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Deciphering Dead-End Docking of Large Dense Core Vesicles

in Bovine Chromaffin Cells
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Physiologisches Institut, Universitit des Saarlandes, 66421 Homburg/Saar, Germany

Large dense core vesicle (LDCV) exocytosis in chromaffin cells follows a well characterized process consisting of docking, priming, and
fusion. Total internal reflection fluorescence microscopy (TIRFM) studies suggest that some LDCVs, although being able to dock, are
resistant to calcium-triggered release. This phenomenon termed dead-end docking has not been investigated until now. We characterized
dead-end vesicles using a combination of membrane capacitance measurement and visualization of LDCV's with TIRFM. Stimulation of
bovine chromaffin cells for 5 min with 6 uwm free intracellular Ca*" induced strong secretion and a large reduction of the LDCV density at
the plasma membrane. Approximately 15% of the LDCVs were visible at the plasma membrane throughout experiments, indicating they
were permanently docked dead-end vesicles. Overexpression of Munc18-2 or SNAP-25 reduced the fraction of dead-end vesicles. Con-
versely, expressing open-syntaxin increased the fraction of dead-end vesicles. These results indicate the existence of the unproductive
target soluble N-ethylmaleimide-sensitive factor attachment protein receptor acceptor complex composed of 2:1 syntaxin-SNAP-25 in
vivo. More importantly, they define a novel function for this acceptor complex in mediating dead-end docking.

Introduction

The adrenal chromaffin cell is one of the leading model systems to
study regulated exocytosis of large dense core vesicles (LDCVs).
Before fusing with the plasma membrane (PM), LDCVs dock to
the PM and then become primed. The docking, i.e., tethering,
process is induced by the interaction of synaptotagmin with the
target soluble N-ethylmaleimide-sensitive fusion protein attach-
ment protein receptor (t-SNARE) acceptor complex, consisting
of SNAP-25 and syntaxin (de Wit et al., 2009). The formation of
this t-SNARE acceptor complex is assisted by Munc18, a chaper-
one for syntaxin (Gulyéds-Kovacs et al., 2007; de Wit et al., 2009),
by stabilizing functional syntaxin—-SNAP-25 1:1 complexes and
decreasing the formation of nonfunctional 2:1 complexes (Zilly
et al., 2006; Weninger et al., 2008). Additionally, access of the
LDCVs to the PM is facilitated by Muncl8 which induces the
depolymerization of the cortical actin network (Toonen et al.,
2006). Priming occurs as the v-SNARE, e.g., synaptobrevin2, as-
sociates with the t-SNARE acceptor complex (Walter et al., 2010).
This step is modulated by several factors, such as the Ca*™-
dependent activator protein of secretion (CAPS), protein kinase
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C (PKC), or tomosyn (Smith et al., 1998; Yizhar et al., 2004;
Speidel et al., 2005; Liu et al., 2008). Interestingly, Verhage and
Serensen (2008) introduced the idea that some docked LDCVs
cannot fuse with the PM, designating this process dead-end
docking.

Repetitive stimulation of chromaffin cells with flash pho-
tolysis of caged Ca®" was previously shown to entirely deplete
the releasable pool of vesicles, as assessed by membrane capa-
citance recording (Ashery et al., 2000). This result was inter-
preted as a depletion of all docked vesicles. Studies using total
internal reflection fluorescence microscopy (TIRFM) to visu-
alize LDCVs close to the PM, reported that LDCVs residing at
the PM of chromaffin cells or PC12 cells were never entirely
depleted, even when using long-lasting stimulation (Steyer et
al., 1997; Lang et al., 2000; Johns et al., 2001). In fact, a max-
imum LDCV depletion at the PM of only 41% was obtained
using Ba** stimulation for 20 min (Johns et al., 2001). Thus, it
is possible that LDCVs remaining at the PM after the stimulus
represent dead-end vesicles.

Using a combination of TIRFM and membrane capacitance
measurements, we now demonstrate the existence of dead-end
vesicles in bovine chromaffin cells. Perfusing the cells with an
intracellular solution containing high free [Ca**] reveals that
~15% of all LDCVs at the PM were unreleasable dead-end vesi-
cles. Additionally, overexpression of Munc18-2 strongly reduced
the fraction of unreleasable vesicles residing at the membrane.
Because Munc18 regulates the formation of the t-SNARE accep-
tor complex, we tested whether the unproductive 2:1 syntaxin:
SNAP-25 acceptor complex was responsible for dead-end
docking. Raising the syntaxin:SNAP-25 ratio to promote the 2:1
acceptor complex formation increased the size of the dead-end
vesicle pool. Conversely, reducing the syntaxin:SNAP-25 ratio, to
hinder the 2:1 acceptor complex formation, decreased the num-
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Table 1. Overexpression of Munc18-2, open-syntaxin, and SNAP-25 do not affect
the transcription level of unrelated proteins but overexpression of Munc18-2
increased the transcription of syntaxin

Tested mRNA level normalized to the endogenous concentration

Overexpressed protein  Munc18 Syntaxin SNAP-25 Rab3 Synaptotagmin Complexin

Munc18-2 6.8 233 0.5 15 09 1.48
Open-syntaxin 25 >5000 0.2 1.0 10 0.6
SNAP-25 0.8 1.1 >5000 0.8 0.9 0.6

The results are expressed as fold increase over endogenous expression level. We detected mRNA of Munc18-1and -2
but they were pooled together since both isoforms share most features.

ber of dead-end vesicles. These data support a role of the 2:1
acceptor complex in dead-end docking of LDCVs.

Materials and Methods

Cell preparation and transfection. Chromaffin cells were isolated from
bovine adrenal glands of either sex and cultivated as described by Nofal et
al. (2007). Unless mentioned otherwise, cells were used after 3-5 d in
vitro (DIV). Vesicles were stained by overexpressing NPY fused to
mCherry. The NPY construct, which was verified by DNA sequenc-
ing, was cloned into a pMAX vector (kindly provided by Prof. Hoht,
Institut fiir Biophysik Universitit des Saarlandes, Homburg, Ger-
many) and overexpressed by electroporation (Neon Transfection Sys-
tem, Invitrogen).

Plasmid pmTFP-C1 was generated by replacing GFP within pEGFP-C1
(Clontech) by monomeric Teal Fluorescent Protein (mTEFP; Allele Biotech).
hMunc18-2 was amplified by PCR from ¢cDNA clone IRAUp969E1225D
(ImaGenes) to add 5" EcoRI and 3" BamHI restriction sites and inserted into
plasmid pmTFP-CI. Nine missing nucleotides (basepairs 247-255) were
inserted using a PCR-based strategy to obtain the full-length hMunc18-2
cDNA transcript-I (ENST00000221283). Munc18-2-mTFP plasmid was co-
electroporated in cells with NPY-mCherry resulting in 6.8-fold increase in
the number of Munc18-2 mRNA copy compared with the combined wild-
type Munc18-1 and -2 level (Table 1). Cells were transfected with syntaxin,
open-syntaxin, or SNAP-25 using the Semliki Forest virus transfection sys-
tem 6—18 h before measurement (Ashery etal., 1999). Viral particles pSFV1-
syntaxin-IRES-eGFP and pSFV1-syntaxinL165A/E166A-IRES-GFP were
made according to Liu et al. (2010). The plasmid of pSFV1-SNAP-25-PV-
IRES-GFP was generated by subcloning SNAP-25 via the BamHI and BssHII
sites from pSFV1-GFP-SNAP-25 into pSFV1-synaptobrevin2-IRES-eGFP
(Serensen et al., 2002). Control cells expressed pSFV1-eGFP. The Semliki
Forest virus transfection system increased the number of mRNA copies of
the transfected gene by >5000-fold (Table 1). This is in line with previous
studies in which the concentration of the overexpressed gene was raised by
>10-fold compared with the wild-type level (Ashery et al., 2000; Wei et al.,
20005 Yizhar et al., 2004). The Semliki Forest virus transfection system re-
duced the number of mRNA copies of other genes (Table 1). It is unlikely
that this reduction produced a marked decrease in concentration of SNARE
proteins because the infection time was not longer than 18 h (Sanders et al.,
1998). All cells were cotransfected with NPY-mCherry via electroporation to
label the vesicles.

qRT-PCR. Because the transfection efficiency varied from <10 to 50%
between constructs and cell preparation, we isolated a pure population of
overexpressing cells using the BD FACSAria III cell sorter (BD Biosci-
ences), before performing quantitative real-time PCR (qRT-PCR). The
sorting was performed after 2 DIV, 12 h, or 6 h after transfection with
Muncl8-2, SNAP-25, or open-syntaxin, respectively, using the coex-
pressed fluorescent protein as marker. The cells were then immediately
lysed in TRIzol (Life Technologies GmbH) following the manufacturer’s
protocol. The mRNA expression level for endogenous (bovine), overex-
pressed, and housekeeping (UBC) genes were analyzed by qRT-PCR
using forward and reverse primers designed with NCBI primer blast
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) shown in Table 2.
PCRs were performed in 96-well plates in 25 ul reaction volume with the
QuantiTect SYBR Green PCR master mix (Qiagen). The reaction condi-
tions were 15 min heat activation at 95°C to activate HotStarTaq DNA
polymerase, followed by 40 cycles of denaturation (15 s at 95°C), anneal-
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Table 2. Forward and reverse primers used for the qRT-PCR reaction

Apmlicon
Gene Genebank reference no. Primers 5’3" size

SNAP-25 (bovine)  NM_001076246.1 Fw  GGCCGATGAGTCTCTGGAAA 128
Rev  TCCCTTCCTCAATGCGTTCC
NM_011428.3 Fw  GGATGAGCAAGGCGAACAAC 180
Rev  TCCTGATTATTGCCCCAGGC
Munc18-1 (bovine) NM_174619.2 Fw  GCTCATAGGATCCACGCACA 1
Rev  TGGAGGGGCGGCTTATTTIT
Munc18-2 (bovine) NM_001046208.2 Fw  (TACGGAATGGTGTGAGCGA 189
Rev  (CAGCGAGACAGCTGATAGG
Munc18-2 (human) NM_006949.2 Fw  ATCAACAAACGGCGGGAACC 96
Rev  GTCTTTGATCAGGGCCTTCTCC
NM_174192.3 Fw  AG(TGGTGGCCCTGGAAA 177
Rev  (TGGTTTTCCTGGAGCGGG
NM_001083798.1 Fw  GAGTTCTTCGAGCAGGTGGA 180
Rev  TTGGAGCGGACTTTGITTGC

SNAP-25 (mouse)

=

0

Syt 1 (bovine)

Stx 1 (bovine)

Stx 1 (rat) NM_053788.2 Fw  AGCGATGACGACGATGATGT 178
Rev  CCTTGGTCTTCTCATCGGGG
Rab3a (bovine) ~ NM_174446.3 Fw  C(CACAGCATCAGTGCAGAAC 160

Rev  GAGTCGTCTGCATAGCGGAA
NM_174283.2 Fw  CATCGCCCCCAAGCCAG 123
Rev  TTGGTGGCCCCTCCAAGG
NM_001206307.1 Fw  GGACCGGGAGTTCAGTCTTC 100
Rev.  TGATGGTTTTACCAGTGAGGGT

Cplx 2 (bovine)

UBC (bovine)

Syt, synaptotagmin; Stx, syntaxin ; Cplx, complexin.

Table 3. Composition of intracellular solutions (in mm)
Solution containing high [ Ca® " J;

Flash and depolarization 1w 6 M 15 pm

Cadl, 45 5 5 5

(a®" buffer 5 (NP-EGTA) 5.9 (EGTA) 9 (HEDTA) 20 (DPTA)
Fura-2 0.1 — — —
Fura-FF 0.1 — — —
Mg-ATP 2 2 2 2
Na,-GTP 03 03 0.3 03
(s-glutamate 98 120 110 90

HEPES 40 10 10 10

pH 73 73 7.2 14

NP-EGTA, 5 nitrophenyl-EGTA.

ing (30 s at 60°C), and amplification (30 s at 72°C). We checked the
specificity of the primers to their transcripts with melting curve analysis.
Reactions were performed in duplicates in three independent experi-
ments using MaxPro-Mx300P Real TimePCR System (Stratagene). We
analyzed the data with the MaxPro 3000P software (Stratagene). The
threshold cycle (Ct) value for the gene of interest was normalized to Ct
value obtained for the housekeeping gene.

Solutions. The bath solution contained the following (in mm): 147
NaCl, 2.4 KCl, 10 HEPES, 1.2 MgCl,, 2.5 CaCl,, and 10 glucose, pH 7.5,
305 mOsm. The internal solution compositions are given in Table 3. The
[Ca*"]; of the solutions containing high free Ca®" were calculated using
an IGOR (WaveMetrics) macro Freecon. In experiments in which we
stimulated the cells with flash photolysis of caged Ca** or depolariza-
tion, [Ca?* ], was measured with the mixture of two ratiometric indica-
tor dyes, Fura-2 [Ky (Ca*™):0.22 um] and Fura-FF [Ky4 (Ca™):5.50 um]
(Invitrogen). The dyes were excited with light alternating between 350
and 380 nm with a monochromator-based system (TILL Photonics) and
the emission was detected by a photodiode (Rapp OptoElectronics). An
in vivo calibration curve was used to convert the ratio R of the fluorescent
signals at both wavelengths into [Ca*" ];. The resting [Ca>* ], before flash
1-4 was (in nM) 737 = 50, 757 = 83, 807 = 39, and 831 = 76, respec-
tively (n = 21). Before depolarization 1—4, the [Ca*"]; was (in nM)
718 = 39,798 * 56, 862 * 150, and 859 = 110, respectively (n = 21).

TIRFM setup. The experiments were done at two setups with different
characteristics. Most experiments were done with a setup based on an
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inverted Zeiss Axiovert 200 described by Pasche et al. (2012). Final pixel
size was 160 nm. Acquisition rate was 10 Hz with an exposure time of
75 ms. For the flash photolysis of caged Ca?™ short flashes of ultraviolet
light from a Xenon arc flash lamp (Rapp OptoElectronics) were applied
to the cell. The other setup used for all experiments involving cells loaded
with FEN511 or overexpressing Munc18-2 was as described by Becherer
et al. (2007) with some modifications. The inverted IX 70 microscope
(Olympus) was additionally equipped with an Ar-laser (Spectraphysics)
emitting at 450 nm among others, and an Acousto Optical Tunable Filter
(Visitron System). Images were acquired with a QuantEM 512SC camera
(Photometrics). The acquisition rate was 10 Hz and the exposure time
was 100 ms.

Membrane capacitance recording and image recording protocol. All
whole-cell recordings were performed with 3-5 M) pipettes and an
EPC-9 patch-clamp amplifier controlled by Pulse software (Heka Elek-
tronik). Capacitance measurements were performed using the Lindau—
Neher technique implemented as the “sine+dc” mode of the “software
lock-in” extension of Pulse software. A 1 kHz, 70 mV peak-to-peak sinu-
soid command potential stimulus was applied at a DC holding potential
of —70 mV. Cells stimulated by depolarization or flash photolysis of
caged Ca?* were recorded after a loading period of 2 min without excit-
ing the fluorescently labeled LDCVs to avoid bleaching of the fluoro-
phore. We measured the [Ca®"]; every 2.5 s. Only cells showing a
constant [Ca** ], for >30 s before the end of the loading procedure were
used for experiments. The loading period was followed by an imaging
period (2 min at 10 Hz) including stimulation by either a train of 10
depolarizations (from a holding potential of —70—0 mV, each lasting
100 ms at 5 Hz) or a short UV flash (duration 1 ms, 110 V). Cells were
allowed to recover for 2 min between stimuli. All experiments were per-
formed at room temperature.

When using 1, 6, or 15 um free [Ca?*]; the fluorescently labeled
LDCVs were imaged at 10 Hz immediately after reaching whole-cell
configuration. Imaging was continued until there was no more secretion,
i.e., no rise of the membrane capacitance which was recorded in parallel.
To control the speed of loading the cell with the pipette solution we
added a mixture of Fura-2 and Fura-FF to the pipette solution. The final
[Ca?"]; was already reached after few seconds.

FFN511 staining. Cells were loaded with 5 um fluorescent false neu-
rotransmitter (FFN511, kindly provided by Prof. Kazmaier, Institut fir
Organische Chemie, Universitit des Saarlandes, Saarbriicken, Germany)
for 10—15 min at 37°C. New vesicles were detected in the red (NPY-
mCherry) and green (FFN511) channels, whereas the old LDCVs were
only visible in the green channel. Secretion of the FFN511 was difficult
to detect as the density of loaded LDCVs is very high and the fluores-
cence intensity of the probe relatively weak. Thus identifying individ-
ual vesicles became challenging.

Immunolabeling. Immunolabeling was performed on chromaftfin cells
fixed 18 h postinfection with Semliki Forest virus coding for SNAP-25 or
GFP, and 6.5 h in case of open-syntaxin, respectively. For Munc18-2,
cells were used 3 DIV post-transfection. Cells were fixed with 4% para-
formaldehyde in PBS followed by a 50 mwm glycine block. For SIM imag-
ing, the cells were then incubated with the cis-Golgi network marker
GM130 antibody (BD Transduction Laboratories) at 1:100 dilution. The
secondary antibody used was Alexa 647 goat anti-mouse (Invitrogen).
For TIRFM imaging, the cells were incubated with a monoclonal syn-
taxin 1 antibody (HPC/1 mouse ascites, from Prof. Jahn, Max-Planck-
Institut fiir biophysikalische Chemie, Gottingen, Germany) at 1:500
dilution and colabeled with polyclonal SNAP-25 antibody (GenScript,
anti-rabbit) at 1:500 dilution. The secondary antibodies used were Alexa
Fluor 568 goat anti-mouse and Alexa Fluor 647 goat anti-rabbit for syn-
taxin 1 and SNAP-25, respectively.

SIM. Structured illumination microscopy (SIM), which has XY and Z
resolutions of 100 and 250 nm respectively, was performed as described
by Pattu et al. (2011). One caveat of this technique is its rather long
acquisition time for a single plane (3.5 s), that precludes the imaging of
moving organelles. Thus SIM is usually used on fixed cells. However,
FFN511 does not remain in fixed cells since it leaks out of LDCVs as soon
as the H™ ATPase is inactive. Therefore, to visualize FFN511 in living
cells, we abolished all mobility in the cells by treatment with phalloidin
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(1 um for 12 h at 37°C) and taxol (1 uM for 15 min at 37°C) inhibiting the
depolymerization of actin and tubulin, respectively (see Fig. 2). In these
experiments, the excitation light was 561 and 450 nm to visualize the
NPY-mCherry and FEN511, respectively. To analyze the spatial distribu-
tion of LDCV's we measured the integrated fluorescence in evenly spaced
concentric rings placed on the red and green channel of a single midsec-
tion plane of the cell (see Fig. 2F). These integrated fluorescence intensity
values were normalized to the total integrated fluorescence of the cell in
each channel and compared in a correlation plot (see Fig. 2H).

Immunolabeled cells (see Fig. 7) were visualized at 488 nm (GFP stain-
ing), 561 nm (LDCVs), and 647 nm (cis-Golgi). Images were analyzed
using software written in house with LabView (National Instruments).
An outline of both the PM, following the edge of the GFP signal, and the
cis-Golgi was generated manually, and LDCVs were marked manually
with a circle. The shortest distance from LDCV center to the PM or the
Golgi was calculated automatically.

Analysis and statistics. Secretion visualized in TIRFM was analyzed as
described by Becherer etal. (2007) using ImageJ Software (NIH). Shortly,
exocytosis was identified as the disappearance of a LDCV from its max-
imum fluorescence to background fluorescence within 200 ms. All other
events, i.e., LDCVs disappearing at slower rate, were classified as undock-
ing. The analyzed number of LDCVs (density, secreted, newcomer or
dead-end) was normalized to compensate for variable footprint areas.
For this we first normalized the number of LDCV:s to the cell’s individual
footprint area which resulted in a density of LDCVs per wm?2. To facili-
tate comprehension, we then multiplied this density by the average foot-
print area of all cells measured in each set of experiments independent of
their treatment. For Figures 1, 2, and 3 this average footprint area was
44.14 = 1.81 um?>. In Figures 4 and 5 the overall footprint area of cells
measured at 1, 6, and 15 um Ca?™ was 53.2 * 3.7 um?. In Figures 6, 8,
and 9 the overall footprint area of control and overexpressing cells was
47.7 = 3.6 um?, 78.9 * 6.4 um?, 77.9 = 6.8 um?, respectively. Mem-
brane capacitance traces were analyzed using IGOR (Wavemetrics).

If not stated otherwise, normally distributed data were analyzed
using the unpaired Student’s ¢ test. Mann—Whitney rank sum test was
used when the data were not normally distributed. Statistical analysis
was performed in SigmaStat (Systat Software). Results are shown as
mean = SEM.

Results

Multiple rounds of depolarizations deplete the pool of
releasable LDCVs but not the number of LDCVs at the PM
Ashery et al. (2000) proposed that repetitive stimulation depletes
the pool of docked vesicles. We tested this hypothesis in bovine
chromaffin cells by simultaneously measuring the membrane ca-
pacitance and visualizing fluorescently labeled LDCVs near the
PM with TIRFM (Becherer et al., 2007). This allowed us to record
the secretion of the cells and to determine whether this secretion
depletes the pool of LDCVs located near the PM at the footprint
of the cell. To elicit strong secretion, we used a condition in which
priming of LDCVs was favored by high [Ca®"]; (718 = 39 nm)
and stimulated the cells with a train of 10 depolarizations (100 ms
at 5 Hz). This stimulus was repeated every 2 min, because previ-
ous studies have shown that this delay allows full recovery of the
primed pool of LDCVs (von Riiden and Neher, 1993; Smith et al.,
1998). This protocol was repeated as long as the cell responded
with an increase in membrane capacitance. The first stimulus
train elicited a membrane capacitance increase of 307.8 * 47.7 {F
and the release of 0.9 * 0.3 LDCV:s visualized by TIRFM at the
footprint of the cell (Fig. 1, n = 21). The response to the following
stimuli decreased gradually. By the fourth stimulus, the response
measured using membrane capacitance recording was reduced
by ~50% and the number of secreted LDCVs visualized in
TIRFM was reduced by ~80%. A fifth stimulus elicited no more
secretion using both measuring methods (data not shown). Two
separate phenomena were observed. (1) Comparing the secretory
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Figure 1.

Several rounds of depolarizations cannot deplete all LDCVs at the PM. Cells were stimulated with 4 trains of 10 depolarizations to 0 mV each lasting 100 ms at 5 Hz (holding potential:

—70mV)every 2 min. Secretion was measured viamembrane capacitance recording and visualized with TIRFM. Shown is the average membrane capacitance increase (AC,, lines) and the averaged
cumulative number of exocytotic events visualized by TIRFM normalized to the footprint area of the cellin TIRFM (dots). See the Materials and Methods section for more details on the normalization
procedure. Pictures show the footprint of one exemplary cell in TIRFM taken immediately before (left row) and after (right row) the stimulus. Arrows mark secreted vesicles upon

stimulation (n = 22).

response determined by membrane capacitance and TIRFM re-
vealed a discrepancy between the two measurement methods that
develops upon repetitive stimulation. (2) Four trains of depolar-
izations totally depleted the secretory response of the cells al-
though the number of LDCVs visualized with TIRFM near the
PM remained nearly constant throughout the experiment (Fig. 1,
see exemplary cells).

In a previous work, we showed that secretion measured using
TIRFM is representative of the overall secretion of the cells
(Becherer et al., 2007). Among other findings, the authors
showed that the time course of secretion was the same using both
measurement methods. However, secretion was elicited using a
maximum of two rounds of stimulations. The authors also
found that secretion detected by TIRFM was ~10 times lower
than secretion measured by membrane capacitance recording.
We now investigated the discrepancy between membrane capac-

itance and TIRFM recording using an array of methods. To rule
out that NPY-mCherry labeled LDCVs, i.e., new vesicles gener-
ated after the time of transfection, might represent a special
subset of LDCVs, we verified these LDCVs displayed the same
spatial distribution as old LDCVs. Costaining the cells with the
green false fluorescent neurotransmitter FFN511 allow us to
visualize all LDCVs because this false fluorescent neurotrans-
mitter is transported via the vesicular mono-amine trans-
porter and accumulates in LDCVs (Gubernator et al., 2009). The
cells were visualized by SIM which provides superb spatial reso-
lution and in contrast to TIRFM allows us to reconstruct the cell
in 3D (Fig. 2; Gustafsson et al., 2008). NPY-mCherry-positive
LDCVs were evenly distributed in the cell like the other LDCVs
(Fig. 2H). Thus NPY-mCherry stained LDCVs are not a special
subset of vesicles. Another possibility for the relative lack of se-
cretion events in TIRFM may result from a shift in the secretion
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Figure 2. NPY-mCherry loaded LDCVs are not a specialized subset of LDCVs in chromaffin cells. A-C, Midsection of a bovine chromaffin cell transfected with NPY-mCherry (A) and
stained with FFN511 (B) visualized with SIM. Both channels are overlayed in C. D, Same cell visualized by transillumination. E, Intensity profile plot along the blue line for NPY-mCherry
(red) and FFN511 (green) shown in C. The fluorescence intensities in both channels correlate well. F, G, Maximal intensity projection of the Z-stack acquired at an interval of 200 nm of
the same cell as shown in A and B. F and G correspond to the XY and ZX representation of the cell, respectively. H, The integrated fluorescence intensity was measured on single plane
images in concentric rings shown in F and it was normalized to the overall integrated fluorescence of the cell. The result for each ring measured in the NPY-mCherry and FFN511 channel
was shown in percentage as a dot on the graph. The Pearson’s coefficient is 0.87 with p << 0.0001 (1 = 7, nyj,45 = 4 01 5) indicating a similar spatial cellular distribution of new (red)
and old (green) vesicles. /, Secretion of old (marked only with FFN511) and new (containing NPY-mCherry) LDCVs was compared in cells stimulated with trains of depolarizations every
2 min. Secretion was measured via membrane capacitance recording (lines) and visualized with TIRFM (circles). Open circles represent the cumulative secretion of NPY-mCherry
containing LDCVs, filled circles show the sum of the cumulative secretion from NPY-mCherry and FFN511 stained LDCVs normalized to the footprint area of the cell (n = 5). Note that the
fraction of old versus new secreted vesicles remains constant at 65% for each stimulus.
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of new to old LDCVs. In this case the number of NPY-mCherry
labeled LDCVs (observable in TIRFM) fusing with the PM would
decrease disproportionally compared with the global LDCV re-
lease measured by membrane capacitance. To test this hypothe-
sis, we performed the same experiment as shown in Figure 1 using
cells in which the LDCVs were marked simultaneously with NPY-
mCherry and FFN511. We found that ~65% of the release was
due to old LDCVs but that the fraction of old versus new LDCVs
released was similar in each response (Fig. 2I). Thus we can rule
out that old LDCVs are preferentially secreted after repetitive
stimuli. An alternative explanation, which we cannot test, is that
upon stimulation a large amount of vesicular membrane is added
to the PM, thereby generating invaginations in the area where the
cell is attached to the glass coverslip. LDCVs docked at these
invaginations on the PM would be located out of the evanescent
wave generated by TIRF and their exocytosis would remain un-
detected by TIRFM although it occurred at the cell’s footprint.

The second phenomenon shown in Figure 1 was the overall
gradual decay of secretion although the density of LDCVs was
unaltered during the experiment. This is illustrated by the pic-
tures of an exemplary cell acquired just prior and after each train
of depolarizations (Fig. 1, left and right). The averaged density of
LDCVs at the beginning of the experiments was 0.64 * 0.03
LDCV * wm ~ 2, compared with 0.62 = 0.03 LDCV * wm ~~ at the
end of the experiments (n = 21). Hence, depletion of LDCVs at
the PM cannot account for the reduction in the exocytotic
response. However, we found that the Ca®" current measured
at steady-state that was elicited by the first depolarization was
—29 * 9 pA and declined to —15 = 9 pA in the fourth train
(p = 0.026, paired t test, n = 19). This Ca?" current rundown
of ~50% might partially account for the observed decrease in
secretion.

To test whether the rundown of Ca** currents caused the
decrease in secretion, we triggered exocytosis via a stepwise in-
crease of global intracellular [Ca**]; using UV flash photolysis of
NP-EGTA every 2 min (Ellis-Davies and Kaplan, 1994). The
[Ca?"]; was 737 + 50 nM before stimulation and it was consis-
tently elevated to 12.3 = 1.7 uM upon each flash. The first and
second flash raised the membrane capacitance by 309 = 80 fF and
405 * 91 fF (n = 22; Fig. 3). The response to subsequent flashes
gradually decreased and was almost abolished (76 * 36 fF) by the
fourth stimulus (Fig. 3). Exocytosis visualized by TIRFM was
strongly depleted by the third stimulus, verifying our observa-
tions on depolarization-induced secretion. Furthermore, as
shown in the pictures of an exemplary cell made just prior and
after each stimulus, the number of LDCVs at the PM was not
depleted (Fig. 3). The density of LDCVs at the PM was 0.72 =
0.07 LDCV + um ~? at the beginning and 0.67 * 0.06 LDCV -
wm > at the end of the experiments (n = 22). The results show
that neither Ca*" current rundown nor depletion of the number
of LDCVs at the PM accounts for the reduced level of secretion
triggered by short but strong stimuli. Consequently, it appears
that a very high fraction of LDCVs (close to 80%) might be un-
releasable under these stimulus conditions.

Perfusing cells with 6 pm [Ca?*]; induces maximal secretion
in chromaffin cells

To investigate whether these LDCVs were indeed unreleasable,
we examined whether long lasting stimuli could reduce this pool
of LDCVs. Chromaffin cells were patched with a pipette solution
containing a high concentration of free Ca** while exocytosis
was measured. We chose three different [Ca®*];: 1 uM (at which
secretion begins), 6 uM (intermediate range), and 15 uM (where
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the secretion rate is highest; Serensen et al., 2002; Tian et al.,
2005). Immediately after reaching the whole-cell configuration,
capacitance measurements and visualization of exocytosis in
TIRFM were performed continuously for at least 5 min. Perfus-
ing the cells with 1 um free Ca** for 5 min resulted in a mem-
brane capacitance increase of 1.2 = 0.2 pF (Fig. 4A). This increase
corresponds to the total response after exposure to four rounds of
caged Ca®" photolysis (Fig. 3). The average exocytosis in cells
visualized using TIRFM was 6.2 = 1.6 LDCVs (n = 16). Both
membrane capacitance and the number of secreted LDCVs visu-
alized in TIRFM increased linearly with a rate constant of 4.00 *
0.01 fF+s'and 0.03 = 0.01 LDCV - s', respectively. As shown by
an exemplary cell (Fig. 4A, right), the footprint of the cell was not
depleted of LDCVs after 5 min of recording. However, the vesi-
cles present at the membrane were still releasable, because a train
of depolarizations applied to the cells at the end of the recording
period induced a membrane capacitance increase of ~173.6 =
39.7 fF and 0.25 £ 0.15 LDCVs in TIREM (Fig. 4A, inset).
Perfusing the cells with 6 um free Ca*>* for 5 min induced an
exocytotic response of the cells that was ~3.5 times higher than in
cells perfused with 1 uM free Ca** (Fig. 4B). The maximal secre-
tion rate was 18.9 = 3fF-s~'and 0.19 + 0.04 LDCV *s ' (n =
16). This very strong secretion significantly reduced the pool of
LDCVs close to the PM (Fig. 4B, right). In contrast to the scenario
in which cells were perfused with 1 um free Ca**, depolarizing
the cells at the end of the recording period did not result in an
additional membrane capacitance increase. Thus the remaining
LDCVs at the footprint of the cells appeared to be unreleasable.

Next, we perfused the cells with a solution containing 15 um
free Ca** to induce maximal secretion. Surprisingly, the result-
ing membrane capacitance increase was smaller than the re-
sponse induced by 6 um free Ca®" (Fig. 4B,C). This can be
attributed to endocytosis which is triggered at very high [Ca**],,
as revealed by sudden decreases of the membrane capacitance in
individual cells (data not shown). These decreases likely corre-
spond to rapid endocytosis that has been shown to occur at an
[Ca?*];>10 uM (Smith and Neher, 1997; Engisch and Nowycky,
1998; Perez Bay et al., 2007). The secretory response measured by
TIRFM was slightly but not significantly higher than the response
induced by 6 um free Ca** (p = 0.328, n = 17), indicating that
secretion in chromaffin cells perfused with 6 um [Ca®"]; is al-
ready maximal.

Fifteen percent of LDCVs are dead-end vesicles

We next investigated the properties of LDCVs that remained at
the PM after 5 min perfusion with either 6 or 15 um [Ca®*]..
Their number after 5 min stimulation was depleted by either 34
or 29% when secretion was induced with 6 or 15 um Ca?*, re-
spectively (Fig. 5D). Very little residual secretion was measurable
(Fig. 4) and the remaining LDCVs at the PM appeared to be
unreleasable. We wondered whether these LDCVs were dead-end
vesicles. The behavior of LDCV's was very dynamic, many LDCV's
docked at and undocked from the PM throughout the experi-
ment (Fig. 5A,B). Some LDCVs present from the beginning of
the experiment either undock or are secreted, whereas other
LDCVs, which often were secreted at a later time point, arrived
and docked at the PM during the time course of the experiment.
If those LDCVs, which stay at the PM for very long time, belong to
a separate pool of vesicles, then they will appear as a separate
component in a survival plot. We analyzed how long the LDCVs,
which were visible in the first image of the movie, stayed at the
PM before leaving either by exocytosis or through undocking.
Then we plotted the number of these LDCV as a function of time
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Figure 3.

Flash photolysis of caged Ca ™ does not increase the percentage of released LDCVs. Secretion was induced by four consecutive flashes applied to the cells every 2 min. Exocytosis was

measured via membrane capacitance recording and visualized with TIRFM. Shown are the average membrane capacitance increase (line) and the cumulative secreted LDCVs normalized to the
footprint area visualized in TIRFM (dots). Pictures show the footprint of one exemplary cell in TIRFM taken immediately before (left row) and after (right row) the stimulus. Arrows mark secreted

LDCVs after the stimulus. (n = 21).

(Fig. 5C). We performed this analysis in cells stimulated with
6 uM Ca*" and we found that the plot was best fit with a double
exponential decay. The first component had a time constant of
49 * 5. The second component was ~10 times slower, with a
time constant of 439 = 86 s (n = 17), indicating the existence of
an apparently unreleasable pool of vesicles. We then devised a
method to easily identify these vesicles. As can be appreciated
after 200 s the pool with the faster time constant is entirely empty
(Fig. 5C). Hence all LDCVs remaining at the PM for the entire
recording time of 300 s are dead-end vesicles and they can be
identified by backtracking all LDCVs visible at the end of the
movie. This method is very reliable but underestimates the real
pool size of dead-end vesicles. We found that at 6 um [Ca*"];
~75% of the LDCVs which were close to the PM at the end
approached the PM during the experiment (labeled as newcom-
ers), whereas 25% of the LDCVs were visible from the beginning
and represent dead-end vesicles (Fig. 5D). We then related the
number of dead-end vesicles to the number of vesicles at the PM

at the start of the experiment and found that the pool of dead-end
vesicles corresponded to 14.1 = 1.5% of all LDCVs. Raising the
[Ca?"],from 6to 15 uM did not induce their release (16.8 = 2.1%
dead-end vesicles at 15 um Ca?*). Our results demonstrate for
the first time that in wild-type chromaffin cells a number of
docked vesicles are reluctant to fuse with the PM independent of
the strength of the Ca®™ stimulus.

Expression of Munc18-2 decreased the pool size of

dead-end vesicles

We have shown the existence of a new pool of vesicles in chro-
maffin cells that are located at the PM and are fusion resistant. Yet
the molecular identity of this pool of vesicles is unknown. One
possibility is that these vesicles correspond to a degradation prod-
uct of old LDCVs, i.e., lysosomes. A second possibility is that
these vesicles are functional but that due to constant stimulation
of secretion, the priming factors enabling fusion competence are
depleted over time. If this were the case then dwell times of
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Figure4.

Exocytosis of a majority of LDCVs can be induced by using a long-lasting and strong stimulus. Cells were patched with 1,6,and 15 umfree [Ca > ] in the pipette solution, shown in A-C,

respectively. Displayed are the average membrane capacitance increase (stippled line) and the number of cumulative secreted LDCVs (continuous line) visualized in TIRFM normalized to the footprint
area of the cell (n = 16,4, B; n = 17, (). Images show the footprint of exemplary cells in TIRFM taken immediately before reaching whole-cell configuration (left) and after 5 min of perfusion of the
cell with high [Ca®"] (right). A, Inset, Membrane capacitance increase induced by 10 consecutive depolarizations applied to the cells after perfusing them for >5 min with 1 um free Ca2*.

LDCVs before secretion should lengthen with progressively lon-
ger stimulation. As shown in Figure 5A, B this dwell time in two
exemplary cells did not increase during the experiment. Measur-
ing the average dwell time of vesicles before secretion revealed
thatat 6 um [Ca” "], they resided for 49 + 7 sand 55 * 14 s at the
PM during the first and the second half of the experiment, respec-
tively (n = 17). Furthermore, no correlation was found between
the time of docking and the dwell time of the LDCVs before
release (Spearman correlation coefficients were —0.24 or —0.18
and p values were 0.086 or 0.0995 at 6 or 15 uM [Ca*"];, respec-
tively). Finally, the apparent 7, 4ocking Was 69.94 * 0.86 s at 6 um
[Ca**]; which is much shorter than the acquisition period. It is
also unlikely that a shortage of priming factors would lead to a
pool of vesicles unable to undock. These results indicate that
priming is probably not involved in the generation of dead-end
vesicles. A third hypothesis is that some LDCVs are docked to the
unproductive 2:1 SNARE acceptor complex. In vitro assays have
established that a syntaxin:SNAP-25 ratio of at least 0.1 favors the
formation of the 1:1 SNARE acceptor complex (Pobbati et al.,
2012). Using quantitative real-time PCR we found that chromaf-
fin cells contain less syntaxin compared with SNAP-25 at mRNA
level. In the PM of PCI12 cells the syntaxin:SNAP-25 ratio was

0.072 (Knowles et al., 2010). Consequently, few 2:1 SNARE ac-
ceptor complexes should be generated in vivo. Furthermore, pro-
teins that are expressed in vivo, such as complexin, Muncl3 and
Muncl8 have been shown to prevent the formation of the 2:1
SNARE acceptor complex (Weninger et al., 2008). Accordingly,
the formation of this acceptor complex in vivo has been
questioned.

To investigate the role of the 2:1 SNARE acceptor complex in
the generation of dead-end vesicles, we aimed to reduce the pro-
duction of this complex by overexpressing Munc18. Three iso-
forms of Munc18 have been described in mammals (Tellam et al.,
1995). Whereas Munc18-1 is primarily expressed in neurons and
neuroendocrine cells, Munc18-2 and -3 can be found in a variety
of nonneuronal tissues (Agrawal et al., 2000). Each isoform inter-
acts with a different cognate SNARE but all Munc18 s appear to share
most functions except for the priming role of Muncl8-1, which
cannot be reproduced by Munc18-2 (Gulyas-Kovécs et al., 2007). To
simplify the interpretation of the phenotype observed by Muncl8
overexpression, we chose to overexpress Munc18-2 in chromaffin
cells. Cells were electroporated with either NPY-mCherry alone
(control) or with the combination of NPY-mCherry and Munc18-
2-mTFP, raising the number of Munc18-2 mRNA copies by 6.8
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exponential decay (stippled gray line). The time constant of the fast component was 49 == 55 (short stippled black line) and 439 == 86 s for the slow component (large stippled black line). D, Analysis
of TIRFM recording in cells perfused with 6 or 15 um free [Ca2*]; shown in black and gray, respectively. The average density of LDCVs at the PM was determined at the beginning and at the end of
the experiment (i.e., after 5 min). LDCVs visible in TIRFM at the end of the experiment were backtracked to differentiate between newcomers (LDCVs arriving in the evanescent wave during the
recording time) and dead-end vesicles (LDCVs already present in the first picture). All values were normalized to the footprint area of the cells (6 wm [Ca® "1, n = 16;15 wm[Ca* ], n = 17). See

Materials and Methods for details on the normalization procedure.

times (Table 1). We stimulated secretion by perfusing the chro-
maffin cells with the intracellular solution containing 6 um
[Ca?*] because we showed that this solution produced almost
maximal secretion. The expression of Munc18-2-mTFP did not
lead to changes in secretion as measured by membrane capaci-
tance or TIREM (Fig. 6 B, C). Additionally, the overexpression of
Munc18-2-mTFP did not result in a significant increase of the
LDCYV density at the PM compared with control cells (Fig. 6D).
However, Munc18-2 overexpression significantly increased the
number of LDCVs at a distance of 0.25-1.0 wm to the PM (p <
0.02, n = 10; Fig. 7C,D). Furthermore, the overexpression of
Munc18-2 almost quadrupled the amount of syntaxin in the PM,
whereas SNAP-25 level remained unaffected (Fig. 64; p < 0.001,
n = 10 in both conditions), confirming previous observations of
Gulyas-Kovécs et al. (2007). The number of newcomer LDCVs
was increased by ~50% in Muncl8-2-mTFP expressing cells
compared with control cells (Fig. 6D). This increase is not signif-
icant but does indicate a faster turnover of the LDCVs at the PM.
The number of dead-end vesicles was 7.2 = 1.3 in control cells
which corresponds to 14.4 = 2.7% of all LDCVs visible at the PM
before stimulation (n = 13; Fig. 6D). In Muncl18-2-mTFP ex-
pressing cells the number of dead-end vesicles was reduced to
3.1 £ 0.3 vesicles, accounting for merely 5.4 = 0.6% of all visible
LDCVs at the beginning of the experiment. (p = 0.005, n = 13;
Fig. 6D). Consequently, overexpression of Munc18-2-mTFP re-

duced the proportion of dead-end vesicle by 62.5% compared
with control cells (p = 0.001, n = 13) and implies that Munc18-2
functions to prevent their generation.

Expression of open-syntaxin increased the number of dead-
end vesicles whereas the overexpression of SNAP-25 induced
a decrease

Because Munc18 has a variety of functions throughout exocytosis
(de Wit, 2010), we examined whether the reduction of dead-end
docking upon Muncl8-2 overexpression was indeed due to a
destabilization of the 2:1 t-SNARE acceptor complex. We rea-
soned that by changing the syntaxin:SNAP-25 stoichiometry in
the PM, we would affect the 2:1 t-SNARE acceptor complex for-
mation (Pobbati et al., 2012). We first aimed at promoting the
formation of the unproductive 2:1 acceptor complex by raising
the syntaxin:SNAP-25 ratio through overexpression of syntaxin.
However, overexpressed syntaxinl was predominantly retained
in the Golgi because Muncl18 becomes a rate limiting factor to
process syntaxin to the PM (Rowe et al., 1999). Therefore, we
expressed the open form of syntaxinl (syntaxinlA L165A/
E166A), which is transported to the PM independently of
Muncl8 (Dulubova et al., 1999). This can be appreciated in Fig-
ure 8A showing that open-syntaxin expression led to a >4-fold
increase in syntaxin in the PM, whereas SNAP-25 levels remained
unaltered. Cells expressing open-syntaxin showed a slightly but
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Figure 6.  Expression of Munc18-2 decreases the number of dead-end vesicles by >60%. 4,
Quantitative immunocytochemistry to determine the change in SNAP-25 and syntaxin in the
PM upon Munc18-2 overexpression. Left, TIRFM images of anti-syntaxin and anti-SNAP-25
labeled cells either overexpressing Munc18-2 (top) or not (bottom). Right, Quantification of
syntaxin and SNAP-25 immunolabeling in the PM. Although Munc18-2 did not affect the
[SNAP-25],, it significantly increased the [syntaxin]py (***p << 0.001, n = 10 for control and
Munc18-2 overexpressing cells, respectively). B, C, Cells transfected with NPY-mCherry alone
(B) or together with Munc18-2-TFP (C) were patched with 6 pu free [G@%"]in the pipette
solution. Shown are the average membrane capacitance increase (stippled line) and the cumu-
lative number of secreted LDCVs visualized in TIRFM normalized to the footprint area of the cell
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not significantly reduced density of vesicles at the PM at rest
compared with control cells coexpressing NPY-mCherry and
eGFP (19%; p = 0.069, n = 16 and 15, control and open-syntaxin
expressing cells, respectively; Figs. 8D, 7E,F). This was to be
expected because the expression of open-syntaxin lead to a dock-
ing defect in wild-type newborn mouse chromaffin cells (Liu et
al., 2008). The exocytotic response to the solution containing
6 uM [Ca*"]; was slightly but not significantly reduced in cells
expressing open-syntaxin compared with control (Fig. 8 B, C). In
addition, the number of newcomers was reduced by 32% in
open-syntaxin expressing cells compared with controls (p =
0.08, n = 15 and 14, open-syntaxin expressing cells and control
cells, respectively; Fig. 8D). This indicates that, in contrast to the
phenotype observed in Munc18-2 expressing cells, the expression
of open-syntaxin lead to a reduced turnover rate of LDCVs at the
PM. Importantly, analyzing the dead-end vesicles revealed that
their number was increased by ~70% from 9.0 = 0.9 to 15.2 *
1.7 in control and in open-syntaxin expressing cells, respectively
(p <0.001, n = 15 and n = 16, respectively; Fig. 8D). The sim-
plest explanation for this large increase in the percentage of dead-
end vesicles is an increased formation of the unproductive 2:1
acceptor complexes.

To confirm this finding, we increased the concentration of
SNAP-25 at the PM in an attempt to decrease the formation of the
2:1 acceptor complex. Cells that expressed NPY-mCherry were
cotransfected with either SNAP-25 or eGFP as control. The level
of SNAP-25 in the PM was increased by a factor of 3 (Fig.
9Aa,Ab). However, to our surprise the level of syntaxin was ele-
vated as well by a similar factor (Fig. 9Aa,Ab). Only unclustered
t-SNAREs participate in exocytosis (Murray and Tamm, 2009;
Bar-On et al., 2012). TIRFM with a lateral resolution of 250 nm
does not allow the measurement of cluster size of 95-50 nm
(Sieberetal.,2007; Bar-On et al., 2012). Hence, we tested whether
SNAP-25 and open syntaxin overexpression induced qualita-
tively the same increase in anti-syntaxin immunofluorescence by
generating a fluorescence distribution histogram (Fig. 9Ac).
Whereas the overexpression of a syntaxin protein led to a uni-
modal rightward shift of its own immunofluorescence histo-
gram, the overexpression of SNAP-25 induced a bimodal
immunofluorescence distribution. This might indicate a differ-
ent protein clustering but makes it difficult to predict how the
relationship of unclustered syntaxin:SNAP-25 ratio is changed.
The overall distribution of LDCVs (Fig. 7G,H) as well as the
density of LDCVs at the PM in resting cells and after 5 min of
recording (Fig. 9D) were not changed upon SNAP-25 overex-
pression. Similarly, secretion of LDCVs was nearly identical in
cells overexpressing SNAP-25 versus control when visualized in
TIRFM or measured with membrane capacitance recordings
(Fig. 9B, C). However, the number of newcomer LDCVs was in-
creased by ~55% in cells overexpressing SNAP-25 compared
with control (p < 0.001, n = 14, n = 13 respectively, Fig. 9D),
thereby confirming the trend observed in cells expressing
Munc18-2-mTFP. Finally, the number of dead-end vesicles was
reduced from 8.0 = 0.7 in control to 2.6 * 0.4 in SNAP-25
overexpressing cells (p < 0,001, n = 14, n = 13 respectively; Fig.

<«

(solid line). D, Analysis of TIRFM recording in cells expressing Munc18-2-TFP (blue) or control
cells (black). Represented are the average density of LDCVs near the PM at the beginning and
the end of the experiment and the average total secretion. LDCVs visible in TIRFM at the end of
the experiment were separated between newcomer and dead-end vesicles. All data were nor-
malized to the cell's footprint area (n = 13 for Munc18-2-TFP and control cells; ***p << 0.0071).
See Materials and Methods for details on the normalization procedure.
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Figure7.  Munc18-2induces an accumulation of syntaxin in the PM and LDCV close to the PM. A, Study of the influence of overexpres-
sion of proteins on the spatial distribution of LDVCs using SIM. Left, Three DIV NPY-mCherry transfected cells fixed andimmunolabeled with
anti GM130 to stain the Golgi (green). Center, Right, Enlarged view of the outlined areas shown in the picture on the left. XY planes are
shown on top and Z planes are shown below. The thickness (200 nm) and position of the XY plane is shown on the Z plane with a gray line.
Due to SIM resolution, the maximal LDCVs diameters are 300 and 700 nmin XY and Z direction, respectively. Some LDCVs are identified with
ayellow circle, whereas structures that are probably not LDCVs (identified by a blue arrow) have a large round shape on the XY planes and
astrongly elongated shape on the Zplanes. These structures were not included in the analysis. B, Schematic representation of the analysis
method in which the minimal distance between the center of the LDCVs to the PM and the Golgi border is measured. €, SIM images of
chromaffin cells transfected for 3 DIV with NPY-mCherry (red) and Munc18-2-mTFP. The outline of the PM (white line) was marked using
the picture acquired at 488 nm visualizing the mTFP signal. D, Analysis of the nearest distance between LDCVs and PM (top) or cis-Golgi
(bottom), n = 10. E, Asin C, SIM images of chromaffin cells transfected for 3 DIV with NPY-mCherry and 6.5 h with open-syntaxin or GFP
(control). F, As in D, for cells transfected with open-syntaxin or GFP (control), n = 12 and 10, respectively. G, As in C, SIM images of
chromaffin cells transfected for 24 h with NPY-mCherry and 12 h with SNAP-25 or GFP (control). H, As in D, for cells transfected with
SNAP-25 or GFP (control), n = 10.
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9D). Thus the overexpression of SNAP-25
leads to a 67% reduction of the number of
dead-end vesicles. As expected, these data
contrast with the results observed in cells
expressing open-syntaxin but reproduce
exactly the phenotype of Muncl8-2-
mTFP expressing cells.

Together these findings support the
hypothesis that the unproductive 2:1 ac-
ceptor complex is formed in vivo and that
LDCVs can dock to this complex thereby
preventing their priming.

Discussion

We have characterized dead-end docking
and deciphered its molecular mechanism.
A strong but short (<2 s) stimulation of
exocytosis either through repetitive depo-
larizations or flash photolysis of caged
Ca?" was not sufficient to deplete the
LDCVs that reside near the PM. In contrast,
perfusion of the cells with an intracellular
solution containing 6 um free Ca** for
5 min induced strong secretion which
substantially depleted LDCVs at the PM.
Approximately 15% of all LDCVs re-
mained docked throughout the experi-
ment and were defined as dead-end
vesicles. These vesicles did not fuse in re-
sponse to [Ca®"]; as high as 15 um. In
bovine chromaffin cells, ~10% of all LD-
CVs remained noticeably immobile at the
PM for at least 2 min when [Ca®"], was
maintained between 0.1 and 1 uMm (Pasche
etal.,2012). The analysis of the dwell-time
before secretion did not favor the idea that
a priming process is involved and it is un-
likely that dead-end vesicles are degrada-
tion products, i.e., lysosomes, unable to
undergo exocytosis. Dead-end vesicles
had a well defined round shape and not
the typical elongated shape of lysosomes.
Furthermore, overexpression of three dif-
ferent proteins, Muncl8-2, open-syntaxin
or SNAP-25, affected the proportion of
dead-end vesicles while none of these pro-
teins have a known function in the degra-
dation or recycling pathways of LDCVs.
Finally, it is possible that dead-end ves-
icles become trapped at the PM via an
unproductive docking reaction. The mech-
anism of docking involves a variety of
molecules such as the t-SNAREs syntaxin
and SNAP-25 (de Wit et al., 2006, 2009),
Muncl8 (Voets et al., 2001), and the ve-
sicular protein synaptotagmin (de Wit et
al., 2009). Verhage and Serensen (2008)
postulated that dead-end docking might
be mediated by the formation of an
unproductive SNARE acceptor com-
plex formed with two syntaxin and one
SNAP-25 molecule. This stable complex
has been described using biochemical as-
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Figure8.  Expression of open-syntaxin increases the number of dead-end vesicles by 70%. 4,
Quantitative immunocytochemistry to assess the difference in SNAP-25 and syntaxin insertion
in the PM upon open-syntaxin overexpression. Left, TIRFM images of anti-syntaxin and anti-
SNAP-25 labeled cells either overexpressing open-syntaxin (top) or not (bottom). Right, aver-
age fluorescence intensity of syntaxin and SNAP-25 immunolabeling in the PM. Overexpressed
open-syntaxin was clearly transported to the PM as the syntaxin immunofluorescence was
significantly increased compared with control (***p << 0.001,n = 10and n = 14or control and
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says (Fasshauer and Margittai, 2004), but has not been observed
in living cells. A number of proteins destabilizing the 2:1 complex
are expressed in cells, which argues against its existence in vivo
(Serensen et al., 2006). To test whether dead-end vesicles were
LDCVs that docked to the unproductive 2:1 complex, we created
conditions in which the generation of this complex was either
potentially favored or unfavored. Muncl8-2 expression and
SNAP-25 overexpression possibly promoted the formation of the
1:1 SNARE complex and resulted in a consistent decrease of the
dead-end vesicle pool by 66% compared with control. In con-
trast, when the production of the 2:1 SNARE acceptor complex
was likely favored through the expression of open-syntaxin, the
fraction of dead-end vesicles was increased by a factor of 2. These
results indicate that dead-end vesicles are probably docked to the
PM trough the unproductive 2:1 SNARE acceptor complex.

We showed that expression of Munc18-2 strongly reduced the
number of dead-end vesicles whereas expression of open-
syntaxin increased their number. Both proteins have been shown
to be involved in the docking process at various levels indepen-
dently of the SNARE acceptor complex formation. One of the
functions of Muncl8 is to dissolve the cortical actin network and
thereby to facilitate the movement of LDCVs from the cytoplasm
to the PM (Toonen et al., 2006). One could envision that in
control cells some LDCVs get trapped in very dense parts of the
actin cortex and thus become unreleasable. Although the inter-
action of Muncl8 with actin has been demonstrated for
Munc18-1and not Munc18-2 (Bhaskar et al., 2004), this scenario
is compatible with our data. Indeed, expressing Munc18-2 in cells
slightly increased the number of newcomer vesicles at the PM
which might indicate that the access to the PM is facilitated.
However, applying the actin destabilizing agent latrunculin to
chromatftfin cells or PC12 cells decreased the mobility of LDCVs
(Langetal., 2000; Oheim and Stithmer, 2000), suggesting that the
cortical actin does not form a net in which LDCVs become
trapped. Hence, the cortical actin network does not seem to be
involved in the generation of dead-end vesicles. Additionally, we
showed that raising the Munc18-2 concentration in cells increased
the amount of syntaxin at the PM which should enhance formation
of the unproductive 2:1 SNARE acceptor complex. However, bio-
chemical assays have shown that including Munc18-1 in the reaction
of syntaxin with SNAP-25 favors the formation of the 1:1 acceptor
complex (Weninger et al., 2008). Thus our data indicate that despite
a higher syntaxin concentration, the overexpression of Munc18-2,
possibly through binding with syntaxin, shifts the equilibrium of the
acceptor complex formation towards the 1:1 t-SNARE complex.

The expression of open-syntaxin in wild-type cells lead to a
docking deficiency when compared with control (our own re-
sults; Gerber et al., 2008; Liu et al., 2008). This docking deficiency
is probably due to the reduced interaction of open-syntaxin with
Muncl8 (Dulubova et al., 1999; Gerber et al., 2008). However,
the effect of open-syntaxin on docking should affect both pro-

<«

open-syntaxin overexpressing cells, respectively). B, C, Cells transfected with NPY-mCherry and
eGFP alone (B) or together with open-syntaxin (C) were patched with 6 wm free [Ca 2 inthe
pipette solution. Shown are the average membrane capacitance increase (stippled line) and the
cumulative number of secreted LDCVs visualized in TIRFM normalized to the footprint area
(solid line). D, Analysis of TIRFM recording in cells expressing open-syntaxin (red) or control cells
(black). Represented are the average density of LDCVs near the PM at the beginning and the end
of the experiment and the average total secretion. LDCVs visible in TIRFM at the end of the
experiment were separated between newcomer and dead-end vesicles (n = 16 and n = 15 for
open-syntaxin expressing and control cells, respectively; *p << 0.05; **p << 0.01). See Materials
and Methods for details on the normalization procedure.
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Figure9.  Overexpression of SNAP-25 decreases the number of dead-end vesicles by 67%. 4,
Quantitative immunocytochemistry to assess the difference in SNAP-25 and syntaxin inser-
tion in the PM upon open-syntaxin overexpression. Aa, TIRFM images of anti-syntaxin and
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ductive and unproductive docking to the same extent, reducing
the pool size of dead-end vesicles, which is opposed to our results.
SNAP-25 has also been shown to play a role in docking via its
interaction with synaptotagmin, but overexpression of SNAP-25
in wild-type cells did not increase the docking of LDCVs (de Wit
et al., 2009). We also showed that SNAP-25 overexpression did
not lead to the sole increase in SNAP-25 level in the PM. It was
accompanied by a rise in syntaxin level in the PM but not in
syntaxin translation (Table 1). If the increase in SNAP-25 and
syntaxin at the PM affects the levels of unclustered proteins is
unclear and was not addressed. Nevertheless, the simplest expla-
nation for the effects of the overexpression of open-syntaxin or
SNAP-25 is a changed syntaxin:SNAP-25 stoichiometry in the
PM either favoring or hindering the generation of the unproduc-
tive 2:1 SNARE acceptor complex.

The fraction of dead-end vesicles and newcomer vesicles was
inversely correlated when either Muncl8, open-syntaxin or
SNAP-25 were overexpressed. Newcomer vesicles were LDCVs
that moved in the evanescent wave during the time course of the
experiment and stayed there until the end. We showed that
the dead-end undocking time constant, which corresponds to the
survival plot’s slow time constant, is longer than 7 min (Fig. 7C).
Due to this slow undocking of dead-end vesicles it is likely that
unproductive dead-end docking sites are saturated throughout
the experiment and newcomer vesicles will mainly attach to pro-
ductive docking sites. It follows that productive and unproduc-
tive docking sites are interdependent and likely rely on the same
proteins because the size of the depot pool of vesicles is not a
limiting factor for docking (Serensen, 2004). This interdepen-
dence of both types of docking sites is consistent with a role for
the 2:1 SNARE acceptor complex in dead-end docking.

Several questions beyond the scope of the present study re-
main to be elucidated. One is to identify the vesicular protein that
interacts with the 2:1 SNARE acceptor complex. This acceptor
complex forms a tetrameric core complex which precludes the
interaction with synaptobrevin (Fasshauer and Margittai, 2004).
Possible candidates are synaptotagmin (de Wit et al., 2009) or an
unknown vesicular protein which interacts with Munc18 that has
been proposed to be involved in docking (Gulyas-Kovécs et al.,
2007). If this is the case then studying dead-end vesicles may
provide a powerful tool for its identification. Another important
point is whether dead-end docking is reversible so that dead-end

<«

anti-SNAP-25 labeled cells either overexpressing open-syntaxin (top) or not (bottom). Ab, Av-
erage fluorescence intensity of syntaxin and SNAP-25 immunolabeling in the PM. For both
proteins the fluorescence intensities were significantly increased in SNAP-25 overexpressing
cells as compared with control (***p = 0.001, n = 10 for control and SNAP-25 overexpressing
cells). Ac, Average fluorescence intensity histograms of the TIRFM picture of the SNAP-25 (left)
and syntaxin (right) immunostaining. They were normalized to the surface area of the individ-
ual footprints of the cells. Note that upon overexpression of the stained protein the respective
histogram is right shifted toward higher values compared with control. Interestingly, upon
overexpression of SNAP-25, the histogram of syntaxin immunofluorescence is not only right
shifted but changes its shape from a unimodal to a bimodal distribution indicating different
protein clustering. B, , Cells cotransfected with NPY-mCherry and eGFP (B) or together with
SNAP-25 (€) were patched with 6 um free [@%"]in the pipette solution. Shown are the
average membrane capacitance increase (stippled line) and the cumulative number of secreted
LDCVs visualized in TIRFM normalized to the footprint area (solid line). D, Analysis of TIRFM
recording in cells overexpressing SNAP-25 (green) or control cells (black). Represented are the
average density of LDCVs near the PM at the beginning and the end of the experiment and the
average total secretion. LDCVs visible in TIRFM at the end of the experiment were separated
between newcomer and dead-end vesicles (n = 14 and n = 13 for SNAP-25 overexpressing
and control cells, respectively; **p << 0.01; ***p << 0.001). See Materials and Methods for
details on the normalization procedure.
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vesicles could constitute a reserve pool for secretion. Our data
show that increasing the [Ca®"]; did not lead to their release.
Furthermore, we found that the size of dead-end vesicle pool is
extremely stable. In four independent sets of experiment in which
we stimulated the cells with 6 um Ca*™ the proportion of dead-
end vesicles over all LDCVs visible at the PM before stimulation
was invariable (14.1 = 1.5, 14.4 * 2.7%, 15.0 = 1.0% and 15.2 =
2.0% in Figs. 4, 6, 8, and 9, respectively). Accordingly, it is possi-
ble that changes in the cell metabolism might lead to their release.
One could imagine that phosphorylation reactions might modu-
late the size of the dead-end vesicle pool because both SNAP-25
and syntaxin can be phosphorylated by PKA and/or PKC (Ris-
inger and Bennett, 1999). On the other hand, recent work from
Murray and Tamm (2009) showed that SNAP-25 and syntaxin
interact to form the SNARE acceptor complex only after they
diffused out of clusters. Thus, modulating the ratio of free
SNAP-25 versus free syntaxin via clustering might be a powerful
tool to modulate the formation of the productive or the unpro-
ductive SNARE acceptor complexes.

In conclusion, studying dead-end vesicles provides new in-
sights in the docking mechanism. Our study provides the first
evidence that the unproductive 2:1 SNARE acceptor complex
exists and is functional in vivo. Further examination of dead-end
docking will clearly broaden our knowledge of the mechanisms
involved in docking modulation.
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