMe ae nav begnning to lild
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up a picture of he that control might operate. Maver,
there are still f& reports of fusion pore control in a
physiological context; the mework we present here clearly
supports the idea of agonist-dependent regulation.

M ethods

Imaging vesicular seation. We have published
extensively on the use of the twvphoton microscope for the
study of single gsicle secretoryvents in pancreatic acinar
cells'* and described xperiments using the entry of
extracellular fluorescent dyes to identify vesicle fusion. "11
these published experiments we shthat the gtracellular
dye, under our conditions labels the secretory vesicles. In
principle the dye would enter yrendogstic compartment.

But we shav that the fluorescent labelling oésicles is in

the right place (only apical in polarized epithelia), occurg‘,z'

with the right time course (compared to measures of
enzyme secretion) and labels structures of the right size for
vesicles (0.8 um in &acinar cells). Furthermore, in
immunogtochemical data we sho that fluorescently
labelled vesicles also contain residual amounts of
chymotrypsinogen (a specific secretory enzyme only found
in zymogen ‘esiclesf In the experiments shm in this
reviaw, SRB and HPTS were both added to thl&acellular
solution at a concentration of 408/.
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