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Synaptophysin (syp) is a major integral membrane protein of secretory vesicles. Previous work has demonstrated functions
for syp in synaptic vesicle cycling, endocytosis, and synaptic plasticity, but the role of syp in the process of membrane fusion
during Ca21-triggered exocytosis remains poorly understood. Furthermore, although syp resides on both large dense-core and
small synaptic vesicles, its role in dense-core vesicle function has received less attention compared with synaptic vesicle function. To explore the role of syp in membrane fusion and dense-core vesicle function, we used amperometry to measure catecholamine release from single vesicles in male and female mouse chromaffin cells with altered levels of syp and the related
tetraspanner protein synaptogyrin (syg). Knocking out syp slightly reduced the frequency of vesicle fusion events below wildtype (WT) levels, but knocking out both syp and syg reduced the frequency 2-fold. Knocking out both proteins stabilized initial fusion pores, promoted fusion pore closure (kiss-and-run), and reduced late-stage fusion pore expansion. Introduction of
a syp construct lacking its C-terminal dynamin-binding domain in syp knock-outs (KOs) increased the duration and fraction
of kiss-and-run events, increased total catecholamine release per event, and reduced late-stage fusion pore expansion. These
results demonstrated that syp and syg regulate dense-core vesicle function at multiple stages to initiate fusion, control the
choice of mode between full-fusion and kiss-and-run, and influence the dynamics of both initial and late-stage fusion pores.
The transmembrane domain (TMD) influences small initial fusion pores, and the C-terminal domain influences large latestage fusion pores, possibly through an interaction with dynamin.
Key words: chromaffin cells; dense-core vesicle; exocytosis; fusion pores; secretion; synaptophysin
Significance Statement
The secretory vesicle protein synaptophysin (syp) is known to function in synaptic vesicle cycling, but its roles in dense-core
vesicle functions, and in controlling membrane fusion during Ca21-triggered exocytosis remain unclear. The present study
used amperometry recording of catecholamine release from endocrine cells to assess the impact of syp and related proteins
on membrane fusion. A detailed analysis of amperometric spikes arising from the exocytosis of single vesicles showed that
these proteins influence fusion pores at multiple stages and control the choice between kiss-and-run and full-fusion.
Experiments with a syp construct lacking its C terminus indicated that the transmembrane domain (TMD) influences the initial fusion pore, while the C-terminal domain influences later stages after fusion pore expansion.

Introduction
Ca21-triggered exocytosis from neurons and endocrine cells
requires three soluble N-ethylmaleimide-sensitive factor attachment
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receptor (SNARE) proteins. Two of these SNARE proteins, syntaxin
1 and SNAP-25, reside in the plasma membrane and the third, synaptobrevin 2, resides in the vesicle membrane. The SNARE motifs
of these proteins associate into a helical bundle to provide the driving force for fusion (Hanson et al., 1997; Sutton et al., 1998;
Fasshauer, 2003), and the transmembrane domains (TMDs) of syntaxin and synaptobrevin contribute to the formation of the initial
fusion pore (Chang et al., 2017; Chiang et al., 2018). It is well established that the SNARE proteins participate directly in exocytotic
membrane fusion, and their interactions change as the vesicle and
plasma membranes join together (Chen et al., 1999; Hua and
Charlton, 1999; Xu et al., 1999; Wei et al., 2000; Sørensen et al.,
2002, 2006; Han and Jackson, 2006; Kesavan et al., 2007). These
studies support the concept that the SNAREs constitute the minimal molecular machinery for biological membrane fusion (Weber
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et al., 1998; Jackson and Chapman, 2006; Südhof and Rothman,
2009).
In contrast to the SNAREs, it remains unclear whether synaptophysin (syp), an integral membrane protein of secretory
vesicles with four TMDs, plays a role in membrane fusion. Syp is
the most abundant protein of synaptic vesicles by mass, accounting for ;10% of a vesicle’s total protein (Takamori et al., 2006).
Studies to date point to a role for syp in vesicle cycling. Syp regulates clathrin-dependent endocytosis of synaptic vesicles (Daly et
al., 2000) by interacting with dynamin through its C-terminal
domain (Daly and Ziff, 2002). Syp also mediates the postfusion
retrieval of synaptic vesicles in hippocampal neurons, with its C
terminus functioning in a rapid phase of endocytosis during electrical activity (Kwon and Chapman, 2011).
Although initially thought to be associated with small synaptic vesicles rather than large dense-core vesicles (LDCVs;
Walch-Solimena et al., 1993), syp is now recognized to reside
on LDCVs in endocrine cells (Obendorf et al., 1988; Fournier et
al., 1989; Lah and Burry, 1993; Winkler, 1997; Fukuda et al.,
2002; González-Jamett et al., 2010) and has been implicated in
their function. Injection of anti-syp antibody increases the duration and quantal size of Ca21-triggered exocytotic events in
chromaffin cells, and this action is mediated by the interaction
of the syp C terminus with dynamin (González-Jamett et al.,
2010). Furthermore, syp associates strongly with synaptobrevin
(Calakos and Scheller, 1994; Edelmann et al., 1995; Becher et
al., 1999), and electron microscopy revealed a pore-like sypsynaptobrevin complex with 6 syps and 12 synaptobrevins
forming a hexameric ring (Adams et al., 2015). The inward-facing residues of the synaptobrevin TMDs in this structure have
been implicated as fusion pore liners in both endocrine (Chang
et al., 2015) and synaptic (Chiang et al., 2018) fusion pores. Syp
is related to other vesicle membrane proteins with four TMDs
(tetraspanners), including synaptogyrin (syg), synaptoporin,
and secretory carrier-associated membrane proteins (SCAMPs;
Hübner et al., 2002). Syg has been shown to function in exocytosis in PC12 cells (Sugita et al., 1999), and its ablation in
Drosophila reduces spontaneous release (Stevens et al., 2012).
Prior work has demonstrated a number of roles for syp and
related tetraspanners, but has left important questions unanswered about how these proteins function in the actual fusion of
membranes during exocytosis. To address these questions, we
used amperometry to record catecholamine release from chromaffin cells prepared from syp knock-out (KO) and syp/syg double KO (DKO) mice, as well as chromaffin cells expressing syp
constructs. Our results reveal functions for syp and syg in multiple stages of membrane fusion. These proteins influence the dynamics of initial and late-stage fusion pores, and control the
choice between full-fusion and kiss-and-run. Results with a syp
deletion truncation construct indicate that the TMDs of syp stabilize initial fusion pores, while the C-terminal domain modulates a larger late-stage fusion pore.

Materials and Methods
Syp KO and syp/syg DKO chromaffin cells
Homozygous syp KO mice were obtained by crossing syp heterozygous
KO animals (Eshkind and Leube, 1995), and littermates harboring the
syp gene were used as wild-type (WT) control. DKO syp/syg animals
were obtained by crossing homozygous syp and heterozygous syg KO
animals (Janz et al., 1999). Chromaffin cells were also prepared from
WT mice for pharmacological experiments.
Cultured chromaffin cells were prepared from newborn [postnatal
day (P)0)]pups. Fresh adrenal glands were dissected in ice cold HBSS
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and digested in DMEM containing 20 units of papain at 37°C for 20 min
(Sørensen et al., 2003). Papain solution was then replaced with DMEM
containing penicillin/streptomycin and insulin-transferrin-seleniumethanolamine (ITS-X; Invitrogen#51500056), and adrenal glands were
dissociated into single cells by trituration. Individual pups were genotyped and their cells cultured on separate poly-D-lysine coated cover
slips.
Molecular biology and virus transfection
DNA encoding rat WT syp and syp-dC were obtained from Edwin
Chapman (Kwon and Chapman, 2011). Syp-dC comprises amino acids
1–243, which includes the four TMDs but lacks the large C-terminal domain. These sequences were subcloned into a bicistronic lentiviral vector
pLox-CMV-IRES2-EGFP (modified from Gascón et al., 2008). WT and
mutant constructs were confirmed by sequencing. To generate lentiviral
vectors, HEK 293T cells were co-transfected by the calcium phosphate
method with three plasmids: pLox-CMV-Syp-IRES2-EGFP or mutants,
pCAG-VSVg (expressing the VSV-G envelope protein) and pCMV-D8.9
(expressing the gag/pol proteins); 48–60 h later the supernatant was collected, run through 0.45-mm filters, and centrifuged at 70,000  g for
2 h. The concentrated viral particles were resuspended with 100-ml PBS
(pH 7.4) and stored at 80°C. Chromaffin cells on one cover slip were
infected with 10 ml of viral particles on the day of dissection.
Amperometry
Chromaffin cells 1–3 d in vitro were bathed at room temperature (RT;
;22°C) in a solution consisting of 150 mM NaCl, 4.2 mM KCl, 1 mM
NaH2PO4, 0.7 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES (pH 7.4).
Catecholamine release was measured with amperometry using a VA-10
amplifier (ALA Scientific Instruments) and 5-mm carbon fiber electrode
(ALA Scientific Instruments) polarized to 650 mV (Wang et al., 2006).
GFP fluorescence identified transfected cells. To elicit exocytosis a depolarizing solution (identical to the bathing solution but with 105 mM KCl
and 5 mM NaCl) was pressure ejected from a ;2-mm tipped micropipette positioned with a micromanipulator 10–15 mm from the cell.
Amperometric current was recorded in 23-s episodes, starting with a 3-s
baseline, followed by a 6-s application of depolarizing solution, and continuing another 14 s. This was repeated up to six times for each cell.
Amperometry recordings were analyzed with an in-house computer
program that locates exocytotic events and computes various properties
(Figs. 5A, 7A). Analysis generally focused on events with amplitude
2 pA and duration 3 ms. Kiss-and-run events were defined on the
basis of amplitudes between 2 and 4 or 2 and 6 pA, and spikes were
defined on the basis of amplitudes .4 or .6 pA (see Results; Fig. 5). To
construct cumulative spike count plots (Fig. 2C), events from the first
KCl stimulation with amplitude .4 pA were pooled, binned at one second intervals, and divided by the number of cells for that condition. The
curve rose linearly between 10% and 70% of the plateau, and this rising
portion was fitted by linear regression. Prespike foot (PSF) duration was
determined according to a protocol described by Chow and von Rüden
(1995), and distributions fitted to a single exponential. Analysis of PSF
(Fig. 6) used PSF with durations 0.75 ms associated with spikes
20 pA. Analysis of spike characteristics (Figs. 7, 8) used spikes 20 pA.
Whole-cell patch clamp of Ca21 current
Chromaffin cells were bathed at RT in a solution consisting of 105 mM
NaCl, 20 mM CaCl2, 1.5 mM MgSO4, 5 mM HEPES, 15 mM glucose, and 3
mM tetrodotoxin, pH 7.4. Patch pipettes had resistances of 3–7 MX when
filled with a solution consisting of 90 mM N-methylglucamine-Cl, 20 mM
TEA-Cl, 0.2 mM EGTA, 2 mM MgCl2, 10 mM HEPES, 20 mM Na2-creatine phosphate, 5 mM Mg-ATP, and 0.1 mM Na3-GTP, pH 7.4. Current
responses were recorded to 100-ms, 10-mV pulses from a holding potential of 80 mV. Signals low-pass-filtered at 1 kHz were recorded with an
Axon 200B patch-clamp amplifier (Molecular Devices), and digitized
with a Digidata 1550B interface (Molecular Devices) at 4 kHz using
pClamp10 software (Molecular Devices). Peak Ca21 currents during the
10-mV depolarizing pulse were averaged, and evaluated statistically by
one-way ANOVA. Bar graph displays mean 6 SEM.
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Immunocytochemistry and confocal imaging
Chromaffin cells on cover slips were fixed with 4% paraformaldehyde at
RT for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and
blocked in 10% goat serum and 3% bovine serum albumin at RT for
1 h. Cells were then incubated at 4°C overnight with mouse anti-syp
antibody (Synaptic Systems #101011) at a dilution of 1:700. After
washing three times with PBS for 5 min, cells were incubated with
secondary antibody, goat anti-mouse 568 (Abcam #ab175473) at
1:1000 dilution at RT for 1 h. Cells were then washed three times
with PBS for 5 min, and incubated with DAPI at RT for 5 min. The
coverslips were sealed onto slides with Fluoromount G (Electron
Microscopy Sciences). Cells were imaged with a Leica TCS SP8
laser-scanning confocal microscope equipped with a 60 oilimmersion lens. The laser intensity was set to 10% for 561 nm and
5% for 405 nm. Images were quantified using ImageJ software.
Background fluorescence from cell-free locations was subtracted
from the intensity of images of entire cells and then normalized to
the intensity of fluorescent microspheres [0.3% relative intensity,
InSpeck Red (580/605), Microscope Image Intensity Calibration kit,
Invitrogen #I7224] in the same image and at the same focal plane of
the cells.
Electron microscopy
Chromaffin cells on glass coverslips were fixed by immersion in 2.5%
glutaraldehyde, 2.0% paraformaldehyde, and 0.1 M sodium phosphate
buffer (PB), pH 7.4 for 1 h at RT. Cells were rinsed 5  5 min in PB,
postfixed in 1% osmium tetroxide, 1% potassium ferrocyanide, PB for
1 h at RT, and rinsed in PB as before. Dehydration was performed
in a graded ethanol series at RT and then transitioned in dry acetone
2  7 min at RT. Fully dehydrated cells were embedded using the supplier guidelines for Durcapan ACM (Electron Microscopy Science;
https://www.emsdiasum.com/microscopy/technical/datasheet/14040.
aspx). Cells were infiltrated successively in three Durcupan and acetone mixtures, increasing the proportion from 1:3 to 3:1. Final
embedding and polymerization were performed in fresh Durcupan
with added accelerator for 24 h at 60°C. The coverslips were floated
in concentrated hydrofluoric acid for 15 min and the embedded cells
were sectioned on a Leica EM UC6 ultramicrotome at 100 nm. The
sections were collected on pioloform coated 2  1 Cu slot Cu grids
(EMS), and poststained with 8% uranyl acetate in 50% ethanol and
Reynold’s lead citrate. The sectioned samples were viewed at 80 kV
on a Philips CM120 transmission electron microscope and images
acquired with an AMT BioSprint12 digital camera (Advanced
Microscopy Techniques). Images were imported into ImageJ for
measurement of LDCV diameter.
Experimental design and statistical analysis
Data were organized according to chromaffin cells subjected to different
conditions, including WT (the control condition), WT overexpressing
syp (WT1syp), syp KO, syp KO transfected with syp (syp KO1syp),
syp KO transfected with syp-dC, and syp/syg DKO. Comparisons were
performed between these conditions. Data analysis, plotting, and fitting
were performed with the computer program Origin. Statistical analysis
was performed with GraphPad. Bar graphs present mostly cell-means
(Colliver et al., 2000), with the mean first computed for individual cells
and then averaged across cells within a condition; standard errors are
based on cell number. Parallel statistical analysis based on number of
amperometric events was also performed in some cases. The appropriateness of analysis based on cell number versus event number depends
on the relative contributions to error arising from variance among events
versus variance among cells, as discussed in the relevant Results sections.
In linear fits to cumulative spike count plots and exponential fits to PSF
duration distributions, parameter error was generated by the fit performed in Origin (Figs. 2D, 6C). Statistical significance was evaluated
between conditions by ANOVA using the Tukey’s post hoc test or
Student–Newman–Keuls post hoc test (see figure legends). Statistical significance of immunocytochemistry measurements (Fig. 1) was based on
the Mann–Whitney test. Significance of differences in cumulative
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distributions (Fig. 4C) was evaluated with the Kolmogorov–Smirnov
test. Statistical significance is presented in Results and/or figure legends.

Results
Syp loss and overexpression
To determine syp expression levels in different conditions, chromaffin cells were stained with antibody against syp and evaluated
by immunocytochemistry. Strong immunofluorescence indicated that WT chromaffin cells express syp (Fig. 1A, second
row). The distribution of syp immunostaining was spatially distinct from the nuclear stain DAPI, indicating a cytoplasmic location (Fig. 1A, third and fourth rows). Syp overexpression greatly
increased syp immunofluorescence (Fig. 1A, second column),
while syp KO chromaffin cells exhibited faint syp immunofluorescence indistinguishable from background autofluorescence
(Fig. 1A, third column). Syp KO cells transfected with WT syp
exhibit syp immunofluorescence comparable to WT cells (Fig.
1A, right column). Background-subtracted total fluorescence was
measured from a region of interest encompassing the entire area
of individual cells and calibrated against InSpeck fluorescent
beads (see Materials and Methods) to quantify syp and compare
levels. Syp overexpression in WT cells significantly increased syp
immunoreactivity by 2.2-fold. Syp immunofluorescence in syp KO
cells was ;5-fold below WT levels, and transfection of syp in syp
KO cells resulted in levels indistinguishable from WT (Fig. 1B).
Expression levels varied between cells and the distribution within
each group was quite broad, especially for WT cells overexpressing
syp (Fig. 1C). Although the mean levels of syp immunofluorescence
in WT and syp KO1syp were similar, the distribution was broader
in WT. These results verify that genetic ablation and overexpression
have the expected outcomes on syp levels. The cytoplasmic location
and punctal pattern support a vesicular localization of syp, and are
consistent with prior work demonstrating the presence of syp on
LDCVs (Obendorf et al., 1988; Fournier et al., 1989; Winkler, 1997;
Fukuda et al., 2002; González-Jamett et al., 2010).
Spike frequency
Amperometry recordings reported the release of catecholamine
from chromaffin cells depolarized by high KCl ejected from a
nearby micropipette. Release was observed for all conditions
tested, including WT, WT overexpressing syp (WT1syp), syp
KO, syp KO transfected with syp (syp KO1syp), syp KO transfected with syp-dC (syp comprising the four TMDs and lacking
the C terminus), and syp/syg DKO (Fig. 2A). The discrete spikelike events in these recordings register the fusion of single
vesicles (Wightman et al., 1991). We calculated the frequency
with which vesicles fuse by counting the number of spikes with
amplitudes 4 pA elicited by the first KCl stimulation, and
dividing this number by the recording time during and after KCl
application (a total of 20 s). This frequency was then averaged
over cells to produce a cell-mean spike frequency (Fig. 2B). In
WT and syp KO cells, spikes appeared with similar frequencies
of ;2 Hz. Transfection of syp in either WT or syp KO cells, and
transfection of syp-dC in syp KO cells reduced this frequency
;2-fold. Syp overexpression in WT produced a similar reduction which was not significant (p = 0.08). Although knocking out
syp alone did not reduce the spike frequency, knocking out both
syp and syg significantly reduced the frequency by slightly .2fold (DKO in Fig. 2B).
To evaluate the overall time course of release we plotted spike
number versus time, pooling all the events from each group of
cells under a given condition, and normalizing to cell number.
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Figure 1. Syp expression. A, Micrographs of WT cells, WT cells transfected with syp, syp KO cells, and syp KO cells transfected with syp. The rows present images of bright field (BF), immunofluorescence of syp (red), DAPI (blue), and syp1DAPI (Merge). Scale bars: 7.5 mm. B, Quantitative analysis of syp immunostaining against calibration standard corrected for background (see
Materials and Methods). WT1syp fluorescence is 2.17-fold higher than in WT, while fluorescence in syp KO1syp is similar to that in WT. C, Distribution of syp immunostaining from B. Cell
numbers: WT, N = 96; WT1syp, N = 82; syp KO, N = 86; syp KO1syp, N = 126; ***p , 0.01, by Mann–Whitney test.
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Figure 2. Amperometry recordings of catecholamine release from chromaffin cells with tetraspanner manipulations. A, Representative recordings from WT cells, syp KO cells, syp KO cells
transfected with WT syp (syp KO1syp), syp KO cells transfected with syp-dC (syp KO1dC), WT cells overexpressing full-length syp (WT1syp), and syp/syg DKO cells. The lines below each
trace indicate the time of depolarization by high KCl application. B, The frequency of spikes (amplitudes .4 pA) from the first stimulation, presented as cell-mean. C, Pooled cumulative spike
counts from the first stimulation of each cell, plotted to show fusion events versus time (normalized to cell number). As in B, the line below indicates the time of depolarization. D, The slope
of the rise from 10% to 70% of the plateau from the cumulative plots in C. Cell numbers: WT, N = 77; syp KO, N = 75; syp KO1Syp, N = 53; syp KO1dC, N = 41; WT1syp, N = 29; DKO,
N = 72 cells; pp , 0.05, ppp , 0.01, pppp , 0.001, by one-way ANOVA with the Tukey’s post hoc test.

These spike count plots increased approximately linearly during
depolarization and more slowly after depolarization ceased (Fig.
2C, horizontal black line below indicates time of KCl application). The steeply rising phases, when the spike counts
increased from 10% to 70% of maximum, were fitted to lines
and the slopes are displayed in Figure 2D. The slopes were all
significantly lower than in WT. Syp KO reduced the slope by
;20%, and ;2-fold reductions of similar magnitude were
seen with DKO, syp transfection in WT or syp KO cells, and
syp-dC transfection in syp KO cells. The effects on frequency
(Fig. 2B) and slope (Fig. 2D) were qualitatively similar, but
the reductions in slope were statistically more robust. This
difference reflects the fact that frequency was a cell-mean,
and this made the statistical analysis more conservative. By
contrast, the errors in the slope were much smaller because
all the events for a given condition were pooled. These two
measures of frequency illustrate the distinction between cellbased and event-based analysis of amperometry data
(Colliver et al., 2000).
Both forms of analysis support the conclusion that ablation of
syp reduced secretion slightly, and ablation of both syp and syg
had a larger effect. Transfection of syp in either WT or syp KO
cells reduced secretion. This effect cannot be accounted for by
changes in syp levels, but may indicate a subtle effect of the different distributions of syp levels in WT versus syp KO1syp
(Fig. 1). Transfection with syp and syp-dC produced similar

degrees of reduction in secretion, suggesting that the TMDs
alone are sufficient for this effect.
Exocytosis was lower than in WT for most conditions. Since
changes in Ca21 entry could alter secretion we patch-clamped chromaffin cells and measured voltage-gated Ca21 current triggered by
depolarizing steps. Under all of the various conditions tested for
exocytosis, Ca21 currents were similar in appearance (Fig. 3A) and
the mean peak currents were indistinguishable (Fig. 3B).
Furthermore, the mean currents at the end of the 100-ms pulse
were also indistinguishable (Fig. 3C). These results suggest that
channel activity and inactivation are the same between groups.
Although changes in more complex aspects of Ca21 channel gating
cannot be ruled out, it is unlikely that the variations in secretion
result from alterations in Ca21 channel function.
Kiss-and-run versus full-fusion
The shapes of amperometric single-vesicle fusion events varied
widely. Some were rapid, with sharp spike-like shapes and large
amplitudes, while others were slow, with flatter shapes and
smaller amplitudes. The small flatter events are displayed more
clearly with an expanded current scale that clips the large spikes
(Fig. 4A). The rapid rises of spikes indicate rapid expulsion of
catecholamine through an expanding fusion pore, while the
small events indicate slower expulsion, suggesting that with these
events the fusion pore expands relatively little and closes. In fact,
the total catecholamine release during events with peak ,4 pA (a
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the Tukey’s post hoc test.
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cutoff has the opposite effect by minimizFigure 5. Classifying full-fusion and kiss-and-run events. A, Representative small-amplitude kiss-and-run events (left) and
ing the impact of kiss-and-run events on
large-amplitude full-fusion spikes (right). t1 is the duration from event onset to the time where the signal passes below the
the estimation of spike number. We used
average of the points within 50% of the preceding peak; t2 indicates total duration (Wang et al., 2006). The ratio t1/t2 is
these two cutoff values to calculate the
close to one for kiss-and-run events and smaller for spikes. B, The plot of t1/t2 versus peak amplitude from all WT cell events
fraction of kiss-and-run events for each
(200 events per bin). The dashed lines highlight a transition between two regions, with kiss-and-run events to the left and
condition and determine the cell-mean. As
full-fusion to the right. C1, The cell-mean of fraction of kiss-and-run events (2- to 4-pA events/all events). Kiss-and-run fracexpected, the 4-pA cutoff produced estitions are significantly higher in syp KO, DKO, and syp KO1dC. C2, The durations of 2- to 4-pA kiss-and-run events, computed
as cell-means with cell number as in Figure 2. D1, The cell-mean of fraction of kiss-and-run events (2- to 6-pA events/all
mates of this fraction (Fig. 5C1) that were
events). Kiss-and-run fractions are significantly higher in the same conditions as C1. D2, The durations of 2- to 6-pA kisssystematically lower than the 6-pA cutoff
and-run events; ppp , 0.01, pppp , 0.001. One-way ANOVA with Tukey’s post hoc test.
(Fig. 5D1), with similar trends for all conditions. This quantity showed significant
variations for several conditions, and both
and all other conditions shifted the distributions to the left,
the 4-pA (Fig. 5C1) and 6-pA (Fig. 5D1)
reflecting a higher proportion of small-amplitude events. These
cutoffs gave the same conclusion about which conditions alter
differences can be seen more clearly by focusing on the range
the fraction of kiss-and-run events. This approach thus provides
from 2 to 6 pA (Fig. 4C2). The shifts relative to WT were all statisa more robust cell-based indicator of exocytosis mode than amtically significant as judged by the Kolmogorov–Smirnov test
plitude (Fig. 4B). By this measure, syp KO and DKO cells both
(p , 0.05). By this criterion nearly every distribution was distinct;
had higher fractions of kiss-and-run events than WT cells (Fig.
only the syp KO and syp KO1syp distributions were indistinguish5C1,D1). Transfection of syp in syp KO cells restored the fraction
able (p = 0.09). This analysis of amplitude distribution revealed a
of kiss-and-run events to that seen in WT. However, transfection
trend of change toward small amplitudes. Thus, all of our manipuof syp-dC did not, and the fraction remained comparable to that
lations of tetraspanners produced variable shifts in the mode of exoseen in syp KO and DKO cells. The analysis of event fraction
cytosis toward kiss-and-run, and DKO had the greatest effect.
using both cutoffs indicates that tetraspanners influence the
To analyze the shapes of events rather than amplitudes, we
choice between full-fusion and kiss-and-run, and implicates the
C terminus in this action.
turned to a quantitative index to classify events (Wang et al.,
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Fusion pore stability during kiss-and-run
We examined the stability of fusion pores during kiss-and-run
by analyzing the durations of events with amplitudes ,4 and
,6 pA. These values are presented in Figure 5C2 for the 4-pA
cutoff and Figure 5D2 for the 6-pA cutoff, and are very similar
for both. We observed a trend similar to that seen with the
fraction of kiss-and-run events. Syp KO and DKO cells had longer duration kiss-and-run events than WT control cells.
Transfection of syp KO cells with syp restored the durations to
the WT control level, but transfection with syp-dC did not, again
implicating the C terminus. Overexpressing syp in WT cells,
which had no effect on the fraction of kiss-and-run events (Fig.

5C1,D1), also failed to produce a significant change in their duration (Fig. 5C2,D2). Except for the case of syp KO (where an
increased duration was observed that was not significant), these
manipulations of tetraspanners had parallel effects on duration
and fraction of kiss-and-run events.
Fusion pores stability before spikes
To evaluate the stability of fusion pores leading to spikes, we
examined the durations of PSFs that appear before a spike’s rapid
upstroke. The PSF represents a low level of flux through an initial
fusion pore, which then expands to produce a spike (Chow et al.,
1992; Jankowski et al., 1993). We observed PSF under all
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Figure 8. Late-stage fusion pores. A, Transformation of spike to permeability for a WT and WT1syp spike by the equation in text. Amperometric current (solid trace) was used to calculate
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syp KO1dC, and WT1Syp cells. C, Bar graph of plateau permeability, which was significantly lower for syp KO1dC and WT1syp. Cell numbers as in Figure 2; pp , 0.05, pppp , 0.001.
One-way ANOVA with Tukey’s post hoc test.

conditions tested (Fig. 6A, bars) and fitted their lifetime distributions to exponential decays to obtain estimates of mean duration
(Jackson, 1992; Wang et al., 2001; Fig. 6B). In syp KO and DKO
cells, the mean PSF duration differed significantly from WT control
cells, while the other conditions had no effect. In syp KO cells the
mean PSF duration was slightly shorter, and in DKO cells the mean
PSF duration was almost twice as long as in WT (Fig. 6C). This suggests that tetraspanners play a role in the kinetic transitions of initial
fusion pores. Since initial fusion pores can terminate by closure or
expansion (Wang et al., 2001), tetraspanners could influence one or
both of these rates. Ablating only syp results in briefer PSF durations (syp KO in Fig. 6), suggesting that syg, which is still present in
these cells, can accelerate these rates more than syp. Transfecting
syp KO cells with either syp or syp-dC restored the PSF duration to
that seen in WT. Thus, the rescue of this function does not depend
on the C terminus, and indicates that the action on initial fusion
pores depends on the TMDs. The amplitudes of PSF were the same
under all conditions tested (Fig. 6D), suggesting that the size of the
initial fusion pore is not influenced by tetraspanners. Note that the
mean amplitudes of ;3 pA are within the range for most kiss-andrun events (2–4 pA), suggesting that PSF and kiss-and-run events
represent fusion pores with similar sizes.
Spike shape and late-stage fusion pore dynamics
Amperometric spikes are generally interpreted as a rapid loss of
vesicle content after the fusion pore has expanded. However,

their decays are too slow to be explained as catecholamine diffusion
from a point on the cell surface to the amperometry electrode
(Wightman et al., 1995; Schroeder et al., 1996; Jackson et al., 2020).
Furthermore, spike shape can be influenced by many exocytosis
proteins (Fisher et al., 2001; Barclay et al., 2004; Neco et al., 2008;
González-Jamett et al., 2010, 2013; Trouillon and Ewing, 2013;
Bretou et al., 2014; Shaaban et al., 2019), suggesting that fusion
pores can be regulated after they have expanded. For events that
were clearly classified as spikes (20 pA) and therefore attributable
to full-fusion, we observed that manipulations of tetraspanners
altered their shape. We measured a number of features of these
spikes (Fig. 7A) and plotted cell-means. The peak amplitudes were
the same under all conditions (Fig. 7B), indicating that the 20-pA
cutoff effectively excludes kiss-and-run events (Figs. 4, 5). We also
examined 10–90% rise time (Fig. 7C), half-width (Fig. 7D), decay
time (Fig. 7E), and total area (Fig. 7F). The rise time in DKO cells
was significantly longer than in WT, and transfection with syp-dC
resulted in even longer rise times, but rise times in syp KO cells, syp
KO cells transfected with syp, and WT cells overexpressing syp
were indistinguishable from WT (Fig. 7C). The half-width, decay
time, and total event area were all significantly greater in syp KO
cells transfected with syp-dC, and WT cells overexpressing syp (Fig.
7D–F). The analysis of spike shape thus suggests that tetraspanners
regulate a later stage of exocytosis, after the choice between kissand-run and full-fusion, and that the C terminus plays a role.
To relate the changes in spike shape to fusion pore dynamics,
we used a method that tracks fusion pore evolution during the
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overexpressing syp (Fig. 8C). These results
indicate that tetraspanners exert control over
late-stage fusion pores, and that this control
depends on the C terminus.
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Inhibition of dynamin by dynasore
Because syp interacts with dynamin through
E
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its C terminus (Daly and Ziff, 2002), we tested
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whether inhibition of dynamin with dynasore
alters catecholamine release. We prepared
0.20
chromaffin cells from WT mice and per0.4
formed amperometry in the absence and pres0.15
ence of 0.5 or 1 mM dynasore, a dynamin
0.3
inhibitor (Macia et al., 2006). These concentra**
tions are well below the concentrations that
**
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dynasore inhibits chromaffin cell Ca21 current
(.50 mM; Tsai et al., 2009). Both concentrations
of dynasore increased the fraction of
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kiss-and-run events assessed with a 4-pA cutoff (Fig. 9A) but did not change their mean
0.00
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duration (Fig. 9B). Spike rising time was not
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0.5 μM 1 μM
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0.5 μM 1 μM
affected (Fig. 9C), but 1 mM dynasore increased
the decay time significantly (Fig. 9D). The
Figure 9. Inhibition of dynamin by dynasore. WT chromaffin cells were incubated in the bathing solution with 0.04%
peak spike permeability and plateau permeDMSO (Ctrl), or 0.5 or 1 mM dynasore for 5 min, and amperometry recordings conducted as in Figure 2A. A, The fraction
ability were both reduced by 1 mM dynasore
of kiss-and-run events. B, Kiss-and-run duration. C, Rising time. D, Decay time. E, Peak permeability. F, Plateau perme(Fig. 9E,F). (Note that the lower control values
ability. Cell numbers: Ctrl, N = 29; 0.5 mM, N = 27; 1 mM, N = 31; pp , 0.05, ppp , 0.01, pppp , 0.001. One-way
compared with Figure 8 may reflect the
ANOVA with Tukey’s post hoc test.
DMSO of control experiments (0.04% used as
vehicle for the inhibitor) or subtle differences
spike (Jackson et al., 2020). With a static pore permeability g, the
in the genetic background of the WT animals
content of a vesicle with volume V decays exponentially with a
used for these experiments). These results implicate dynamin in
time constant proportional to V/g (Almers, 1990). With a
controlling fusion pore transitions. The increases in kiss-and-run
dynamic fusion pore, the time-dependent permeability g(t) can
be calculated from amperometric current I(t) using the following
events and spike decay times, and the reductions in peak and platransform (Jackson et al., 2020; their Eq. 7).
teau permeability parallel the changes produced by tetraspanners
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280.77 6 20.31 nm. The values were statistically indistinguishable by one-way ANOVA with Student–Newman–Keuls post hoc test.

(Figs. 5C1, 7E, 8B,C). These results are thus consistent with a role
for dynamin-syp interactions in the control of fusion pores
(González-Jamett et al., 2010), and suggest that the action is at an
expanded, late-state pore. The large effect of the C terminus on
spike rise times (Fig. 7C) and absence of an effect of dynasore on
this property (Fig. 9C) raises the possibility of an effect of the C
terminus that does not depend on dynamin binding.
Electron microscopy and vesicle size
Both syp KO cells transfected with syp-dC and WT cells overexpressing syp had spikes with ;75% greater area than WT controls (Fig. 7F), indicating that these conditions increased the
catecholamine release per event. This could reflect greater vesicle
loading, and syg has been shown to interact with vesicular amine
transporters to enhance their function (Egana et al., 2009).
Although this form of positive functional interaction with syg
cannot account for the larger area of spikes recorded from DKO
cells lacking syg (Fig. 7F), more complex interactions with transporters remain a possibility. Another possible explanation for the
increases in catecholamine content is an increase in LDCV size.

To test this possibility, we viewed chromaffin cells in an electron
microscope and measured vesicle diameter. Images of cells from
WT, syp KO, DKO, syp KO transfected with syp-dC, and WT
overexpressing syp all contained characteristic LDCVs (Fig. 10A,
LDCVs indicated with arrows). The diameter distributions were
very similar, with peaks between 200 and 250 nm and tails
extending to larger values. Mean diameters were all ;280 nm
and statistically indistinguishable (Fig. 10C). Thus, the differences in total amount of catecholamine released per event (Fig.
7F) cannot be attributed to LDCV size. The changes in amperometric area may indicate that fusion pores close before release
is complete, and that tetraspanners influence this closure process to limit content loss per event. This would then represent a
very different form of kiss-and-run from that described above
with small 2- to 4-pA events. Another possibility is suggested
by the broad distributions of size (Fig. 10B). If small and large
vesicles differ in their readiness for fusion, tetraspanners could
increase the mean area of recorded spikes by increasing the relative tendency of large LDCVs to fuse compared with small
LDCVs.
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Figure 11. Syp interactions and fusion pores. A, A SNARE lined fusion pore forms with an opening transition.
An interaction between syp TMDs and SNARE TMDs within a partially zipped SNARE complex of the initial fusion
pore enables syp to influence early stages of fusion pores and thus PSF stability (Fig. 6). Reversal of pore opening
leads to a small kiss-and-run event (Figs. 4, 5). B, The first dilation step, dilation 1, expands the pore to a lipidic
state, and is presumably driven by a final zipping step of the SNARE complex. An interaction between the syp Cterminal domain and dynamin can influence the stability of this lipidic pore, and determine the rate of further
expansion. The further expansion of the lipidic pore is indicated as dilation 2. Reversal of dilation 1 would terminate a large, spike-like event, in a second form of kiss-and-run.

Discussion
The present study investigated the role of tetraspanners in Ca21triggered exocytosis. Amperometry recording of catecholamine
release from mouse chromaffin cells revealed that exocytosis was
altered by genetic ablation of syp and syg and transfection with
syp and syp-dC. Different constructs influenced different stages
of exocytosis, indicating that syp and syg have multiple roles,
and control fusion pores at multiple stages of exocytosis. These
proteins function in fusion pore stability and expansion, with the
TMDs influencing the dynamics of small, early-stage fusion
pores, and the C-terminal domains influencing large, late-stage
fusion pores.
Requirements for vesicle fusion
Knocking out both syp and syg impaired but did not abolish exocytosis. This raises the question of whether the role of tetraspanners is regulatory or essential. Ca21-triggered fusion can be
reconstituted in vitro without tetraspanners (Weber et al., 1998;
Jackson and Chapman, 2006). However, the possibility remains
that fusion in vivo requires a tetraspanner, and that the residual
secretion in DKO cells depends on other tetraspanner proteins.
PC12 cells express the tetraspanners SCAMP1 and SCAMP2,
and knocking them down reduced secretion (Liao et al., 2008).
Disrupting the interactions of SCAMP2 with Arf6 and phospholipase D1 reduced secretion and favored kiss-and-run (Liu et al.,
2005), while knocking down SCAMP1 delayed fusion pore closure (Zhang and Castle, 2011). Thus, SCAMPs could account for
the residual secretion in DKO chromaffin cells.
The less frequent fusion events in DKO cells suggests a role in
an early step such as docking or priming or pore opening.
Transfection with syp in syp KO and WT cells also reduced the
frequency of fusion events (Fig. 2), consistent with previous
work in PC12 cells showing that tetraspanner overexpression
inhibits release (Sugita et al., 1999). The reduction of exocytosis
by both decreased and increased expression may indicate the existence of an optimal level of expression. However, expression
levels (Fig. 1) did not correlate with event frequency (Fig. 2).
Changes in levels of other proteins could complicate this relation,

but little if any compensatory changes in the levels
of other major presynaptic proteins (including
synaptobrevin) were seen following ablation of
syp, or syg, or both (McMahon et al., 1996; Janz et
al., 1999). Interdependent expression and redundancy of function complicate the interpretations
of such experiments, and point to the need to test
function on backgrounds free of related forms.
Tetraspanner function may also depend on context and species. Hippocampal synapses from
DKO mice exhibited reduced long-term potentiation, but synaptic vesicle release was unaffected
(Janz et al., 1999). In Drosophila, ablating the sole
tetraspanner, a syg homolog, reduced miniature
synaptic currents, increased their amplitude, and
increased the paired-pulse ratio (Stevens et al.,
2012).

Initial fusion pores
Tetraspanners influence both the initial fusion
pore responsible for the PSF and late-stage fusion
pores responsible for the spike. Initial fusion pores
can terminate either by dilation or closure (Wang
et al., 2001, 2006), and changing either of these
rates would influence PSF duration. PSF durations
became slightly shorter without syp but became quite a bit longer
without both syp and syg (Fig. 6). These results suggest that tetraspanners interact with initial pores. The finding that syp with
or without its C terminus rescued the reduction seen in syp KO
suggests that this action depends primarily on tetraspanner
TMDs. It is interesting that removing syp reduced the PSF duration while removing both syp and syg did the opposite (Fig. 6C).
If syg has a stronger accelerating effect than syp on a transition
out of the initial fusion pore, then removing syp will leave syg,
enabling the stronger action of this protein to shorten PSF lifetimes. The loss of syg in DKO cells then takes away the protein
with the stronger accelerating effect, dramatically prolonging
PSF durations.
PSF amplitudes are influenced by SNARE protein TMDs,
supporting a role in initial fusion pores (Chang et al., 2017).
Structural work suggests that syp TMDs could also contribute to
fusion pores (Adams et al., 2015), but our finding that PSF
amplitudes were not altered by tetraspanner manipulations (Fig.
6D) does not support such a role. Studies of TMD mutations in
syp will provide a more critical test of this idea.

Mode of release
Ablating syp or syp1syg increased the proportion of kiss-andrun events (Figs. 4, 5C). This proportion is determined by
whether an initial fusion pore expands or closes, and these results
point to a role for tetraspanners at this bifurcation point.
Transfection of syp KO cells with syp reduced kiss-and-run to
levels seen in WT cells, but transfection with syp-dC did not
(Fig. 5C). This implicates the C terminus in release mode. In
addition to the changes in small kiss-and-run events (Figs. 4, 5),
the changes in spike area (Fig. 7F) suggest another effect on
release mode at a later bifurcation point. Changes in spike area
indicate different amounts of catecholamine release per LDCV.
Since electron microscopy ruled out changes in LDCV size (Fig.
10), the change in spike area could reflect either a change in
intravesicular catecholamine concentration, or closure of a latestage fusion pore. Closure of larger fusion pores has been suggested previously, based on amperometry (Mellander et al.,
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2012) and patch-amperometry (Alés et al., 1999), and the
changes in spike area reported here could indicate that tetraspanners modulate this step. Regulating release mode has important
implications for endocrine function. Keeping pores small will
favor the secretion of small molecules, and allowing them to
expand will allow large molecules to pass (Fulop et al., 2005).
Fine control over fusion pore size will determine how long
vesicles retain hormones for enzymatic processing (Bohannon et
al., 2017).
C-terminal domain function
Syp and syp-dC had similar effects on some aspects of exocytosis
and different effects on others. These contrasts offer insight into
the roles of the TMDs and the C terminus in different stages of
exocytosis. The TMD had a greater impact on early stages (Fig.
2) and on nascent fusion pores responsible for the PSF (Fig. 6).
The C-terminal domain had a greater impact on kiss-and-run
(Figs. 4, 5) and late-stage fusion pores (Figs. 7, 8). These trends
implicate the TMD in initial fusion pores and the C terminus in
late-stage fusion pores. The effects on late-stage pores likely
involve dynamin, which associates with the C-termini of both
syp and syg in a Ca21-dependent manner (Daly and Ziff, 2002).
Disrupting this interaction in chromaffin cells increased spike
half-width and quantal size (González-Jamett et al., 2010, 2013).
Inhibiting dynamin slows fusion pore dilation (Trouillon and
Ewing, 2013), and dynamin mutants regulated the dilation of endocrine fusion pores to a degree that depended on their GTPase
activity (Anantharam et al., 2011). Moreover, inhibition of dynamin increased the half-width and decay time of amperometric
spikes in chromaffin cells but did not change rise times (Graham
et al., 2002). Interestingly, in WT cells overexpressing syp, we
also saw an increased spike half-width and decay time, but no
change in rise time (Fig. 7). The lower plateau permeability seen
with syp-dC (Fig. 8C) and dynamin inhibition (Fig. 9E,F) suggests that through its interaction with the syp C terminus, dynamin forms a collar that promotes expansion of the late-stage
fusion pore. By sequestering dynamin, syp overexpression could
also reduce expansion of late-stage fusion pores.
The actions of tetraspanners on different phases of exocytosis
can be interpreted with the aid of a model comprising two fusion
pores states (Fig. 11). The changes in event frequency (Fig. 2)
and PSF duration (Fig. 6) indicate that tetraspanners act on initial fusion pores through their TMDs (Fig. 11A). The initial
fusion pore then transitions to a larger lipidic fusion pore (Fig.
11B, dilation 1), possibly driven by SNARE complex zipping
(Jackson, 2010). By modulating this step tetraspanners could
promote fusion pore dilation and control the critical choice
between dilation and closure that determines whether an event
terminates with full-fusion or kiss-and-run. The interaction
between the syp C terminus and dynamin is depicted in Figure
11B, with a syp-dynamin collar surrounding a lipidic pore responsible for the plateau permeability (Fig. 8). Pharmacological
block of dynamin releases the expanding impact of this protein
(Fig. 9E,F). Further expansion (Fig. 11B, dilation 2) leads to fullfusion. Figure 11 incorporates two forms of kiss-and-run: closure
by reversal of opening terminates the initial pore (Fig. 11A), reversal of dilation 1 returns the late-stage lipidic pore (Fig. 11B)
back to the initial pore.
In conclusion, the present study has revealed a number of
new roles for tetraspanners. These proteins promote fusion, control the opening, closing, and expansion of fusion pores, and regulate the mode of exocytosis between full-fusion and different
forms of kiss-and-run. Effects on fusion pore stability suggest
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that these abundant membrane vesicle proteins interact with the
fusion apparatus. The TMDs of syp may provide structural support for initial fusion pores, while the C terminus shapes latestage fusion pores. These actions provide syp and its tetraspanner
homologs with multiple control points, where they can regulate
LDCV exocytosis. In addition, by regulating the size of late-stage
fusion pores, tetraspanners can control the selective loss of
content.
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