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Regulation of Ca2+ channels by SNAP-25 via 
recruitment of syntaxin-1 from plasma membrane 
clusters

ABSTRACT SNAP-25 regulates Ca2+ channels, with potentially important consequences for 
diseases involving an aberrant SNAP-25 expression level. How this regulation is executed 
mechanistically remains unknown. We investigated this question in mouse adrenal chromaffin 
cells and found that SNAP-25 inhibits Ca2+ currents, with the B-isoform being more potent than 
the A-isoform, but not when syntaxin-1 is cleaved by botulinum neurotoxin C. In contrast, syn-
taxin-1 inhibits Ca2+ currents independently of SNAP-25. Further experiments using immunos-
taining showed that endogenous or exogenous SNAP-25 expression recruits syntaxin-1 from 
clusters on the plasma membrane, thereby increasing the immunoavailability of syntaxin-1 and 
leading indirectly to Ca2+ current inhibition. Expression of Munc18-1, which recruits syntaxin-1 
within the exocytotic pathway, does not modulate Ca2+ channels, whereas overexpression of 
the syntaxin-binding protein Doc2B or ubMunc13-2 increases syntaxin-1 immunoavailability 
and concomitantly down-regulates Ca2+ currents. Similar findings were obtained upon chemical 
cholesterol depletion, leading directly to syntaxin-1 cluster dispersal and Ca2+ current inhibi-
tion. We conclude that clustering of syntaxin-1 allows the cell to maintain a high syntaxin-1 ex-
pression level without compromising Ca2+ influx, and recruitment of syntaxin-1 from clusters by 
SNAP-25 expression makes it available for regulating Ca2+ channels. This mechanism poten-
tially allows the cell to regulate Ca2+ influx by expanding or contracting syntaxin-1 clusters.

INTRODUCTION
Neurosecretion—the release of neurotransmitters from neurose-
cretory cells or neurons—depends on the rapid exocytosis of 

transmitter-filled vesicles upon the arrival of a signal. In most excit-
atory cells, an action potential elicits Ca2+ influx through voltage-
gated calcium channels (VGCCs) to trigger release. The machinery 
driving vesicle fusion with the plasma membrane consists of the ter-
nary SNARE complex (comprised of syntaxin-1, synaptosomal-asso-
ciated protein of 25 kDa [SNAP-25], and VAMP2/synaptobrevin-2), 
which forms between the vesicle and the plasma membrane (Jahn 
and Fasshauer, 2012), and proteins of the Munc18 and Munc13/
CAPS families, which play essential roles in SNARE-complex assem-
bly (Rizo and Sudhof, 2012). Vesicular synaptotagmin-1 is the main 
Ca2+ sensor in many systems, triggering release upon binding to 
Ca2+ (Sudhof, 2013). Owing to the brief duration of the action po-
tential, the coupling between Ca2+ influx and vesicle fusion takes 
place within small, diffusion-limited coupling compartments (“mi-
crodomains” or “nanodomains”) around a single or a few clustered 
VGCCs (Neher, 2015). Therefore a mechanism must exist that en-
sures proper colocalization between VGCCs and secretory vesicles. 
This is especially pertinent in synapses, where spatial and temporal 
coupling is very tight (Kochubey et al., 2011); in addition, a certain 
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influx locally until a proper SNARE complex has formed (Zhong 
et al., 1999). In a coexpression experiment using N-type channels, 
SNAP-25 did not in itself induce G-protein inhibition but was able to 
partly relieve inhibition caused by syntaxin-1A expression (Jarvis 
and Zamponi, 2001).

Studies in neurosecretory cells identified native SNAP-25 and 
syntaxin-1 in distinct membrane clusters (Lang et al., 2001; Sieber 
et al., 2007; Lopez-Font et al., 2010) from which they have to be 
recruited in order for productive SNARE-complex assembly to take 
place (Barg et al., 2010; Knowles et al., 2010). Thus the bulk of 
SNAP-25 and syntaxin-1 in the membrane does not form a SNARE 
complex until the arrival of a vesicle, and fusion itself requires only a 
few SNARE complexes (Mohrmann et al., 2010; Sinha et al., 2011), 
constituting an infinitesimal fraction of the total SNARE content of 
the cell. Thus it is unclear how the proposed mechanism of VGCC 
inhibition and disinhibition would lead to noticeable changes in the 
macroscopic Ca2+ current. Alternatively, SNAREs might act to regu-
late VGCCs in parallel to their function in exocytosis. Such an alter-
native function of SNAREs might be potentially important because 
a number of diseases have been associated with an aberrant expres-
sion level of the SNARE SNAP-25, including attention-deficit hyper-
activity disorder and epilepsy (Corradini et al., 2009).

Here we investigated how SNAP-25 regulates VGCCs in mouse 
adrenal chromaffin cells, which constitute a versatile assay system to 
study calcium-triggered exocytosis. We were especially interested 
in understanding whether SNAP-25 regulates VGCC directly or indi-
rectly and whether this regulation takes place as part of the exocytic 
pathway or in parallel to it.

RESULTS
Inhibition of Ca2+ currents by SNAP-25 requires syntaxin-1
To understand how SNAP-25 regulates the current through voltage-
gated Ca2+ channels, we performed patch-clamp experiments and 
isolated the Ca2+ currents from embryonic mouse chromaffin cells. 
We applied 5-ms depolarization steps (within a P/-4 protocol to sub-
tract the leak current) using a bath solution containing 10 mM Ca2+ 
and tetrodotoxin combined with a Cs+-based pipette solution to 
block currents through Na+ and K+ channels. To prevent intracellular 
increases in [Ca2+]i, which might activate intracellular signaling, we 
included 10 mM ethylene glycol tetraacetic acid (EGTA) in the pi-
pette solution. Representative Ca2+ currents from a SNAP-25 knock-
out (KO) cell are shown in Figure 1A, with arrows indicating current 
amplitude (a) and tail current (b). We found that deletion of SNAP-
25 (i.e., using SNAP-25 KO chromaffin cells) led to significantly 
larger Ca2+ currents than in wild-type (WT) littermates (Figure 1B). 
SNAP-25a or SNAP-25b was overexpressed in SNAP-25 KO cells for 
6–8 h using a Semliki Forest virus (SFV) harboring a bicistronic mes-
sage with enhanced green fluorescent protein (EGFP) as expression 
marker. This led to a depression of the Ca2+ currents. Of note, ex-
pression of SNAP-25a reversed the calcium currents to their control 
(WT) amplitude, whereas expression of SNAP-25b depressed them 
even further (Figure 1B). This finding is consistent with the predomi-
nant expression of the SNAP-25a isoform in the adrenal gland (Bark 
et al., 1995; Grant et al., 1999). The stronger effect of SNAP-25b in 
regulating Ca2+ channels has also been observed in neurons (Pozzi 
et al., 2008). Of importance, cell sizes were unchanged by SNAP-25 
expression (Figure 1C). To ensure that these changes were caused 
by SNAP-25 expression and not by the expression virus or the ex-
pression marker, we transfected a group of cells with SFV expressing 
EGFP only and found no effect of this treatment (Figure 1B). We 
conclude that endogenous as well as exogenously expressed SNAP-
25 down-regulates VGCCs in adrenal chromaffin cells.

degree of vesicle:channel coupling must be assumed in neurosecre-
tory cells (Klingauf and Neher, 1997).

VGCCs (especially the P/Q-type [Cav2.1] and N-type [Cav2.2] 
channels) interact directly with both syntaxin-1 and SNAP-25 in bio-
chemical experiments (Rettig et al., 1996; Kim and Catterall, 1997; 
Yokoyama et al., 1997, 2005). The main interaction occurs via the 
synaptic protein interaction (synprint) site in the intracellular loop 
between domains II and III (Catterall, 1999). The functional conse-
quences of the interaction with syntaxin-1 have been most 
thoroughly investigated, whereas less is known about the role of 
SNAP-25. Loading of a peptide including the synprint site into cells 
(Mochida et al., 1996; Rettig et al., 1997; Keith et al., 2007) or delet-
ing the synprint site from P/Q- or N-type channels (Mochida et al., 
2003; Harkins et al., 2004) disrupts neurotransmitter release, pre-
sumably due to mislocalization of vesicles away from VGCCs. 
However, the synprint peptide has been shown to inhibit synaptic 
transmission even in invertebrates, whose VGCC do not express a 
synprint site (Spafford et al., 2003).

Coexpression of syntaxin-1 with VGCCs (N, P/Q, or L-type 
[Cav1.1-1.4]) reduces Ca2+ currents, which in some cases has been 
attributed to a shift in the inactivation curve of the channels toward 
negative values (Bezprozvanny and Tsien, 1995; Bezprozvanny et al., 
2000; Wiser et al., 1996, 1999; Degtiar et al., 2000; Hurley et al., 
2004; Davies et al., 2011). For N-type channels, the mechanism in-
volves potentiation of the inhibition by the Gβγ-subunit (Stanley and 
Mirotznik, 1997), leading to both a leftward shift in the inactivation 
curve and tonic inhibition (Jarvis et al., 2000). Conversely, cleaving 
syntaxin-1 with botulinum neurotoxin serotype C (BoNT/C) in corti-
cal synaptosomes potentiates Ca2+ influx (Bergsman and Tsien, 
2000) and in calyx-type chicken ciliary ganglion synapse, shifted the 
inactivation curve of N-type channels to the right (Stanley, 2003). 
Although they do not express a classical synprint site, the T-type 
VGCCs (Cav3.1-3.3) are also negatively regulated by syntaxin-1 
(Weiss et al., 2012; Carbone et al., 2014).

The role of SNAP-25 in regulating Ca2+ influx has been investi-
gated in neurons (Verderio et al., 2004; Pozzi et al., 2008; Condliffe 
et al., 2010; Condliffe and Matteoli, 2011). Whereas SNAP-25 is nec-
essary for synaptic release in both GABAergic and glutamatergic neu-
rons (Tafoya et al., 2006; Bronk et al., 2007; Delgado-Martinez et al., 
2007), the native expression level of SNAP-25 is higher in the latter 
(Verderio et al., 2004; Frassoni et al., 2005), which was correlated with 
a lower Ca2+ influx into these neurons (Verderio et al., 2004). Further-
more, Ca2+ influx was augmented in neurons from SNAP-25 knock-
outs or heterozygotes or after knockdown (Verderio et al., 2004; Pozzi 
et al., 2008; Condliffe et al., 2010; Condliffe and Matteoli, 2011). This 
was associated with a lower paired-pulse ratio in glutamatergic neu-
rons from SNAP-25 heterozygote animals (Antonucci et al., 2013). 
The situation is complicated by changing SNAP-25 expression levels 
during neuronal development, which renders effects of SNAP-25 on 
VGCCs and paired-pulse ratio transient (Frassoni et al., 2005; Anto-
nucci et al., 2013), and the reported effects were not seen in some 
studies (Tafoya et al., 2006, 2008; Scullin et al., 2012).

It remains an open question by what mechanism SNAP-25 regu-
lates VGCCs in a native system, since mechanistic studies used 
heterologous expression of both SNAREs and calcium channels in 
nonsecretory cell types (Wiser et al., 1996; Zhong et al., 1999; Jarvis 
and Zamponi, 2001). One study found that SNAP-25 shifts the inac-
tivation curve of P/Q channels toward more hyperpolarized 
membrane potentials, whereas coexpression of syntaxin-1 and syn-
aptotagmin-1 relieved this inhibition (Zhong et al., 1999). It was thus 
suggested that the SNAP-25–induced inhibition of P/Q-type 
channels might form part of the exocytotic cascade by limiting Ca2+ 
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of the syntaxin-1A LE-mutant (L165A/
E166A), which favors the open configura-
tion (Dulubova et al., 1999), also led to 
strong inhibition of calcium currents (Figure 
2A), indicating that blocking of VGCCs is in-
dependent of the syntaxin-1 conforma-
tion—if anything, inhibition was slightly 
stronger in the LE mutant.

Overall we conclude that syntaxin-1 is a 
regulator of VGCC acting on its own, or at 
least independently of SNAP-25, whereas 
the effects of SNAP-25 are eliminated after 
expression of BoNT/C, consistent with an 
indirect effect of SNAP-25 via syntaxin-1.

Activation and inactivation curves are 
mildly affected by SNAP-25 and 
syntaxin-1
To understand the effect, if any, of SNAP-
25 and syntaxin-1 on the gating properties 
of VGCCs, we plotted I/V curves and acti-
vation and steady-state inactivation curves 
(Figure 1E-G). The I/V curve was depressed 
but not noticeably shifted by SNAP-25 ex-
pression (Figure 1E) or syntaxin-1 expres-
sion (Figure 2C). The activation window 
shows that cells expressing endogenous or 
exogenous SNAP-25 were slightly shifted 
to hyperpolarized values compared with 
the SNAP-25 KO (Figure 1F), although the 
shift was small. Nevertheless, the direction 
of the shift is consistent with results upon 
knockdown of SNAP-25 in glutamatergic 
neurons (Condliffe et al., 2010). Syntaxin-1 
expression did not change the activation 
curve (Figure 2C).

Steady-state inactivation curves were also very slightly left-
shifted in cells expressing SNAP-25 compared with SNAP-25 KO 
(Figure 1F), which is qualitatively consistent with silencing data (Con-
dliffe et al., 2010), although the effect seen here was smaller. A 
strong leftward shift of the steady-state inactivation curve was previ-
ously found after coexpression of exogenous SNAP-25 with P/Q 
channels in HEK cells (Zhong et al., 1999). Conversely, syntaxin-1 
expression caused a rightward shift of part of the inactivation curve 
(Figure 2D).

From these experiments, we conclude that SNAP-25 clearly re-
duces overall Ca2+ current amplitudes, but the effects on activation 
and steady-state inactivation properties of VGCC are very mild and 
might be obscured by the different amplitudes of the measured cur-
rents or for other reasons (see later discussion).

Expression of Ca2+ channel types in the absence and 
presence of SNAP-25
The mild shifts in activation and inactivation curves upon SNAP-25 
expression might be due to a selective effect on one or two VGCC 
types combined with the broad expression of Ca2+ channel types in 
embryonic or neonatal mouse adrenal chromaffin cells (Albillos 
et al., 2000; Aldea et al., 2002; Padin et al., 2015). Previous work was 
carried out in neurons, where N- and P/Q-type channels are much 
more prevalent (Condliffe et al., 2010), or after heterologous coex-
pression with P/Q channels alone (Zhong et al., 1999). To under-
stand whether SNAP-25 expression changes the proportion of Ca2+ 

To understand whether SNAP-25 acts directly on the VGCCs, or 
indirectly via syntaxin-1, we expressed BoNT/C light chain. BoNT/C 
cleaves syntaxin-1 near its transmembrane anchor (Blasi et al., 1993), 
and in addition it cleaves SNAP-25 between Arg-198 and Arg-199, 
resulting in a C-terminal deletion of eight amino acids (Foran et al., 
1996; Vaidyanathan et al., 1999). It was previously shown that a 
SNAP-25 truncated by nine amino acids from the C-terminal end 
displays normal regulation of calcium influx (Verderio et al., 2004). 
Effectiveness of BoNT/C treatment was confirmed using electro-
physiology and immunostaining against syntaxin-1 (see later discus-
sion of Figure 4, I and J). After expression of BoNT/C in SNAP-25 
WT cells, Ca2+ current amplitudes increased, whereas no significant 
effect was seen in SNAP-25 KO cells (Figure 1B). As a result, Ca2+ 
current amplitudes were indistinguishable in SNAP-25 KO and WT 
cells expressing BoNT/C.

Because SNAP-25 expression is without consequence for Ca2+ 
current amplitudes after cleaving syntaxin-1, either SNAP-25 regu-
lates VGCCs indirectly, via syntaxin-1, or syntaxin-1 and SNAP-25 
are both required—perhaps within dimers—to down-regulate chan-
nels. To distinguish between these possibilities, we overexpressed 
syntaxin-1A in SNAP-25 KO cells (Figure 2). This led to strong de-
pression of Ca2+ current amplitudes (Figure 2A). Syntaxin-1 is nor-
mally found in the so-called “closed” configuration, in which the 
Habc domain is folded back on the SNARE (also called H3) domain 
(Dulubova et al., 1999). Constitutively open syntaxin-1 stimulates 
secretion (Gerber et al., 2008; Liu et al., 2010). However, expression 

FIGURE 1: Calcium current amplitudes are reduced by both endogenous and exogenous 
SNAP-25 expression. (A) Calcium currents from mouse chromaffin cells were measured by 
activation via depolarization steps to 0 mV (for 5 ms). Representative calcium currents from a 
SNAP-25 KO cell. Peak and tail amplitude are indicated by arrows. (B) Deletion of SNAP-25 
(SNAP-25 KO) led to higher calcium current amplitudes, whereas viral expression of SNAP-25a in 
SNAP-25 KO cells reversed calcium current amplitudes to WT levels. Expression of SNAP-25b had 
an even stronger depressing effect. Cleavage of syntaxin-1 by BoNT/C1 increased the amplitudes 
in SNAP-25 WT cells, whereas BoNT/C was without effect in SNAP-25 KO cells, indicating that the 
effect of SNAP-25 on calcium currents might be mediated via syntaxin-1. The expression of EGFP 
in SNAP-25 KO cells was without effect. Means ± SEM. *p < 0.05, ***p < 0.001 (one-way ANOVA 
with Tukey’s post hoc test). N = 3 preparations for each condition; n = 23–29 cells/condition. 
(C) Cell sizes were unchanged by SNAP-25 expression. (D) Immunoblotting against Cavα2δ4 
in SNAP-25 KO, WT, and heterozygote (HT) adrenal glands did not reveal differences in 
expression level. (E) The I/V curves were depressed but not shifted upon SNAP-25 expression. 
Activation (F) and inactivation (G) curves were only slightly shifted, if at all, by SNAP-25 expression 
or deletion.
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current through different VGCC types, we applied channel blockers 
sequentially to SNAP-25 KO and WT cells (Figure 3). Nifedipine was 
used to block L-type channels, ω-conotoxin to block N-type chan-
nels, ω-agatoxin to block P/Q channels, SNX482 to block R-type 
(i.e., Cav2.3) channels, and Ni2+ to block T-type channels. The results 
showed that L-type channels were the most prevalent VGCCs in 
both SNAP-25 KO and WT embryonic chromaffin cells, but N, P/Q, 
R, and T types also were detected (Figure 3B). It is important to note 
that the current fractions depend critically on the recording condi-
tions and the exact protocol (Padin et al., 2015). The results are 
therefore hard to compare among studies. However, we can con-
clude that if SNAP-25 only affects the activation and steady-state 
inactivation curves of N- and P/Q-type channels, effects in adrenal 
chromaffin cells will likely be small, and they might not be detect-
able. Testing the fractional currents (in percentage of total current, 
two-tailed Student’s t test) between SNAP-25 KO and WT cells did 
not reveal significant changes for any of the channel types. Thus 
SNAP-25 expression does not cause large changes in the relative 
contributions of different channels types to the Ca2+ current.

Expression of SNAP-25 recruits syntaxin-1 from dense 
clusters and increases its immunoavailability
The notion that SNAP-25 regulation of VGCCs depends on the ex-
pression of syntaxin-1 whereas syntaxin-1 regulates VGCCs inde-
pendently of SNAP-25 prompted us to examine how SNAP-25 
expression affects syntaxin-1 distribution. We expressed SNAP-25a 
or SNAP-25b in SNAP-25 KO or WT cells and stained against syn-
taxin-1. Strikingly, overexpression of either SNAP-25 isoform led to 
a fourfold increase in the syntaxin-1 staining in confocal images 
(Figure 4, A and B). This was not caused by bleedthrough due to the 
overexpression of SNAP-25, because these cells were stained only 
against syntaxin-1, and the (relatively weak) fluorescence of the ex-
pressed EGFP was used to identify expressing cells. This increase in 

FIGURE 3: SNAP-25 WT and KO cells show similar relative expression 
of calcium channel subtypes. (A) Representative traces from a 
single-KO adrenal chromaffin cell during sequential additive 
application of calcium channel blockers. Bottom to top: nifedipine  
(L type, 3 μM), ω-conotoxin (N type, 1 μM), agatoxin (P/Q type, 1 μM), 
SNX482 (R type, 300 nM), Ni2+ (T type, 40 μM). (B) Sequential 
application of blockers did not reveal large differences in the fraction 
of calcium channel subtypes between SNAP-25 WT and KO cells. 
N = 3, n = 10–13.
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FIGURE 2: Syntaxin-1 expression strongly reduces calcium currents in 
SNAP-25 KO cells. (A) Viral overexpression of syntaxin-1A or the LE 
mutant of syntaxin-1A led to a strong decrease in calcium current 
amplitudes. Means ± SEM. ***p < 0.001 (one-way ANOVA, Tukey’s 
post hoc test). N = 3, n = 17–19. (B) The I/V relationship was 
depressed but not shifted upon syntaxin overexpression. (C) The 
activation window was not affected by syntaxin overexpression. 
(D) The inactivation curve was slightly shifted toward more positive 
potentials upon syntaxin-1A overexpression.
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syntaxin-1 staining upon SNAP-25 expression was previously found 
(Hugo et al., 2013). Our staining was specific for syntaxin-1 because 
after expression of BoNT/C, syntaxin-1 staining was strongly re-
duced (Figure 4J). In plotting a line profile through a confocal sec-
tion around the equatorial plane of the cell (avoiding the nucleus), 
we saw that overexpression of both SNAP-25a and SNAP-25b 
caused increased syntaxin-1 staining at or near the plasma mem-
brane (Figure 4, C and D).

The increased syntaxin-1 staining in SNAP-25–expressing cells 
might be caused by up-regulation of the syntaxin-1 expression level 
per se or a change in syntaxin-1 immunoavailability by recruiting 
syntaxin-1 from the extremely dense clusters present on the plasma 
membrane (Sieber et al., 2007); these clusters reduce immunoavail-
ability by epitope masking (Lang et al., 2001; Figure 4G). To distin-
guish between those possibilities, we performed Western blotting 
of SNAP-25–expressing cultured mouse adrenal chromaffin cells 
and compared them with untransfected cells. We found that 
whereas SNAP-25 was overexpressed (5.8 ± 0.7)-fold (mean ± SEM, 
n = 3) by the SFV system, the syntaxin-1 level was actually somewhat 
depressed (Figure 4E). On average, the syntaxin-1 band was re-
duced to 51 ± 12% (mean ± SEM, n = 3) by overexpression of SNAP-
25. The reason for the reduced syntaxin-1 abundance after SNAP-25 
overexpression is unknown; possibly, recruiting syntaxin-1 from clus-
ters on the plasma membrane (see later discussion) could target 
syntaxin-1 for degradation (see Discussion for another possibility). In 
any case, increased syntaxin-1 expression cannot explain the 
increase in syntaxin-1 labeling upon SNAP-25 overexpression. 
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SNAP-25 expression regulates syntaxin-1 clustering, but the oppo-
site is not the case.

The differences in syntaxin-1 immunolabeling and clustering af-
ter SNAP-25 overexpression were immediately apparent (Figure 4; 
see also Hugo et al., 2013), probably due to the high SNAP-25 over-
expression level induced by the SFV system (Figure 4E). If a similar 
mechanism exists at endogenous expression levels, then changes in 
syntaxin-1 labeling and clustering should be detectable when com-
paring SNAP-25 KO and WT cells, although these changes might be 
much less conspicuous. We directly compared syntaxin-1 staining in 
SNAP-25 WT and KO chromaffin cells (Figure 5). Indeed, we found 
that in confocal images, the total staining intensity for syntaxin-1 
was ∼40% lower in SNAP-25 KO than in WT cells (Figure 5, A and B). 
However, in Western blots of adrenal glands, syntaxin-1 expression 
was indistinguishable between SNAP-25 KO and WT animals 
(Figure 5C). Using 3D-SIM, syntaxin-1 clusters could be distin-
guished in both WT and SNAP-25 KO cells (Figure 5, D and E). Au-
tomatized cluster detection (see Materials and Methods) was used 
to derive the mean cluster size per cell, and the population means 
of this parameter from WT and SNAP-25 KO cells were compared. 
This resulted in the conclusion that the SNAP-25 KO has signifi-
cantly smaller syntaxin-1 clusters (Figure 5F). Thus syntaxin-1 clus-
ters are expanded by endogenous SNAP-25 expression, leading to 
higher overall immunoavailability.

Instead, SNAP-25 expression increases the immunoavailability of 
syntaxin-1.

To investigate directly whether SNAP-25 recruits syntaxin-1 from 
the clusters on the membrane, we subjected stained cells to three-
dimensional structured illumination microscopy (3D-SIM). On exam-
ining single optical sections around the equatorial plane of the cell, 
it became readily apparent that syntaxin-1 is strongly clustered in 
SNAP-25 KO cells (Figure 4F, left). However, on overexpression of 
SNAP-25b, those clusters disappeared, and instead, almost contin-
uous and relatively homogeneous staining was present at the 
plasma membrane (Figure 4F, right). Note that the reconstruction 
algorithm used here involved scaling, such that intensity differences 
cannot be appreciated in these images. These data are consistent 
with the idea that increased staining intensities (when measured in 
the confocal microscopy) are caused by recruitment of syntaxin-1 
from clusters (Figure 4G), increasing immunoavailability.

We investigated whether syntaxin-1 also affects the immuno-
availability of SNAP-25. However, after expression of BoNT/C, 
staining for SNAP-25 was unchanged (Figure 4, H and J), whereas 
staining for syntaxin-1 was reduced (Figure 4J), and secretion trig-
gered by calcium uncaging was strongly inhibited (Figure 4I), 
confirming the activity of expressed BoNT/C to cleave syntaxin-1. 
Furthermore, overexpression of syntaxin-1A did not change the in-
tensity of SNAP-25 staining (Supplemental Figure S1). Therefore 

FIGURE 4: Overexpressing SNAP-25 increases syntaxin-1 immunoavailability but not its expression level. (A) Confocal 
slices of WT and SNAP-25 KO adrenal chromaffin cells with or without SNAP-25a or SNAP-25b overexpression stained 
for syntaxin-1. Scale bar, 5 μm. (B) Quantification of syntaxin-1 immunostaining (Fluor. int., fluorescence intensity). Data 
are normalized to the syntaxin-1 signal from SNAP-25 WT cells. ***p < 0.001 (one-way ANOVA, Tukey’s post hoc test). 
(C) Representative profile plots of syntaxin-1 immunolabeling. The peaks in the plots (arrows) indicate the plasma 
membrane (PM). Inset, confocal midsection of a SNAP-25 KO cell, indicating how the profile was measured. Scale bar, 
5 μm. (D) Quantification of syntaxin-1 immunolabeling at the PM from WT and SNAP-25 KO cells. *p < 0.05, **p < 0.01, 
***p < 0.001 (one-way ANOVA, Tukey’s post hoc test). (E) Western blots showing the levels of syntaxin-1 and SNAP-25 
in cultured adrenal chromaffin cells before and after overexpression of SNAP-25b. The syntaxin-1 level decreased, 
although the immunoavailability increased. (F) 3D-SIM showed that viral overexpression of SNAP-25b in SNAP-25 KO 
cells leads to recruitment of syntaxin-1 from PM clusters. Top, blow-ups of part of the membranes from a SNAP-25 KO 
cell and a SNAP-25 KO cell overexpressing SNAP-25b. Scale bar, 2 μm. (G) Schematic illustration of the limited 
immunoavailability of syntaxin-1 in clusters (top) and an increased immunoavailability after overexpression of SNAP-25 
(bottom), which results in recruitment of syntaxin from PM clusters. (H) Confocal maximum projections of WT cells with 
and without BoNT/C1 stained for SNAP-25. Scale bar, 5 μm. (I) The effect of BoNT/C was tested on secretion in 
SNAP-25 WT cells in a calcium uncaging experiment (flash at arrow), verifying that secretion was strongly depressed. 
(J) Quantification of the SNAP-25 and syntaxin-1–specific signal after cleavage of syntaxin-1 by BoNT/C. **p < 0.01 
(Student’s t test, two-tailed). N = 2, n = 15–19.
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(Duncan et al., 1999), although it was un-
clear whether it was statistically significant. 
Here we measured the Ca2+ current in new-
born Doc2B KO mouse chromaffin before 
and after overexpression of Doc2B. We in-
deed found that calcium currents were de-
pressed (Figure 6C). To understand whether 
a similar mechanism was involved as in the 
SNAP-25–induced depression of Ca2+ cur-
rents, we stained Doc2B WT, Doc2B KO, 
and Doc2B-overexpressing cells against 
syntaxin-1. The Doc2B-overexpressing cells 
displayed a very strong (more than an order 
of magnitude) increase in syntaxin-1 stain-
ing, which appeared to be strongest at or 
near the plasma membrane (Figure 6, A 
and B). Western blot analysis showed that 
Doc2B overexpression did not up-regulate 
syntaxin abundance (Figure 6D), pointing to 
increased immunoavailability as the mecha-
nism resulting in down-regulation of Ca2+ 
currents.

We also expressed ubMunc13-2, which 
was recently identified as the endogenous 
Munc13 isoform in adrenal chromaffin cells 
(Man et al., 2015). Munc13 proteins interact 
with syntaxin-1 via their MUN domain and 
cause the transition from a “closed” to an 
“open” conformation, which is required for 
vesicle priming (Basu et al., 2005; Stevens 
et al., 2005). Expression of ubMunc13-2 in 
embryonic chromaffin cells significantly in-
creased syntaxin-1 staining (Figure 6, E 
and F) and resulted in inhibition of Ca2+ cur-
rents (Figure 6G). Separate experiments 

showed that expression of ubMunc13-2 in chromaffin cells induces 
a massive increase in secretion triggered by Ca2+ (Supplemental 
Figure S2), confirming expression of ubMunc13-2.

The first protein that binds to syntaxin-1 in the exocytotic cas-
cade is most likely Munc18-1 (Ma et al., 2013). In chromaffin cells, 
Munc18-1 is necessary for docking vesicles to the plasma mem-
brane, and secretion in Munc18-1–knockout cells is abrogated 
(Voets et al., 2001). However, Munc18-1 also has an essential post-
docking role in exocytosis, probably by stimulating SNARE-complex 
assembly (Gulyas-Kovacs et al., 2007; Rizo and Sudhof, 2012).

We investigated Ca2+ currents in Munc18-1 KO cells and 
Munc18-1 KO cells overexpressing Munc18-1. Ca2+ current ampli-
tudes were indistinguishable between the two groups (Figure 6J). 
Immunostaining and Western blotting against syntaxin-1 did not 
identify significant changes between the groups (Figure 6, H, I, 
and K). Note that Munc18 expression has been described to cause 
increased syntaxin-1 targeting to the plasma membrane (Gulyas-
Kovacs et al., 2007); however, in the present context, we always 
quantified the total syntaxin-1 immunolabeling of the cell, which is 
not significantly changed during short-term Munc18-1 overexpres-
sion (Munch et al., 2016). Western blotting of cultured chromaffin 
cells confirmed overexpression of Munc18-1 (Figure 6K).

We conclude that overexpression of Munc18-1, the essential 
syntaxin-binding protein, which controls the entry into the exocy-
totic cascade, does not modulate Ca2+ currents in adrenal chromaffin 
cells. This underscores the correlation between syntaxin immuno-
availability and calcium current depression.

We conclude that both endogenous and exogenous SNAP-25 ex-
pression cause an increase in syntaxin-1 immunoavailability in chro-
maffin cells through the expansion of syntaxin-1 plasma membrane 
clusters. This coincides with down-regulation of Ca2+ currents.

Overexpression of Doc2b or ubMunc13-2, but not 
Munc18-1, increases syntaxin-1 immunoavailability and 
inhibits Ca2+ channels
We next wanted to understand whether the expansion of syntaxin-1 
clusters and the increased immunoavailability of syntaxin-1 are ob-
ligatorily linked to Ca2+ current inhibition. We therefore looked for 
other ways to expand syntaxin-1 clusters and argued that strong 
overexpression of syntaxin-1–binding proteins might achieve this 
task, even if those proteins—unlike SNAP-25—are not expressed at 
sufficient endogenous levels to cause syntaxin-1 cluster expansion 
under control conditions.

One syntaxin-1 interacting protein in adrenal chromaffin cells is 
Doc2B (Friedrich et al., 2008). Doc2A and Doc2B interact with syn-
taxin-1:SNAP-25 dimers and ternary SNARE complexes (Friedrich 
et al., 2008; Groffen et al., 2010; Sato et al., 2010). We previously 
showed that overexpression of Doc2b increases the size of the read-
ily releasable vesicle pool (RRP) while depressing sustained release 
(Pinheiro et al., 2013). During the course of that investigation, we 
found that overexpression of exogenous Doc2B strongly reduces 
Ca2+ influx when cells were stimulated by a depolarization protocol 
(Supplemental Figure S2). In fact, reduction of Ca2+ currents in 
bovine chromaffin cells after Doc2B expression was noted before 

FIGURE 5: SNAP-25 KO cells have lower immunoavailability of syntaxin-1 and smaller clusters of 
syntaxin-1. (A) Confocal micrographs of equatorial planes of a SNAP-25 WT and SNAP-25 KO 
adrenal chromaffin cells, respectively, stained for syntaxin-1. Scale bar, 2 μm. (B) Quantification 
of syntaxin-1 fluorescence intensity. ***p < 0.001 (Student’s t test, two-tailed). 
(C) Immunoblotting shows that the expression of syntaxin-1 in SNAP-25 WT and KO adrenal 
glands is indistinguishable. Each lane represents data from one animal. (D) 3D-SIM of SNAP-25 
WT and SNAP-25 KO cells display clusters of syntaxin-1 at the plasma membrane. Scale bar, 
2 μm. Inset, blow-up of plasma membranes from SNAP-25 WT and KO cells with lines for 
quantification. (E) Line profiles along the lines in inset to D. (F) Quantification of syntaxin-1 
cluster size shows a decreased size in SNAP-25 KO cells. **p < 0.01 (Student’s t test, two-tailed).
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FIGURE 6: Increasing syntaxin-1 immunoavailability reduces calcium currents in mouse chromaffin cell. (A) Confocal 
midsections of WT and Doc2B KO adrenal chromaffin cells with and without Doc2B overexpression (o.e.) stained against 
syntaxin-1. Scale bar, 5 μm. (B) Quantification of the syntaxin-1 immunolabeling indicates a very strong increase upon 
Doc2B overexpression (note broken axis). ***p < 0.001 (one-way ANOVA with Tukey’s post hoc test). N = 2, n = 21–26. 
(C) Amplitudes of calcium currents in Doc2B KO cells with and without Doc2B overexpression. (D) Western blotting of 
cultured chromaffin cells shows that the endogenous expression level of syntaxin-1 is not changed upon overexpression 
of Doc2B. (E) Confocal midsections of SNAP-25 WT cells with and without ubMunc13-2 overexpression stained for 
syntaxin-1. Scale bar, 5 μm. (F) Quantification of the immunoavailability of syntaxin-1 reveals an increase upon 
ubMunc13-2 overexpression. *p < 0.05 (Student’s t test, two-tailed). N = 2, n = 20. (G) Calcium currents in SNAP-25 WT 
cells and SNAP-25 WT overexpressing ubMunc13-2. ***p < 0.001 (Student’s t test, two-tailed). N = 2, n = 20. 
(H) Confocal midsections of Munc18-1 KO cells with and without Munc18-1 overexpression, stained for syntaxin-1. Scale 
bar, 5 μm. (I) Quantification of total syntaxin-1 fluorescence intensity. (J) Calcium currents in Munc18-1 KO cells with and 
without Munc18-1 overexpression. Means ± SEM. No significance is found (one-way ANOVA, Tukey’s post hoc test). 
N = 3, n = 21–23. (K) Western blotting showed that the endogenous expression level of syntaxin-1 is not changed upon 
overexpression of Munc18-1. (L) Confocal midsections of SNAP-25 WT cells with and without MBCD stained against 
syntaxin-1. Scale bar, 5 μm. (M) Quantification of syntaxin-1 immunolabeling indicates a strong increase upon treatment 
with MBCD. ***p < 0.001 (Student’s t test, two-tailed). N = 2, n = 26–28. (N) Amplitudes of calcium currents in SNAP-25 
WT cells treated with MBCD were decreased compared with untreated WT cells. ***p < 0.001 (Student’s t test, 
two-tailed). N = 2, n = 26–28.
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expression upon SNAP-25 overexpression (Figure 4E), which re-
duces calcium currents (Figure 1).

Our findings argue against the suggestion that free SNAP-25 in-
hibits VGCC, whereas the formation of a ternary SNARE complex 
with syntaxin-1 and synaptotagmin relieves the inhibition (Zhong 
et al., 1999): first, we found that syntaxin-1 inhibits VGCCs indepen-
dently of SNAP-25, whereas SNAP-25 requires syntaxin-1 to inhibit 
channels. Second, we demonstrated that three separate manipula-
tions (SNAP-25b overexpression, Munc18-1 overexpression, ub-
Munc13-2 overexpression), which all increase the number of primed 
vesicles having a partially assembled SNARE complex (Sørensen 
et al., 2003; Gulyas-Kovacs et al., 2007), do not increase Ca2+ 
currents. In fact, two of those manipulations (SNAP-25b and ub-
Munc13-2 overexpression) decreased Ca2+ currents while causing 
massive vesicle priming (Supplemental Figure S3; Sørensen et al., 
2003). The Ca2+ currents in the Munc18-1 KO cells, which do not 
have any primed vesicles (Voets et al., 2001), were unchanged com-
pared with the Munc18-1 overexpression, which rescues the primed 
pool (Gulyas-Kovacs et al., 2007). Thus, in a native secretory cell 
containing secretory vesicles, the proposed direct regulation of 
VGCCs by SNAP-25 and relief by ternary SNARE-complex forma-
tion do not dominate the macroscopic Ca2+ current, but it should be 
kept in mind that the previous experiments were conducted after 
expression of P/Q-type VGCCs, which constitute a minority popula-
tion of the VGCCs in embryonic mouse chromaffin cells (Figure 3). 
Therefore a type-specific effect on P/Q channels, which might be 
highly relevant in synapses, might not have been picked up in our 
experiments.

We propose that SNAP-25 binds to syntaxin-1 and forms a 1:1 
complex (or possibly a complex with two syntaxins; Xiao et al., 
2001; Fasshauer and Margittai, 2004), which results in a net recruit-
ment of syntaxin-1 out of clusters on the plasma membrane The 
recruited syntaxin-1 leads to inhibition of VGCCs (Supplemental 
Figure S4). Indeed, syntaxin:SNAP-25 dimers in different configura-
tions can be readily detected in the plasma membrane of secretory 
cells (Halemani et al., 2010; Rickman et al., 2010), and it has been 
suggested that the first SNARE motif (Qb) in SNAP-25 can extract 
syntaxin-1 from clusters (Halemani et al., 2010). This fits well with 
our finding that the SNAP-25 expression level regulates syntaxin-1 
clusters, but syntaxin-1 does not regulate SNAP-25 clusters. How-
ever, the function of these spontaneously forming SNAP-25:syntaxin 
dimers in exocytosis are unclear because reconstitution experi-
ments indicate that productive SNARE complexes form from syn-
taxin-1 bound to Munc18-1 (Ma et al., 2013). Because syntaxin-1 
and SNAP-25 exist in a large excess over Munc18-1 (Schutz et al., 
2005; Wilhelm et al., 2014), the majority of syntaxin-1:SNAP-25 
dimers would not be involved in fusing vesicles, but a dynamic bal-
ance between clustered, free, and SNAP-25 bound syntaxin-1 (Bar-
On et al., 2012) might be used by the cell to regulate calcium influx 
(Supplemental Figure S4). According to this idea, the SNAP-25 ef-
fect on VGCC might depend on the clustering of syntaxin-1 and 
therefore be different in different cell types; in cell types with a low 
degree of syntaxin-1 clustering, SNAP-25 expression might relieve 
the syntaxin-1–dependent inhibition of VGCC (Jarvis and Zamponi, 
2001) by driving free syntaxin-1 into syntaxin-1:SNAP-25 dimers, 
whereas in cells (presumably secretory cells) in which syntaxin-1 is 
strongly clustered, SNAP-25 might recruit syntaxin-1 out of clusters 
to cause channel inhibition. Thus it is hard to predict the outcome 
of this mechanism without knowing the distribution of syntaxin-1 
(and SNAP-25) inside and outside of clusters. Therefore it remains 
an open question whether the mechanism we propose here is at 
work in neurons.

Extraction of cholesterol from the membrane disperses 
syntaxin-1 clusters and inhibits VGCCs
The foregoing findings obtained using overexpression of syntaxin-1 
or syntaxin-1–binding proteins for 6–8 h indicate that there is a 
strong negative correlation between syntaxin-1 immunoavailability 
and calcium current magnitude. Finally, we wanted to investigate 
whether acute dispersal of syntaxin-1 clusters might lead to the 
same effects without the intricacies of an expression system. Methyl-
β-cyclodextrin (MBCD) readily extracts cholesterol from plasma 
membranes without affecting phospholipids (Ohtani et al., 1989), 
which leads to dispersal of syntaxin-1 (and SNAP-25) clusters in 
PC12 cells (Lang et al., 2001). We therefore treated chromaffin cells 
with 15 mM MBCD for 30 min and subjected cells to either staining 
for syntaxin-1 or electrophysiological analysis.

Syntaxin-1 staining increased in intensity on treatment with 
MBCD (Figure 6, L and M), which was observed previously and at-
tributed to cluster dispersal (Lang et al., 2001), consistent with our 
interpretation. Moreover, calcium currents were reduced in ampli-
tude (Figure 6N).

These experiments show that rapid syntaxin-1 cluster dispersal 
by chemical means also achieves correlated increases in syntaxin-1 
immunolabeling and reductions in Ca2+ current magnitude.

DISCUSSION
We investigated the mechanism behind SNAP-25–induced sup-
pression of Ca2+ currents in secretory cells. We find that BoNT/C 
expression blocks the ability of SNAP-25 to inhibit calcium cur-
rents in embryonic mouse adrenal chromaffin cells and that both 
overexpression of SNAP-25, and the endogenous SNAP-25 ex-
pression level cause correlated changes in syntaxin-1 immuno-
availability and clustering. Dispersal of syntaxin-1 clusters results 
in increased immunoavailability (Lang et al., 2001), leading us to 
the suggestion that it is the dispersal of syntaxin-1 clusters that 
causes both increased intensity of syntaxin-1 staining and cal-
cium current down-regulation. This was further shown by direct 
visualization of syntaxin-1 clusters using 3D-SIM. Our conclusion 
is supported by the observation that overexpression of two syn-
taxin-1–binding proteins, Doc2B and ubMunc13-2, also causes 
correlated reductions in Ca2+ current and increases in syntaxin-1 
immunoavailability. However, only the endogenous expression 
level of SNAP-25 suffices to change calcium current amplitudes, 
whereas calcium influx/currents were unchanged in the Munc13-2 
KO and Doc2B KO cells compared with WT littermates (Supple-
mental Figure S1; unpublished data). A similar effect was found 
upon treatment with MBCD, which expands syntaxin-1 clusters 
chemically within several minutes (Lang et al., 2001) and inhibits 
secretion (Lang et al., 2001; Churchward et al., 2005). Cholesterol 
is required for several processes involved in exocytosis and also 
plays a direct role due to its curvature (Churchward et al., 2005). 
Moreover, MBCD might have cholesterol-independent effects 
(Ormerod et al., 2012). Therefore MBCD application is a crude 
manipulation, but with this reservation in mind, the correlated 
increases in syntaxin-1 labeling and decreases in calcium current 
induced by MBCD overall support the notion that syntaxin-1 
cluster expansion leads to VGCC inhibition. An alternative expla-
nation of our data could be based on the observation that cal-
cium influx can induce syntaxin-1 expression (Sutton et al., 1999). 
Therefore, if deletion of SNAP-25 induces changes in calcium 
channel gating, it might change the overall expression of syn-
taxin-1; however, the expression level of syntaxin-1 was normal in 
SNAP-25 KO cells (Figure 5C), ruling this out. It is possible, how-
ever, that this effect could cause the reduction in syntaxin-1 
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SNAP-25a to SNAP-25b expression (Bark et al., 1995; Bark et al., 
2004) coincides with maturation of synapses, which involves a 
tighter colocalization of vesicles with VGCCs (Tachenberger and von 
Gersdorff, 2000). SNAP-25b might potentially contribute to this pro-
cess by increasing vesicle priming while keeping VGCCs under 
tighter control.

The ability of syntaxin-1 or SNAP-25 to down-regulate VGCCs 
has been seen as part of the exocytotic cascade, and mechanisms 
have been proposed to incorporate the ability of SNAREs to inhibit 
Ca2+ influx into the pathway leading to vesicle fusion. Based on our 
data, the regulation of VGCCs by SNAP-25 and syntaxin-1 might 
take place in a reaction parallel to the exocytotic cascade and be 
executed by t-SNARE dimers or monomers, which do not at the 
same time participate in ternary SNARE-complex formation (Ma 
et al., 2013). Thus the bulk of the SNAP-25 and syntaxin-1, which are 
among the most highly expressed presynaptic proteins (Wilhelm 
et al., 2014), might act as gatekeepers to regulate Ca2+ influx, 
whereas the essential role in exocytosis is played by a minority of the 
protein population forming the small number of SNARE complexes 
needed for membrane fusion (Mohrmann et al., 2010; Sinha et al., 
2011).

MATERIALS AND METHODS
Cell culture, expression constructs, and transfection
SNAP-25 KO and Munc18-1 KO embryonic mice and Doc2B KO 
postnatal (P2) mice of either sex were obtained by crossing of het-
erozygotes. Mice were killed by cervical dislocation or (for embryos) 
by decapitation. Embryonic mice were recovered by cesarean sec-
tion at embryonic day 18 (E18). WT littermates were used as con-
trols. All genotypes were identified by PCR genotyping. NMRI P2 
mice were used for Western blotting. Adrenal chromaffin cells were 
enzymatically isolated as described previously (Sørensen et al., 
2003). After isolation, adrenal chromaffin cells were seeded out on 
glass slides (25 mm), acute expression of protein of interest was in-
duced with SFV, and the cells were used for electrophysiological 
experiments at days in vitro (DIV) 2–4. For immunohistochemistry, 
cells were cultured on poly-d-lysine (Sigma-Aldrich)–coated cover-
slips (25 mm). For each Western blot of cultured chromaffin cells 
expressing different construct, cells from six embryos were pooled, 
grown in Petri dishes, and lysed at DIV3. Generation of SFV particles 
followed standard protocols. SNAP-25A, SNAP-25B, Doc2B, 
Munc18-1, syntaxin-1A (syx), syntaxin-1A(L165A,E166A) (LE mu-
tant), ubMunc13-2, and BoNT/C1 were expressed from SFV1 plas-
mids containing a poliovirus internal ribosomal entry site (PV-IRES) 
and EGFP. A plasmid harboring EGFP alone was used as a control. 
All constructs were verified by DNA sequencing, and 6–8 h was al-
lowed for expressing the proteins of interest after infection with SFV.

Immunocytochemistry
Cells stained against syntaxin-1 (1:500; 110011/110302; Synaptic 
Systems), SNAP-25 (1:1000; 111011; Synaptic Systems), or EGFP 
(1:1500; ab13970; Abcam) were isolated and prepared as described. 
Cells were fixed in 4% paraformaldehyde (PFA) for 15 min, washed, 
permeabilized in 0.1% Triton X-100 (T8787; Sigma-Aldrich), and 
blocked in phosphate-buffered saline (PBS) containing 3% bovine 
serum albumin (BSA; A4503; Sigma-Aldrich). The cells were incu-
bated with primary antibodies overnight at 4°C, washed, and incu-
bated with secondary antibodies (Alexa Fluor 488–conjugated goat 
anti-chicken [A11039; Molecular Probes], Alexa Fluor 546–conju-
gated goat anti-rabbit [A11810; Invitrogen], Alexa Fluor 647–conju-
gated goat anti-mouse [A21235; Molecular Probes], and Alexa Fluor 
647–conjugated goat anti-rabbit [A21245; Invitrogen]) for 2 h at 

A few other observations point toward interaction with syntaxin-1 
as part of the mechanism for SNAP-25–mediated down-regulation 
of VGCC activity and calcium currents: both in our study and in pre-
vious work, the SNAP-25b isoform was more effective than the 
SNAP-25a isoform in down-regulating Ca2+ channels (Figure 1; 
Pozzi et al., 2008). SNAP-25b interacts slightly stronger with syn-
taxin-1 (Nagy et al., 2005). Furthermore, the S187E (phosphomi-
metic) mutation in SNAP-25 also is more effective than the S187A 
mutant in down-regulating channels (Pozzi et al., 2008), and it also 
interacts more strongly with syntaxin-1 (Yang et al., 2007). Thus the 
ability of SNAP-25 variants to interact with syntaxin-1 seems to cor-
relate with their efficacy in down-regulating Ca2+ currents.

The mechanism of syntaxin-1–induced inhibition of N-type chan-
nels has been extensively studied. Syntaxin-1A potentiates the inhi-
bition of N-type channels by the Gβγ-subunit (Stanley and Mirotznik, 
1997), leading to both a shift in the inactivation curve and tonic inhi-
bition (Jarvis et al., 2000). Further experiments showed that syn-
taxin-1B affects channel gating but not G-protein modulation, 
whereas syntaxin-1A affects both (Jarvis and Zamponi, 2001; Lu 
et al., 2001); both syntaxin-1 isoforms are expressed in adrenal chro-
maffin cells (Baltazar et al., 2003). The SNARE domain of syntaxin-
1A binds to Gβ, whereas the N-terminal domain binds to the 
synprint motif of the calcium channel (Jarvis et al., 2002). Syntaxin-
1A might therefore increase the modification of the channel by 
increasing the availability of Gβ. In our study, the inactivation curves 
in the presence or absence of SNAP-25 or after syntaxin-1A overex-
pression were only slightly changed, if at all. This is consistent with 
the finding that the shift in inactivation curve is susceptible to coex-
pression of other syntaxin-1–interacting proteins, including nsec-1 
(Munc18; Jarvis and Zamponi, 2001). Because we used native secre-
tory cells expressing the full battery of secretory proteins (including 
Munc18-1), this might be the reason for the lack of a clear effect on 
inactivation potential. However, a shift in inactivation potential was 
found after BoNT/C treatment of chicken ciliary ganglion calyx syn-
apses, which almost exclusively express N-type channels (Stanley, 
2003). Therefore another reason for the small effect might be the 
broad expression of channel types in embryonic mouse chromaffin 
cells (Figure 3). A final reason can be found in the observation made 
for chicken N-type channels, in which low (endogenous) levels of 
Gβγ—as we presumably have here—resulted in voltage-indepen-
dent inhibition, whereas voltage dependence was only seen after 
overexpression of Gβγ (Lu et al., 2001). Overall the voltage-depen-
dent effect does not seem to account for the inhibition of Ca2+ cur-
rents upon SNAP-25 expression. A similar conclusion was reached 
upon examination of weakly inactivating N-type Ca2+ channels in 
bovine chromaffin cells inhibited by syntaxin-1 (Hurley et al., 2004).

Overall SNAP-25 is expected to have both positive and negative 
effects on exocytosis due to its obligatory involvement in exocytosis 
(Sørensen et al., 2003) and its negative regulation of Ca2+ influx. The 
reduction of calcium currents reduces the triggering of catechol-
amine release but also the pacemaker current via VGCCs (especially 
L-type channels Cav1.2 and Cav1.3), which in turn drives the open-
ing of highly expressed BK and SK channels, resulting in action po-
tential bursting (Marcantoni et al., 2010; Mahapatra et al., 2012; 
Vandael et al., 2015a). Owing to the very high input resistance of 
adrenal chromaffin cells, a few picoamperes of current is sufficient to 
make a difference for burst firing, which effectively increases cate-
cholamine secretion (Vandael et al., 2015a,b). The consequences of 
shifting from SNAP-25a to SNAP-25b expression will be a compro-
mise between the larger primed vesicle pool supported by the b 
isoform (Sørensen et al., 2003) and the stronger resulting inhibition 
of calcium currents. It is interesting that the postnatal shift from 
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variability. Transfected cells were identified on their expression of 
EGFP. The patch-pipette solution included (in mM) 112.5 CsGlut, 
36 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 
9 NaCl, 3 MgATP, 0.45 Na2GTP, and 10 EGTA (300 mOsm, pH 7.2). 
The standard extracellular medium consisted of (in mM) 135 NaCl, 
10 HEPES, 2.8 KCl, 10 CaCl2, 1 MgCl2, 11 d-glucose, and 1 μM 
tetrodotoxin (ab120055; Abcam; 310 mOsm, pH 7.2). Cells were 
whole-cell voltage clamped at −70 mV with an EPC-10 USB ampli-
fier (HEKA Elektronik, Lambrecht/Pfalz, Germany) under control of 
PatchMaster software (HEKA Elektronik). Currents were filtered at 
8.3 kHz and sampled at 33.3 kHz. The series resistance was com-
pensated 70%. Only cells with series resistances <17 MΩ were 
used for recordings and following analysis. Pipette resistance 
ranged from 3 to 5 MΩ. All recordings were done at room tem-
perature. To analyze the standing currents and activation proper-
ties of the channels, cells were depolarized for 5 ms from holding 
at −70 to 0 mV. The amplitudes of the total standing currents and 
the subsequent tail currents were analyzed. An I/V protocol was 
executed with the test potential being applied as increments of 
10 mV from −70 to +100 mV. Before execution of the inactivation 
protocol, cells were preconditioned with pulses of variable ampli-
tudes of fixed duration (4 s) as P/-4 leak correction was used. Mem-
brane capacitance measurements, ratiometric intracellular calcium 
[Ca2+]i measurements, and amperometry were performed using a 
depolarization train as previously described (Sørensen et al., 2006). 
The release of catecholamines after cleavage of syntaxin-1 by 
BoNT/C was triggered by ultraviolet flash photolysis (JML-C2; 
Rapp Optoelektronik) of a caged-calcium compound, nitrophenyl-
EGTA (Synaptic Systems), which was infused into the cell via the 
patch pipette. The depolarizations in the Doc2B cells were intro-
duced using a 6+4 protocol (Voets et al., 1999). For isolation of 
Ca2+ channels subtypes, subtype-specific blockers were sequen-
tially applied to the cells via a local application system. The follow-
ing concentrations of blockers were used: 3 μM nifedipine (L type; 
ab120135; Abcam), 1 μM ω-conotoxin (N type; ab120215; Abcam), 
1 μM ω-agatoxin (P/Q type; 120210; Abcam), 300 nM SNX482 
(R type; ab120259; Abcam), and 40 μM NiCl2 (T type).

Electrophoresis and immunoblotting
Adrenal glands were collected from P0-2 NMRI or E18 SNAP-25 
mice and lysed in RIPA buffer (Invitrogen) supplemented with 
Protease Inhibitor Cocktail (Invitrogen). The protein concentra-
tions were determined by use of a BCA Protein Assay Kit (23227; 
Pierce). A 30-μg (from adrenal gland samples) or 10-μg (SNAP-25 
overexpression experiments) amount of protein was resolved by 
SDS–PAGE, transferred to nitrocellulose, and blotted using anti–
SNAP-25 (mouse, dilution 1:1000; 111011, Synaptic Systems), 
syntaxin-1 (mouse, 1:250; 3265, Abcam), Cavα2δ4 (rabbit, 1:200; 
ACC-104, Alomone Labs), or actin horseradish peroxidase–con-
jugated (as loading control; mouse, 1:10,000; 3854, Sigma-
Aldrich) antibodies. The blots were developed by chemilumines-
cence using the ECL Plus Western blotting substrate system 
(Pierce). Immunoreactive bands were detected using the Fluo-
rChemE image acquisition system (ProteinSimple) and quantified 
with ImageJ 1.47q.

Statistical analysis
GraphPad Prism 5.0 was used for all statistical analysis. Means ± 
SEM are displayed. For statistical analysis of two groups, a two-
tailed Student’s t test was used. For analysis of several groups, one-
way analysis of variance (ANOVA) with a Tukey’s post hoc test was 
used.

room temperature, washed, and mounted on a microscope slide. 
Finally, samples were mounted with Fluorsave (Dako). Micrographs 
were recorded at room temperature.

Confocal microscopy
All transfected cells were identified by EGFP fluorescence. Micro-
graphs were recorded using a Zeiss LSM710 point laser (Argon 
Lasos RMC781272) scanning confocal microscope with a Zeiss 
Plan-Apochromat 63×/numerical aperture (NA) 1.4 oil objective 
(Carl Zeiss, Oberkochen, Germany). All micrographs were sampled 
in a linear frame scan mode, with a frame size of 512 × 512, an im-
age size of 33.7 × 33.7 μm, and a bit depth of 16. We collected 
z-stacks of ∼8–12 confocal sections (0.7–1 μm). For analysis, maxi-
mum projections from whole z-stacks were created using ImageJ 
1.47q (National Institutes of Health, Bethesda, MD). Fluorescence 
levels were quantified as the integrated density of a circular region 
of each individual image containing a cell, with the intensity of a 
background region of the same size subtracted.

Syntaxin 1 cluster size analysis: sample preparation, 3D-SIM 
microscopy, and image analysis
For 3D-SIM analysis of E18 SNAP-25 KO and WT chromaffin cells 
(Figure 5), cells were fixed at DIV3. To avoid shrinking of cells and 
folding of plasma membrane, which is apparent on 3D-SIM micro-
graphs and interferes with cluster analysis, cells were first prefixed 
for 5 min in isosmotic fixative containing 0.9% PFA in 0.05 M 
1,4-piperazinediethanesulfonic acid (PIPES)/NaOH (pH 7.4, 310 
mOsm). This was followed by 8 min of incubation in 3,7% PFA in 
0.05 M PIPES/NaOH (pH 7.4). Afterward, the cells were washed 
three times with PBS (pH 7.4) and permeabilized for 10 min in PBS 
containing 0.1% Triton X-100 (Sigma-Aldrich), followed by 30 min 
of blocking in PBS containing 3% BSA. The blocking solution was 
used for diluting antibodies. The chromaffin cells were incubated 
overnight with anti-syntaxin1 antibodies (110011; Synaptic Sys-
tems) at room temperature, washed three times with PBS, and in-
cubated with secondary goat anti-mouse Alexa 546 antibodies 
(Life Technologies) overnight at 4°C. After extensive washings with 
PBS, cells were rinsed with water and mounted on microscopic 
slides with Prolong Gold (Invitrogen). For this series of experi-
ments, confocal images (Figure 5A) were acquired with a HCX PL 
APO CS lens (NA 1.4; Leica Microsystems A/S) with frame size of 
512 × 512 and a zoom factor 10 on a LEICA SP5-X Confocal micro-
scope (Leica Microsystems). 3D-SIM was performed using the 
Elyra PS.1 platform (Carl Zeiss) equipped with a 63× Plan-Apochro-
mat lens (NA 1.46; Carl Zeiss). The 3D-SIM–specific background 
was subtracted by setting the intensity threshold above the inten-
sity of a nucleus. For each cell, a region of interest (ROI) was de-
fined as the inner edge of the plasma membrane. The content of 
the ROI was removed to isolate the intensities from the plasma 
membrane. The images were analyzed using Volocity software (Vo-
locity Software), and clusters were identified as objects above a 
threshold of 700, which corresponds to ∼1% of the 16-bit dynamic 
range. Touching-object separation routine was applied to isolate 
single clusters, and objects <0.0038 μm2 (corresponding to four 31 
nm × 31 nm pixels on a 3D-SIM image) were excluded from further 
analysis. A mean area of one syntaxin-1 cluster was determined for 
each cell. Results from four independent experiments were in-
cluded in the final analysis.

Electrophysiology
Controls and cells expressing target proteins were measured from 
the same preparations in order to cancel out between-preparation 
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