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Abstract Oligomerisation of soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor (SNARE) complexes
is required for synaptic vesicle fusion and neurotransmitter
release. How these regulate the release of pain peptides elic-
ited by different stimuli from sensory neurons has not been
established. Herein, K+ depolarization was found to induce
multiple sodium dodecyl sulfate (SDS)-resistant SNARE
complexes in sensory neurons exposed to botulinum neuro-
toxins (BoNTs), with molecular weights ranging from
104–288 k (large) to 38–104 k (small). Isoform 1 of vesicle-
associated membrane protein 1 (VAMP 1) assembled into
stable complexes upon depolarisation and was required for
the participation of intact synaptosome-associated protein of
relative molecular mass 25 k (SNAP-25) or BoNT/A-truncat-
ed form (SNAP-25A) in the large functional and small inactive
SDS-resistant SNARE complexes. Cleaving VAMP 1 de-
creased SNAP-25A in the functional complexes to a much
greater extent than the remaining intact SNAP-25. Syntaxin 1
proved essential for the incorporation of intact and SNAP-25A
into the large complexes. Truncation of syntaxin 1 by
BoNT/C1 caused /A- and/or /C1-truncated SNAP-25 to
appear in non-functional complexes and blocked the release
of calcitonin gene-related peptide (CGRP) elicited by capsaicin,
ionomycin, thapsigargin or K+ depolarization. Only the latter
two were susceptible to /A. Inhibition of CGRP release by
BoNT/A was reversed by capsaicin and/or ionomycin, an

effect overcome by BoNT/C1. Unlike BoNT/B, BoNT/D
cleaved VAMP 1 in addition to 2 and 3 in rat sensory neurons
and blocked both CGRP and substance P release. Thus, unlike
SNAP-25, syntaxin 1 and VAMP 1 are more suitable targets to
abolish functional SNARE complexes and pain peptide
release evoked by any stimuli.
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Introduction

Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) drive the fusion of intracellular secretory
vesicles with the pre-synaptic plasma membrane by forming a
four-helix bundle which, in turn, causes neurotransmitter re-
lease that underlies synaptic transmission [1]. Synaptosome-
associated membrane protein of relative molecular mass 25 k
(SNAP-25) and syntaxin, the target (t) SNAREs, together
with the vesicular (v) SNARE, vesicle-associated membrane
protein (VAMP) are the key components of neuronal core
SNARE complexes [2]. Of the four parallel α helices in the
latter, one is contributed by syntaxin, another by VAMP and
two by the pair of SNARE motifs in SNAP-25 [3–6]. Their
assembly has been precisely dissected in vitro, using exoge-
nously over-expressed fluorescently labelled SNAREs and
cell-free reconstitution systems, and found to be resistant to
sodium dodecyl sulfate (SDS) without boiling [1, 6–9]. The
outcome from these approaches needs to be related to the
situation in the native state because the fusion kinetics are
strongly dependent on the experimental conditions. For ex-
ample, even the weak interaction of syntaxin with VAMP can
be sufficient to induce fusion of SNARE-containing lipo-
somes [10]. Moreover, it is not possible to include in one
assay all the numerous accessory proteins that are known to
facilitate or inhibit exocytosis, by interacting with the
SNAREs. Overcoming these hurdles requires a systematic
investigation of SNARE complex assembly in situ. In this
way, the relevance of cell-free studies can be highlighted.
Furthermore, deciphering details of the functions/properties
of endogenous SNAREs in different cells and vesicle secreto-
ry pathways are warranted, especially considering the subtle-
ties of these natural processes [8]. In fact, a recent study
confirmed that three oligomers of SNARE complexes are
required for keeping the nanodisc pore open so as to efficient-
ly release the vesicle contents [9]; a similar number had been
observed using cracked PC-12 cell and recombinant SNAREs
[11]. Oligomerisation of SNARE complexes seems to vary
according to vesicle and cell types [12]. So far, there is no
detailed characterization of SNARE oligomerisation in senso-
ry neurons; hence, it is particularly important to investigate the
functional relevance of such SNARE complexes for the
exocytosis of pain peptides.

Cleavage of any of the three key SNAREs by botulinum
neurotoxins (BoNTs) disrupts vesicle fusion and, in turn,
blocks neurotransmitter release [13]. There are seven sero-
types of BoNTs, A to G. SNAP-25 is truncated by three
serotypes at distinct peptide bonds: /A (Gln197-Arg198),
/C1 (Arg198-Ala199) and /E (Arg180-Ile181) [14].
Syntaxins 1–3 are cleaved by /C1 at Lys253-Ala254 (syntaxin
1A) and Lys252-Ala253 (for syntaxin 1B) [15, 16], where-
as /B, /D, /F and /G cleave VAMPs 1, 2 and 3 albeit at
separate sites; notably, 1 is resistant to /B in rat [17–19].

Cleavage of the SNARE proteins at such sites inhibits their
assembly into stable SDS-resistant complexes [20] because
these scissile bonds reside inside the associating segments, the
so-called SNARE motifs [1]. After the latter form four α-
helical bundles, the core domains become protease-resistant
[21, 22]. Also, spontaneously and loosely assembled
SNAREs form trans-SNARE complexes that are not resistant
to SDS, unlike the fully zippered/assembled cis-complexes
[23]. Recently, it was shown that all of the three SNAREs
contribute to docking of secretory vesicles [24], as well as
fusion [23]. Despite these remarkable advances, it still remains
unclear whether and how the formation of stable complexes
by BoNT-modified SNAREs relate to their inhibition of neu-
rotransmitter release, although divergent functions have been
attributed to different SDS-resistant complexes [25].

Release of neuropeptides from large dense-core vesicles
(LDCVs) is also inhibited by BoNTs, as well as numerous
classic neurotransmitters from small synaptic clear vesicles.
The former includes a pain mediator, calcitonin gene-related
peptide (CGRP) [26], which is a major transmitter released
from sensory trigeminal ganglionic neurons (TGNs) in the
chronic phase of migraine [27]. CGRP levels are increased
during a migraine attack and decreased upon recovery [28].
CGRP release from rat TGNs evoked by K+ depolarization is
blocked by BoNT/A, /C1 and /D but not /B [26]. In contrast to
depolarization-induced CGRP exocytosis, that elicited by the
activation of the transient receptor potential vanilloid type 1
(TRPV1) with capsaicin proved insensitive to BoNT/A; the
resultant truncated SNARE, SNAP-25A, can form SDS-
resistant SNARE complexes and afford CGRP release during
prolonged elevation of [Ca2+] [29]. Accordingly, this restrict-
ed inhibition of exocytosis by BoNT/A has been overcome by
targeting BoNT/E protease as a chimera of /A into /E-
insensitive TGNs, thereby blocking TRPV1-mediated CGRP
release and alleviating inflammatory pain in an animal model
[29, 30]. These effects are associated with /E-cleaved SNAP-
25 being precluded from incorporating into stable SNARE
complexes [29, 30]. It is known that BoNT/B does not affect
CGRP exocytosis from rat sensory TGNs, but due to its
cleavage of VAMP 1 in mouse neurons, transmitter release
becomes blocked, suggesting VAMP 1 is involved in the
release of this pain peptide [26]. However, support for this
has not been sought from specific knockdown or knockout of
this isoform. Moreover, the relative contributions of VAMP 1
and 2 to this exocytosis remain to be determined; likewise,
there is a lack of evidence for syntaxin 1 being involved in
CGRP release from sensory neurons.

Convincing evidence is presented herein for the involve-
ment of VAMP 1 in CGRP release by knocking down its
expression in TGNs. Also, the diversity and oligomerisation
of the SNARE complexes (containing VAMP 1, syntaxin 1
and SNAP-25) in sensory neurons were examined in cells
treated with different BoNT serotypes, to cleave either t- or
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v-SNAREs or both. Relating these modifications to the for-
mation of SDS-resistant SNARE complexes and to the toxins’
differential blockade of CGRP release elicited by distinct
stimuli proved informative.

Materials and Methods

Animals and Ethics Statement

Pups from rats (Sprague Dawley) or mice (Tyler’s Ordinary)
were bred in an approved BioResource Unit at Dublin
City University. The experiments, maintenance and care
of the rodents complied with the European Communities
(Amendment of Cruelty to Animals Act 1876) Regulations
2002 and 2005. Experimental procedures had been approved
by the Research Ethics Committee of Dublin City University
and licenced by the Irish authorities (permit number 100/3609).

Antibodies and Other Reagents

Cell culture reagents, cytosine-β-D-arabinofuranoside, capsa-
icin, ionomycin, thapsigargin, TrypZean, soybean trypsin in-
hibitor, monoclonal antibodies (mAbs) against syntaxins 1A
and 1B (HPC1), CGRP or phosphorylated neurofilament sub-
unit 200 kDa (NF-200), polyclonal rabbit antibody against
CGRP, short hairpin RNA (shRNA) lentiviral transduction
particles and non-targeted PLK0.1-puro control particles were
purchased from Sigma (Arklow, CoWicklow, Ireland). Rabbit
polyclonal antibody against TRPV1 was bought from
Alomone Labs (Jerusalem, Israel). mAbs against substance
P (SP) was obtained from Abcam (Cambridge, UK). CGRP
and SP enzyme immunoassay (EIA) kits were obtained from
SPI-BIO (Montigny Le Bretonneux, France). Synaptic
Systems GmbH (Goettingen, Germany) supplied rabbit
VAMP 1, 2 and 3 polyclonal antibodies and VAMP 2 mAbs;
rabbit SNAP-25 polyclonal IgG was from Novus antibody
(Cambridge, UK), and goat anti-rabbit Alexa-594 and
goat anti-mouse Alexa-488 were provided by Jackson
ImmunoResearch (Hamburg, Germany). Precast 4–12 or
12 % NuPAGE Bis-Tris gels and nerve growth factor (7S)
were bought from Bio-Sciences (Dun Laoghaire, Co. Dublin).
Enhanced chemiluminescence reagents and pET29a were ob-
tained from Merck Millipore (Carrigtwohill, Cork, Ireland).
Talon metal affinity resin was purchased from Clontech
Laboratories, Inc. (Mountain View, USA).

Production of Recombinant BoNTs

Protein engineering of recombinant neurotoxins was approved
by the Biological Safety Committee of Dublin City University
and the Environmental Protection Agency of Ireland and
performed in accordance with European Union regulations.

Genes encoding BoNT/B, /C1 and/D single chains (SCs) were
codon optimised for expression in Escherichia coli and syn-
thesised according to the published sequences (GenBank ac-
cession numbers M81186, AB200359 and X54254, respec-
tively). After verifying the DNA sequences, the synthetic
genes were individually cloned into pET29a vector between
Nde I and Xho I sites. The resultant constructs were trans-
formed into BL21.DE3 strain and the SC proteins expressed,
using auto-induction medium [31]. Recombinant toxins were
purified by immobilised metal affinity chromatography on
TALON resin [32]. BoNT/B was further purified by cation
exchange chromatography following a previously described
protocol for a BoNT/BA chimera [33]. Conversion of
BoNT/B, /C1 and /D SCs to di-chain (DC) forms was
achieved by incubation of 1 mg of toxin with 8, 2 and 2 μg
of TrypZean at 22 °C for 1 h before the addition of trypsin
inhibitor (final concentration 100 μg/ml). Protein concentra-
tions were quantified using Bradford reagent. Recombinant
BoNT/A was prepared and characterised as before [30].
Specific neurotoxicities of the generated nicked recombinant
toxins were measured using a mouse lethality assay [32]. Note
that nicked recombinant toxins were used throughout this
study.

Culturing of Primary Neurons

TGNs and dorsal root ganglionic neurons (DRGs) were iso-
lated from rats or mice and cultured as before [26, 34]. Briefly,
trigeminal or dorsal root ganglia were dissected from postnatal
day 3–5 rats or mice, placed in ice-cold Dulbecco’s modified
Eagle medium (DMEM), washed and centrifuged at 170×g
for 1 min before incubating the pellets at 37 °C for 30 min
with collagenase I (1 mg/ml). The suspension was then gently
triturated through 10-ml Falcon pipettes before adding DNase
I (1 mg/ml) for 15 min. Following centrifugation at 170×g for
5 min, the pellet was suspended, washed and cultured in
medium [DMEM, 10 % (v/v) heat-inactivated foetal bovine
serum, 100 IU/ml penicillin, 100 μg/ml streptomycin and
nerve growth factor (50 ng/ml)]. Cells were seeded onto
24-well plates pre-coated with poly-L-lysine (0.1 mg/ml) plus
laminin (20 μg/ml) and maintained in a CO2 incubator at
37 °C. After 24 h and every other day thereafter, the superna-
tant was replaced with medium containing the anti-mitotic
agent, cytosine β-D-arabinofuranoside (10 μM). Rat cerebel-
lar granule neurons (CGNs) were prepared as before [32].

Knockdown of VAMP 1 with shRNAs

At 7 days in culture, mouse TGNs were incubated in medium
containing shRNA lentiviral particles that specifically target
VAMP 1 or non-targeted PLK0.1-puro control particles (400
transducing units/well). After culturing as above for 7–
10 days, the cells were stimulated for 30 min before EIA of
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the CGRP released and Western blot analysis of protein
knockdown. The specific knockdown of VAMP 1 without
off-target effects was established by Western blotting, using
specific antibodies for the other SNAREs or VAMP 2. For
calculating the percent knockdown, the band intensity for
VAMP 1 in shRNA-treated neurons was subtracted from the
value obtained for control cells; the resultant number was
expressed relative to that of the control.

Targeted gene/protein ID is NM_009496 and sequence for
shRNA lentiviral transduction particles is CCGGGCCATCAT
CGTGGTAGTGATTCTCGAGAATCACTACCACGATGA
TGGCTTTTTG.

Cytochemical Staining

For immuno-staining, cells on coverslips (IBIDI, Martinsried,
Germany) were washed, fixed, permeabilised and blocked as
before [26]. NF-200 mAbs (dilution 1:500) and rabbit anti-
body against CGRP (1:1,000), SP mAbs (1:1,000) and rabbit
antibody against CGRP (1:1,000), CGRPmAbs (1:1,000) and
rabbit polyclonal TRPV1 antibody (1:100) or rabbit VAMP 1
polyclonal antibody (1:1,000) and mouse mAbs VAMP 2
(1:1,000) were applied in the blocking solution for 1 h at
22 °C and, after washing, fluorescent secondary antibodies (goat
anti-rabbit Alexa 568 or 488 and goat anti-mouse Alexa 488 or
568) were added for 1 h. Bright field and fluorescent pictures
were taken with an inverted confocal microscope (Zeiss LSM
710). Omission of primary antibody from the fluorescence
staining gave the background for secondary antibody; the signal
intensity above this was taken as positive reactivity.

Drug Treatments

At 7 days in culture, medium was gently aspirated from the
TGNs; control or cells treated with BoNTs were incubated with
basal buffer (low concentration of potassium (LK), mM: 3.5
KCl, 22.5 hydroxyethyl piperazineethanesulfonic acid
(HEPES), 78.5 NaCl, 1 MgCl2, 2.5 CaCl2, 3.3 glucose and
0.1 % bovine serum albumin, pH 7.4) or stimulation solutions
(high concentration of potassium (HK), mM: 22.5 HEPES, pH
7.4, 22 NaCl, 60 KCl, 1 MgCl2, 2.5 CaCl2, 3.3 glucose and
0.1 % bovine serum albumin] or 1 μM capsaicin in LK).
Release buffer containing 5 μM ionomycin or 0.05 % dimethyl
sulfoxide (DMSO) vehicle was employed for Ca2+ reversibility
studies. In the cases where ionomycin (12.5 μM) or
thapsigargin (15 μM) were used for inducing CGRP release,
these were diluted in basal buffer before adding to the cells, as
described in the figure legends.

Quantification of CGRP and SP Release

In the case of TGNs treated with or without toxins, 0.5 ml of
basal release buffer (LK or LK plus vehicles) or stimulation

buffers (HK or LK plus thapsigargin, capsaicin and/or
ionomycin) was added into each well, followed by a 30-min
incubation at 37 °C [26]. To determine the amounts of CGRP
or SP released, 0.1 or 0.05 ml of sample, respectively, was
added to 96-well plates coated with mAbs against CGRP or
antiserum against SP and EIA performed following instruc-
tions for the kits.

Assay of the Endocytosis of BoNTs

TGNs were pre-treated with 50 nM BoNT/B or /D for 24 h in
culture medium and washed before applying 50 nM BoNT/A
for 10 min in HK. After removal of the unbound toxins by
washing, cells were cultured for 24 h before quantifying
SNAP-25 cleavage by SDS-polyacrylamide gel electrophore-
sis (PAGE) and Western blotting [30]. Endocytosis of
BoNT/A into neurons was based on their cleavage intracellu-
larly of SNAP-25, by densitometric scanning of the blots and
analysis by ImageJ (National Institutes of Health, Bethesda,
MD). For BoNT/A, the percent of SNAP-25 remaining was
calculated relative to the total [i.e. BoNT/A-cleaved (SNAP-
25A) and BoNT/A-uncleaved); in the case of BoNT/B or /D,
intact VAMP 1 or 2 was normalised according to a loading
control (syntaxin 1) before analysis relative to the untreated
control cells.

Treatment of TGNs with BoNTs: Monitoring Effects
on CGRP Release and SNARE Cleavage

After 7 days in culture, fresh medium or that containing
100 nM BoNT/A, /B, /C1 or /D were applied individually or
sequentially to TGNs for 24 h at 37 °C. After removal of
unbound toxin and measurement of CGRP release, the cells in
each well were lysed by 0.2 ml of 2× SDS sample buffer,
heated for 5 min at 95 °C and separated by SDS electropho-
resis, using precast NuPAGE 12 % Bis-Tris gels [26]. Each
SNARE was detected with specific IgGs and anti-species
secondary antibodies. After development in enhanced chemi-
luminescence reagent, the lanes were analysed using the gel
documentation system (G BOX Chemi-16) and intensities
quantified with ImageJ software. The ratios calculated for
intact VAMP or syntaxin and the requisite internal standard
(i.e. a SNARE not susceptible to the toxin in use) in BoNT-
treated samples were expressed relative to those for controls;
in the case of SNAP-25, the proportions of full-length and
truncated forms were calculated.

2-D Gel Electrophoresis

A 2-D SDS-PAGE method [35] was used to investigate the
SDS-resistant SNARE complexes containing SNAP-25,
VAMP 1 and syntaxin 1 present in control and BoNT-treated
TGNs. After stimulation with K+ depolarization for 5 min at
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37 °C, the cells were solubilized immediately in SDS sample
buffer without boiling. Proteins were separated by SDS-PAGE
on 4–12 % precast Bis-Tris gel, and each sample lane was cut
into strips corresponding to different distances of migration.
Small pieces of the chopped gels were boiled for 10 min in
SDS sample buffer, left overnight at room temperature
and boiled again for 5 min before loading the extracted
proteins onto a second 12 % precast Bis-Tris gel. After re-
electrophoresis and transfer to polyvinylidene difluoride
membrane, SNAREs released from the complexes were
detected by Western blotting.

Statistical Analysis

Probability values were determined with the use of Student’s
two-tailed t test (non-significant (N.S.); p>0.05, *p<0.05,
**p<0.01, ***p<0.001).

Results

Rat TGNs Display Characteristics of Sensory
Neurons—Nociceptive Marker and Pain Mediators: Selective
Truncation of SNAP-25 and/or Syntaxin 1 by BoNT/A or /C1
Blocks Release of Pain Peptides Whereas Cleavage of VAMP
2 by /B Failed to Inhibit This Release, Unlike/D
that Additionally Truncated VAMP 1

As a means for affirming their neuronal identity, rat TGNs at
7 days in culture were labelled with a monoclonal antibody for
NF-200, a conventional marker for neurons. Confocal micros-
copy revealed that this stained both the cell soma and process-
es; all these were, also, shown to contain CGRP, a major pain-
mediating peptide (Fig. 1a). Moreover, a sensory neuron
marker, TRPV1, was found in the CGRP-positive neurons
by labelling with a selective antibody (Fig. 1b). Notably,
another pain peptide, SP, co-occurred with CGRP in those
neurons (Fig. 1c). Focusing at higher resolution on the cell
body and fine fibres unveiled a striking punctate labelling of
SP which co-localised well with CGRP (Fig. 1d). In conclu-
sion, these cultured TGNs exhibit characteristics of nocicep-
tive sensory neurons.

Recombinant BoNT/A-/D were purified from E. coli lysate
(see “Materials and Methods”) and successfully nicked to a
disulphide linked DC forms (Fig. 2a). The specific neurotox-
icity for BoNT/A, /B, /C1 and /D are 2.0 ×, 4.0 ×, 0.6 × and
5×108 mLD50/mg, respectively.

In order to test the purified BoNTs (Fig. 2a) on the block-
ade of CGRP exocytosis due to the selective cleavage of
certain SNARE protein at their distinct scissile bonds, rat
cultured TGNs were incubated 24 h at 37 °C with
BoNT/A, /C1, /B or /D at varying concentrations. CGRP
release evoked by K+ depolarization from toxin treated or

non-treated neurons over 30 min was measured using EIA,
and the same cells were solubilised and subjected to SDS-
PAGE followed by Western blotting to detect the cleavage
of respective SNAREs. Notably, K+-evoked CGRP re-
lease was inhibited by BoNT/A with a concentration
dependence identical to that for SNAP-25 cleavage
(Fig. 2b). BoNT/C1 cleaved syntaxin 1 and, additionally,
removed eight residues from C-terminal of SNAP-25 rather
than nine by /A resulting in the blockade of CGRP release
(Fig. 2c); however, the contribution of syntaxin 1 to CGRP
release could not be determined because SNAP-25 also got
truncated. Interestingly, 100 nM recombinant /B did not sig-
nificantly affect CGRP release though VAMP 2 (Fig. 2d) and
3 (data not shown) got extensively cleaved. Notably, addition-
al cleavage of VAMP 1 by /D gave concentration-dependent
blockade of CGRP exocytosis (Fig. 2e). Likewise, K+-evoked
CGRP release from rat DRGs was inhibited by BoNT/D but
not /B (Fig. S1). In contrast, both toxins were found to inhibit
CGRP release from mouse DRGs (Fig. S1). These data sug-
gest that VAMP 1 may be also essential for CGRP release
from other sources of sensory neurons.

Considering the striking co-localization of CGRP and SP in
TGNs (Fig. 1d) and reported co-release of both peptides from
LDCVs [36], it was necessary to establish whether SP release
also requires VAMP 1. BoNT/B (100 nM) did not significant-
ly inhibit SP release from rat TGNs, but the latter was blocked
by BoNT/D, /A or /C1 (Fig. 2f). This provides evidence for
the contribution of VAMP 1 to the exocytosis of these pain
peptides.

Knockdown of VAMP 1 Expression in Rat TGNs
Significantly Reduced K+-Evoked CGRP Release
Demonstrating a Pivotal Role in Exocytosis; Its Cleavage
by BoNT/D Inhibited the Stimulation-Dependent Endocytosis
of BoNT/A

VAMP 1 expression in rat TGNs was significantly knocked
down in neurites (Fig. 3a) and cell bodies (data not shown), by
its specific shRNA lentiviral particles, compared to that in
control cells treated with non-targeted virus; VAMP 2 content
remained unaffected, as revealed by immunofluorescence
staining with isoform-specific antibodies (Fig. 3a). Western
blotting indicated that the extent of knockdown of VAMP 1
was ∼95 %, without any alteration in VAMP 2 (Fig. 3b). This,
in turn, reduced the K+-evoked Ca2+-dependent CGRP release
by up to ∼78% (Fig. 3c). Such an essential role of VAMP 1 in
mediating this exocytosis was confirmed by its cleavage and
that of VAMP 2 by treatment with 50 nM BoNT/D for 24 h
and associated inhibition to (∼80 %) of K+-evoked CGRP
release (Fig. 3d, right panel). Although /B cleaved VAMP 2
(∼80 %), but not the resistant isoform 1 (see “Introduction”),
CGRP release remained unaffected (Fig. 3d, right panel). This
indicates that VAMP 1, rather than 2, serves an important
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function in CGRP exocytosis. In this context, it is pertinent
that VAMP 1 was detected exclusively in sensory TGNs and
not in CGNs (Fig. S2a).

As reported, BoNT/A enters neurons via synaptic vesicle
recycling [37, 38] which is coupled to stimulated exocytosis;
therefore, inhibition of exocytosis should block stimulated
uptake of BoNT/A. To test this, rat TGNs were exposed to
BoNT/D for 24 h before applying 50 nM BoNT/A in high
[K+] for 10 min, washing and post-incubating for 24 h in fresh
culture medium. This reduced the subsequent depolarization-
induced internalisation of BoNT/A (Fig. 3d), as revealed by a
significant decrease in SNAP-25 cleavage compared to that in
cells treated with BoNT/A alone (Fig. 3d, e). In stark contrast,
though BoNT/B cleaved VAMP 2, it failed to block CGRP
exocytosis (Fig. 3d, e) and reduce stimulated BoNT/A uptake
(Fig. 3d, e). Thus, it is concluded that VAMP 1 is essential for
CGRP release and activity-dependent endocytosis by TGNs.

SNAP-25A Detected in SDS-Resistant SNARE Complexes:
Additional Cleavage of VAMP 1 by BoNT/D Resulted
in Preferential Incorporation of Intact Rather than Truncated
SNAP-25 into Stable SNARE Complexes

Cultured TGNs were stimulated briefly with high [K+] buffer
before being harvested in SDS sample buffer. Cell lysates

were subjected to first dimensional gel electrophoresis without
boiling. Then, gel strips chopped, according to the migration
of the proteins, were boiled at 100°C and kept at room
temperature for 24 h before each sample was subjected to
electrophoresis in the second dimension to resolve the
SNARE complexes. Notably, most of syntaxin 1, SNAP-25
and VAMP 1 were present in rat and mouse control TGNs in
the free forms before boiling, except for some detected in
several SDS-resistant SNARE complexes, with predominant
molecular weights of 104–288 k (Fig. 4a(I), b(I)); each
contained the three SNAREs. Although VAMP 3 and negli-
gible 2 were also detected in SDS-resistant complexes
(Fig. S3), their contribution to neuropeptide release is exclud-
ed (see above and “Discussion”). Depolarisation of rat TGNs
induced incorporation of VAMP 1 into large SDS-resistant
SNARE complexes (Fig. S2b). When rat TGNs were incubat-
ed for 24 h in culture medium with 100 nM BoNT/A before
stimulation, ∼70 % of the SNAP-25 got cleaved (Fig. 4a,
lysate II); this SNAP-25A as well as the remaining full-
length protein together with syntaxin 1 and VAMP 1 appeared
in the 104–288 k complexes with a similar pattern to the
untreated samples (Fig. 4a (II versus I)). Sequential treatment
with /A followed by /B caused no change in the proportions of
full-length SNAP-25 and SNAP-25A in complexes migrating
at 104–288 k (Fig. 4a (IV)), although VAMP 2 and 3 got

Fig. 1 Representative confocal micrographs demonstrating that cultured
TGNs are NF-200 positive, contain CGRP plus SP and express TRPV1.
Rat TGNs were grown on IBIDI chambers for 7 days, fixed and perme-
abilized prior to labelling with a NF-200 mAb and rabbit CGRP poly-
clonal antibody, followed by goat anti-mouse Alexa 488 and anti-rabbit
Alexa 568, b rabbit anti-TRPV1 and CGRP mAb followed by goat anti-
rabbit Alexa 488 and anti-mouse Alexa 568 and c, d SP mAb and rabbit

CGRP polyclonal antibody, followed by goat anti-mouse Alexa 488 and
anti-rabbit Alexa 568. a, c Images of bright field (left panel) and its
combination with fluorescent staining (right panel). Notably, a high-
resolution confocal image (d) shows SP and CGRP are co-localised in
punctate spots on the cell body and neurites (arrow). Scale bars in a–c,
20 μm
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proteolysed (not shown); presumably, this outcome occurred
because VAMP 1 is insensitive to /B in rat (Fig. 4a, lysate IV).
Consistently, BoNT/B did not reduce the stable complexes in
TGNs (Fig. 4a (III)). In striking contrast, BoNT/B cleaved
VAMP 1 inmouse TGNs resulting in the reduction of SNARE
complexes (Fig. 4b (III)). Exposure of /A-treated mouse
TGNs to /B significantly decreased (by ∼70 %) the fraction
of SNAP-25A present in the 104–288 k complexes but to a
much lesser extent than the remaining SNAP-25 (Fig. 4b (IV
versus II)). Notably, these patterns of SNARE complex for-
mation accordwith those observed in cells sequentially treated
with /A followed by /D both in rat (Fig. 4a (V)) and mouse
(Fig. 4b (V)). These results indicate the importance of VAMP
1 for enabling SNAP-25A to incorporate into SDS-resistant
SNARE complexes in sensory neurons. Moreover, the noted
occurrence of SNAP-25A in SDS-resistant SNARE com-
plexes required VAMP 1 and syntaxin 1 (see below) with
intact SNAP-25 being preferable to SNAP-25A.

Cleavage of Syntaxin 1 by BoNT/C1 in TGNs Reduced
the Occurrence of /C1-Truncated SNAP-25 (SNAP-25C1)
in the Large Complexes Without Affecting the Presence
of the Intact Form

As /C1 cleaves off eight C-terminal residues from SNAP-25,
rather than the nine removed by /A, in addition to proteolysing
syntaxin 1 (Fig. 5a (lysate II), b), its effects on the
oligomerisation of SDS-resistant SNARE complexes were
investigated. In contrast to the appearance of SNAP-25A in
104–288 k complexes (cf. Fig. 4a (II)), SNAP-25C1 predom-
inantly occurred in the lower size range of 38–104 k with
VAMP 1 (Figs. 5a (II) and S4), which were found to
lack the ability to mediate CGRP release (see below). Only
a minute amount of SNAP-25C1 resided in the 104–288 k
complexes (Fig. 5a (II)), in direct contrast to SNAP-25A (cf.
Fig. 4a (II)) that formed larger complexes. Unlike
SNAP-25C1, the residual full-length form was detected

Fig. 2 Effects of BoNTs on SNARE cleavage and inhibition of CGRP
and SP release. a Nicked recombinant BoNT/A-/D were subjected to
SDS-PAGE in the presence or absence of dithiothreitol (DTT) followed
by Coomassie staining. Note that heavy chain (HC) and light chain (LC)
were separated only in the presence of DTT, confirming that the inter-
chain disulphide bond had been formed in each serotype. b–e Rat TGNs
cultured for 7 days were incubated with various doses of each BoNT for
24 h in culture medium. Ca2+-dependent CGRP release evoked by
60 mM KCl was assayed [26]. The cleavage of respective SNAREs by

BoNTs was revealed by Western blotting of cell lysate with the indicated
antibodies. The proportions of intact substrate remaining were calculated
relative to an uncleaved internal control, using digital images of the gels.
Concentrations of BoNT used in the representative blots in panels b–e
were 100, 10, 1, 0.1, 0.01 and 0 nM; from right to left. f K+-evoked SP
release is inhibited by BoNT/A, /C1 or /D but not /B. Data plotted are
means±SEM, n≥3; n.s., not significant, **p<0.01, ***p<0.001 versus
toxin-free control
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predominantly in the larger 104–288 k complexes along
with the intact syntaxin remaining (Fig. 5a (II)). Thus,
SNAP-25, but not SNAP-25C1, can incorporate into the
104–288 k complexes after proteolysis (∼80%) of syntaxin 1
(Fig. 5a (II)). Apparently, the residual intact syntaxin 1 pref-
erentially binds to intact SNAP-25 and VAMP 1, with greater
affinity than for SNAP-25C1.

Intact Syntaxin 1 and VAMP 1 Are Required for Creating
Large Oligomers Containing SNAP-25: When Syntaxin 1
Was Cleaved SNAP-25A and SNAP-25C1 Occurred
in Smaller Forms with VAMP 1

Treatment of rat TGNs with BoNT/D cleaved VAMP 1
resulting in significant reduction of syntaxin 1 and SNAP-25
in the large SNARE complexes compared to non-treated
controls (Fig. 5a (III versus I)). In rat TGNs that were sequen-
tially exposed to BoNT/C1 and /D, the proportions of large
(104–288 k) and small (38–104 k) complexes containing both

the residual SNAP-25 and SNAP-25C1 were dramatically
reduced, compared to those in cells treated with /C1 only
(Figs. 5a (IV versus II) and S5b). The same observations were
made with mouse TGNs (Fig. S4). In contrast to the treatment
of rat TGNs with BoNT/A alone (cf. Fig. 4a (II)), in which
intact and cleaved SNAP-25 assembled into the large com-
plexes, exposure to /A followed by /C1 resulted in the appear-
ance of small complexes containing SNAP-25A and VAMP 1
(Fig. 5a (V)), presumably due to the additional cleavage of
syntaxin (∼80 %) by /C1 (Fig. 5a (V)). Full-length SNAP-25
remained in the large oligomers (Fig. 5a (V)), similar to that
seen with /C1 treatment alone (Fig. 5a (II)). This deduction is
supported by the profile remaining unchanged when /C1
was applied before /A (Fig. 5a (VI)). Notably, large and
small complexes were nearly abolished by exposure to /
D following /A and /C1 (Fig. 5a (VII)). It is concluded
that when syntaxin 1 is truncated, the cleavage of VAMP 1 by
/D abrogates the presence of intact and truncated SNAP-25 in
the SDS-resistant complexes.

Fig. 3 VAMP 1 is essential for CGRP exocytosis and activity-dependent
endocytosis of BoNT/A in rat TGNs. a Representative immunofluores-
cence images, prepared using VAMP 1 and 2 specific antibodies, show
that infection of the cells with VAMP 1 shRNA lentivirus reduced its
expression in neurites. TGNs at 7 days in culture were treatedwith VAMP
1 shRNA lentiviral particles for 10 days before washing, fixation and
permeabilization. Note that VAMP 1 (red) displayed minimal levels of
signals in neurites of the treated cells compared to the control, in contrast
to the striking unaltered staining (green) observed for VAMP 2. Scale
bars, 10 μm. b Duplicate Western blots demonstrate a significant loss of
VAMP 1 in the shRNA-treated cells but not the control; note that there
was no change in VAMP 2. c EIA data shows a substantial reduction of

K+-evoked Ca2+-dependent CGRP release from the treated cells only. d
Representative Western blots revealing truncation of VAMP 2 by
BoNT/B which proved ineffective in lowering the stimulated endocytosis
of BoNT/A, as reflected by SNAP-25 cleavage. On the other hand,
BoNT/D cleaved VAMP 1 and 2 and blocked the uptake of BoNT/A.
This arises from /D (but not /B) blocking evoked exocytosis of CGRP
(right panel). e Estimation of the extents of cleavage of VAMP 1, 2 and
SNAP-25 in d; exocytosis-coupled endocytosis of BoNT/Awas blocked
by pre-treating TGNs with BoNT/D, whereas /B failed to cause signifi-
cant change. Data plotted are means±SEM; n=3; n.s., not significant,
***p<0.001

Mol Neurobiol (2014) 50:574–588 581



Large Rather than Small SNARE Complexes in Sensory
Neurons Support CGRP Exocytosis Triggered by Higher
[Ca2+]i

/C1 Cleavage of Syntaxin 1 Inhibits Capsaicin-Elicited CGRP
Release Despite Being Resistant to BoNT/A, Consistent
with the Essential Presence of Syntaxin 1 in Large Functional
SNARE Complexes

Semi-quantification of the relative proportions of large and
small SDS-resistant SNARE complexes detected in rat TGNs
under various treatments (Figs. 4, 5 and S4) revealed some-
what different profiles for the toxins’ effects on the two
predominant sizes present. Notably, toxins or combinations
that cleave VAMP 1 or syntaxin 1 (BoNT/D alone, /A follow-
ed by /D or /C1, or /C1 on its own, /C1 followed by /D or /A
or sequentially applied /A, /C1 and /D) significantly
reduced the formation of large SDS-resistant SNARE
complexes (Fig. 6a). All the VAMP 1-cleaving toxins
(BoNT/D or combinations with others) also decreased the
assembly of small complexes, whereas the latter were not

reduced by the syntaxin 1-cleaving /C1 or combinations with
/A (Fig. 6b).

The above-noted patterns of SNARE complexes were re-
lated to CGRP release from rat TGNs elicited by capsaicin, an
agonist of TRPV1 present on these sensory neurons: its re-
lease was not affected by the removal of nine C-terminal
amino acids from SNAP-25 by BoNT/A (Fig. 6c) presum-
ably due to SNAP-25A forming large complexes. On the
other hand, /C1-induced cleavage of syntaxin 1 by ∼80 %
(Fig. 6d) gave ∼85 % inhibition of capsaicin-elicited CGRP
release (Fig. 6c). Although /C1 also cleaves off eight C-
terminal residues from SNAP-25 (Fig. 6d), it can be assumed
that this would not affect the capsaicin-evoked exocytosis.
Thus, intact syntaxin 1 is necessary for the latter. Despite
BoNT/A cleaving ∼80 % of SNAP-25 (Fig. 6d) and failing
to decrease capsaicin-elicited release (Fig. 6c), sequential
application of /A followed by /C1 gave ∼85 % cleavage of
syntaxin 1 and SNAP-25 and inhibited (∼90 %) the capsaicin-
elicited CGRP release (Fig. 6c, d). This accords with SNAP-
25A becoming inserted into smaller complexes due to the
cleavage of syntaxin 1 (cf. Fig. 5a (V)). Notably, the greater

Fig. 4 VAMP 1 forms SDS-resistant SNARE complexes with syntaxin 1
and intact or SNAP-25A in TGNs; cleaving VAMP 1 decreased the
amount of large SNAP-25A-containing complexes but to a much lesser
extent than those containing intact SNAP-25. Rat (a) and mouse (b)
TGNs were incubated for 24 h with 100 nM BoNT/A, /B or /A followed
by /B or /D. After toxin removal, cells were stimulated with HK for 5min,
before lysis in SDS sample buffer for 2-D gel electrophoresis and analysis
by Western blotting (see “Materials and Methods”). Syntaxin 1, SNAP-
25 and VAMP 1 were detected in the large SNARE complexes (104–

288 k) (a (I) and b (I)). The incorporation of SNAP-25A into large
SNARE complexes requires intact VAMP 1; these were reduced by
BoNT/D (V versus II) but not /B in rat (a IV versus a II) because it does
not cleave VAMP 1 (a (III)). Treatment of mouse TGNs with either
BoNT/B or /D decreased the content of SNAP-25A in the SNARE
complexes (b (IV), b (V) versus b (II)). Representative blots from three
independent experiments are shown; Asterisk indicates that 20 % of
sample was used in these lanes
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inhibition by /C1 or sequential addition of /C1 and /D or /A and
/C1 than either /A or /D alone (Fig. 6c) suggests that trun-
cation of two or more SNAREs (Fig. 6d) exerts compounded
inhibition of capsaicin-elicited CGRP release. Sequential

treatment with /A followed by /B failed to inhibit capsaicin-
elicited CGRP release (Fig. 6c) due to rat VAMP 1 being non-
susceptible to/B; in stark contrast, /A followed by /D or /C1
and then /D blocked ≥70 % of the release (Fig. 6c).

Fig. 5 Syntaxin 1 and VAMP 1 in rat TGNs are essential for retaining
intact, BoNT/A- and /C1-truncated SNAP-25 in large SNARE com-
plexes. a After cleavage of syntaxin 1 and SNAP-25 with /C1, the
residual intact syntaxin and SNAP-25 still got incorporated into large
complexes (II) unlike the BoNT/A- and /C1-truncated SNAP-25 (II, V,
VI) that predominately ended up in the small forms. Subsequent cleavage
of VAMP 1 by /D lowered the content of both complexes (IV). Consis-
tently, BoNT/D alone reduced the level of large SNARE complexes (III).

Incorporation of BoNT/A (V) or /C1-truncated (VI) SNAP-25 into the
small SNARE complexes was independent of the sequence of toxins
applied. Notably, SNARE complexes were virtually abolished by sequen-
tial treatment with BoNT/A, /C1 and /D (VII).Asterisk indicates that 20%
of sample was used in these lanes. b Schematic of the cleavage sites on
SNAP-25 for the BoNT/A and /C1; /A cleaves one more residue than /C1
which additionally cleaves syntaxin 1, whereas BoNT/D and /B cleave
VAMP 1 at distinct sites

Fig. 6 Large but not small
SNARE complexes support
capsaicin-induced CGRP release.
The combined intensities of
syntaxin 1, intact SNAP-25 and
truncated forms (shown in Figs. 4,
5 and S5) for the large (a) or small
(b) complexes from toxin-treated
cells were related to the respective
levels in toxin-free controls. c
Capsaicin stimulation overcomes
the inhibition of CGRP release by
BoNT/A, but not other serotypes.
Note that BoNT/B was unable to
inhibit exocytosis because its
target VAMP 1 in rat is not
susceptible to cleavage. Data
plotted are means±SEM.; n=3. d
Immunoblots showing the
patterns of cleavage of SNAP-25,
VAMP 1 and syntaxin 1 by
various BoNTs alone or in
combination
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Interestingly, in the case of /C1 followed by /A, though
theoretically SNAP-25C1 contains a cleavage site for /A
(Fig. 5b), Western blotting did not detect any SNAP-25A in
rat TGNs only SNAP-25C1 (Fig. 6d); accordingly, this treat-
ment reduced by ∼90 % capsaicin-evoked CGRP release due
to cleavage of syntaxin 1 (Fig. 6c, d). One possible explana-
tion is that the substrate site for /A in the SNAP-25C1 is not
recognised.

Diminishing the Large SNARE Complexes by BoNT/C1
Overcame the Ionomycin-Induced Ca2+ Reversibility
of BoNT/A-Induced Inhibition of Exocytosis and Blocked
CGRP Release in Response to All Stimuli

It became pertinent to investigate whether the Ca2+ reversibil-
ity of CGRP release inhibited by /A would be influenced by
the presence of SNAP-25A in the large SNARE complexes,
unlike SNAP-25C1 residing in mainly small forms. To test
this, the release of CGRP induced by depolarisation,
ionomycin or both from rat TGNs was quantified after pre-
incubation with the different toxins or a combination. Notably,
BoNT/A, /C1 or sequentially applied /A and /C1 resulted in
70–90 % inhibition of K+ depolarization-elicited CGRP re-
lease (Fig. 7a). Ionomycin (5 μM) overcame the inhibition by
/A of K+-stimulated exocytosis (to ∼85% of control), whereas
the blockade by/C1, or /A followed by/C1, showed no signif-
icant reversal. In the case of capsaicin-treated cells, ionomycin
failed to elicit any further CGRP release from cells treated
with or without BoNT/A (Fig. 7b), suggestive of capsaicin
achieving maximal release. In contrast to BoNT/A, /C1 or /A
followed by /C1 reduced the release of CGRP evoked by

capsaicin to ∼15 %, and this inhibition was unaffected by
adding ionomycin (Fig. 7b). Thus, TRPV1-mediated Ca2+

reversibility of BoNT/A-induced inhibition could be over-
come by BoNT/C1.

To address whether Ca2+ entry pathways could affect
BoNT/C1 inhibition of CGRP release, two reagents with
distinct abilities to elevate [Ca2+]i were used to induce
CGRP release. Notably, ionomycin-elicited CGRP release
was not significantly affected by BoNT/A, whereas ∼75 %
inhibition resulted from exposure to /C1 (Fig. 7c). Thus,
BoNT/A is ineffective in inhibiting ionomycin-induced
Ca2+-regulated CGRP release, as observed for capsaicin-
evoked release. Next, the ability of /C1 was tested to
inhibit CGRP release induced by internally stored Ca2+

using thapsigargin, an inhibitor of the ubiquitous sarco-
endoplasmic reticulum Ca2+ ATPases. Incubation of
TGNs with 15 μM thapsigargin elevated CGRP release up
to ∼3 times the basal level (data not shown); importantly,
BoNT/A or /C1 inhibited this augmented release (Fig. 7d).
These collective findings demonstrated that diminishing the
large SNARE complexes by BoNT/C1 blocks CGRP release
independent of the stimulus used.

Discussion

Formation and functionality of SNARE complexes were ex-
amined in TGNs after treatment with BoNTs that cleave
different SNAREs or at distinct bonds, by using 2-D gel
electrophoresis and Western blotting, in conjunction with
analysis of their inhibition of CGRP release induced by

Fig. 7 Effect of BoNTs on
CGRP release from rat TGNs
elicited by different stimuli. a
Ionomycin (5 μM)-induced
reversibility of the inhibition by
BoNT/A of K+-elicited CGRP
release is not seen with /C1 or /A
followed by /C1. b Ionomycin did
not cause any elevation of
capsaicin-elicited CGRP release
from cells treated with either /A,
/C1 or /A followed by /C1. c
Ionomycin (12.5 μM)-induced
CGRP release was not blocked by
/A, unlike /C1. d Both /A and /C1
inhibited CGRP release triggered
by thapsigargin (10 μM).
Vehicles for capsaicin (0.1 %
ethanol) and ionomycin/
thapsigargin (0.05 % DMSO)
were included. Data plotted are
means±SEM; n≥3; n.s., not
significant, ***p<0.001
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various stimuli. Though SNARE complexes were detected in
BoNT-treated samples, only the larger form supported CGRP
release elicited by elevating [Ca2+]i via distinct mechanisms.
Considering the complexities of pain signalling, these findings
might give insights into designing new generations of BoNT-
based anti-nociceptives.

Intact VAMP 1 Is a Key Component for the Formation
of SNARE Complexes in Peptidergic Sensory Neurons:
Implications for Its Importance in Transmitter Release
from Peripheral Nerves

It is already known that cleaving VAMPs 1, 2 and 3 by
BoNT/D dramatically inhibits CGRP exocytosis from sensory
neurons [26]; knockdown approach used herein specifically
targeting VAMP 1 yielded direct evidence for involvement of
this particular isoform. The effect of removing VAMP 1 in
sensory nerves could not be compensated for by the other two
isoforms present [26]. Clearly, VAMP 1 forms SNARE com-
plexes independent of isoforms 2 and 3; also, stimulation
augmented the amount in complexes which mediate activity-
dependent exocytosis-coupled endocytosis (Fig. S2b). In con-
trast, fast Ca2+-triggered neurotransmitter release is virtually
abolished by knocking out VAMP 2 in central neurons, and
they could not be compensated by the other isoforms [39].
Attempts made tomeasure the stimulated release of glutamate,
aspirate, GABAor glycine from small clear synaptic vesicle in
TGNs proved to be difficult (data not shown); however, the
possible contribution of VAMP 2 and 3 tomediating release of
these classical small transmitter is not excluded, especially
these isoforms found in the SDS-resistant complexes from
sensory neurons. Further investigations on VAMP 1 are fully
warranted because recent reports highlight its importance—
rather than isoforms 2 and 3—for neurotransmitter release in
the peripheral nervous system, not only in sensory but also
motor neurons [26, 33, 40]. Moreover, VAMP 1 but not 2 or 3
is essential for substance P release and nociception in animal
models; its proteolysis by BoNT/B in mouse, but not in rat
where it is resistant, reduces intraplantar formalin-induced
nocifensive behaviour as well as neuropathic pain in a model
of spinal nerve ligation [41]. Cleavage of VAMP 1 by
BoNT/D inhibits CGRP release from TGNs elicited by acti-
vation of TRPV1 that is non-susceptible to BoNT/A [29].
Furthermore, in nociceptive neurons, inflammation-induced
insertion of functional transient receptor potential cation chan-
nel, subfamily A, member 1 into the surface membrane
probably requires VAMP 1-dependent mechanisms [42].
Accordingly, analysis of the protein composition of
neuropeptide-containing LDCVs from the dorsal horn of rat
spinal cord, which contain afferent C- and Aδ-fibres of small
neurons, confirmed that VAMP 1 is the only isoform associ-
ated with these vesicles [43].

Syntaxin 1 and VAMP 1 Preferably Bind Intact Rather
Than /A- or /C1-Truncated SNAP-25 in Functional
SDS-Resistant SNARE Complexes

It can be reasonably deduced from the data shown herein that
syntaxin 1/intact SNAP-25 heterodimers can stabilise VAMP
1 in functional complexes to a greater extent than syntaxin
1/truncated-SNAP-25. This is consistent with a C-terminal
domain of SNAP-25 being required for interaction with
VAMP 1 but not for the binding of syntaxin 1 which occurs
via its N-terminal domain [20]. In BoNT/A-treated TGNs, the
large SDS-resistant SNARE complexes were found to contain
only residual intact and four to fivefold more SNAP-25A,
whereas BoNT/E cleaved SNAP-25E was absent from the
complexes due to the removal of additional 17 C-terminal
residues [29]. Although the absolute composition of these
complexes (relativemolecular mass (Mr) of 104–288 k) remains
to be established, each SNARE should be equally represented;
thus, it is unlikely that one complex could contain both truncated
and full-length SNAP-25. ThoughVAMP1 can bind syntaxin 1,
SNAP-25 or SNAP-25A less avidly, after cleaving a majority
of syntaxin 1 with/C1, both of the resultant /A- and /C-
truncated SNAP-25 appeared in smaller complexes, whereas
the residual intact SNAP-25 still showed up in the large forms.
Our data suggest that cleavage of syntaxin 1 results in greater
destabilisation of complexes containing /A- or /C-truncated-
SNAP-25/VAMP 1 than those composed of intact SNAP-25/
VAMP 1, although the same domain of syntaxin 1 is required
for bindingVAMP 1 and SNAP-25 [20]. As expected, cleaving
syntaxin 1 followed by VAMP 1 led to a loss of intact and
/A- or /C1-truncated SNAP-25 from both large and small
complexes; this accords with the cleavage of residues 37–70
from VAMP 1 being known to prevent SDS resistance of
SNARE complexes [20].

Sequential Application of BoNTs Could Compound
the Blockade of CGRP Exocytosis and Alter the Profile
of SNARE Complexes Commensurate with the Inhibitory
Patterns

Diminution of large SNARE complexes seems to correspond
to the extent of inhibition by BoNTs of CGRP release
(Fig. 6a, c); however, the changes are characteristic of the
toxin serotypes used. Treatment of rat TGNs with BoNT/D
cleaved VAMP 1 and decreased the amount of SDS-resistant
SNARE complexes by up to ∼3-fold, including the large and
small varieties (Fig. 6a, b). This is in great contrast to the effect
of /B which cleaved VAMP 2 and 3 but did not reduce either
complex type; in turn, neither K+- nor capsaicin-induced
CGRP release was blocked. These results reaffirm that partic-
ipation of VAMP 1 in SNARE complexes plays a predomi-
nant role in exocytosis from sensory neurons [41–43]. It is
notable that inhibition of CGRP exocytosis by BoNTs was
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found to depend on the serotypes and stimulation used; for
example, though SNAP-25A incorporates into complexes,
only K+-evoked or thapsigargin-induced CGRP release gets
inhibited (Fig. 7a, d). The contrasting inability of BoNT/A to
inhibit capsaicin-induced release accords with SNAP-25A
being capable of binding synaptotagmin [44] although
displaying greatly reduced sensitivity to [Ca2+] [45] and
allowing vesicle docking, fusion and CGRP release to occur
when elicited by a prolonged large elevation of [Ca2+]i by
capsaicin or ionomycin (Figs. 6c and 7a–c). Capsaicin-elicited
release can be mediated by intact syntaxin 1 and VAMP 1
despite the presence of SNAP-25A in the large complexes;
accordingly, BoNT/D reduced the functionally relevant large
complexes and inhibited capsaicin-elicited CGRP release.

A different situation was seen with /C1-treated TGNs be-
cause syntaxin 1 is required to hold SNAP-25 and VAMP 1 in
large complexes; only the lower size form occurred when
syntaxin 1 was cleaved and these were non-functional in
CGRP release, regardless of the stimuli used that involve
distinct Ca2+ entry mechanisms. The inhibition by /C1 of
CGRP exocytosis triggered by any stimulus (K+ depolariza-
tion, bradykinin, capsaicin, ionomycin or thapsigargin) makes
it a universal inhibitor. These data reaffirm that formation of
large (Mr of 104–288 k) SNARE complexes requires all three
SNAREs, especially intact VAMP 1 and syntaxin 1 and these
but not the small species (Mr of 38–104 k) support exocytosis.
Possibly, the small complexes loosely dock synaptic vesicles
onto the plasma membrane but cannot fuse [46]. Sequential
application of BoNTs (/A-/C1, /A-/D) might give synergistic
anti-nociceptive effects in rodents due to extensive disruption
of functional SNARE complexes. Although BoNT/D has
different activities between rodent and humans [47], the infor-
mation gleaned herein might help future designing of a new
generation of BoNT-based therapeutics.

Distinct BoNT Sensitivities of CGRP Release Induced
by Ca2+ Entry via Dissimilar Routes

BoNT/A and /C1 equally inhibited CGRP release evoked by a
Ca2+-ATPase blocker, thapsigargin, that triggers Ca2+ entry
from internal stores; on the other hand, /C1 proved effective in
blocking exocytosis induced by capsaicin or the Ca2+ iono-
phore, ionomycin. The level of blockade by BoNT/A of
CGRP exocytosis elicited with K+ depolarization was dimin-
ished by ionomycin, whereas /C1 prevented relief of the
inhibition by ionomycin, consistent with SNARE complexes
containing SNAP-25C1 being mainly of small size. The dis-
tinct stimuli tested involve different Ca2+ entry pathways. For
example, TRPV1 channels are well known to be critical for
pain transduction; their agonist, capsaicin, caused little in-
crease in [Ca2+] in the absence of extracellular Ca2+ indicating
that the increase in [Ca2+]i is not derived from internal Ca2+

stores [48, 49]. Like capsaicin, ionomycin-evoked release

relies on extracellular rather than internal Ca2+ stores [50].
K+ depolarization is known to elicit Ca2+ entry through
voltage-activated channels and this, in turn, induces Ca2+

release from the internal store [51]. The association between
alteration of Ca2+ channel activity and development of path-
ological pain conditions is attracting much attention. In fact,
certain channels are implicated in inflammatory and neuro-
pathic hypersensitivity, so selective targeting of Ca2+ channels
has become a new strategy for pain management [52]. Injured
neurons display an elevated dependence on store-operated
Ca2+ [53, 54]. As diminishing the formation of large function-
al SNARE complexes by BoNT/C1, /D or certain combina-
tions blocks CGRP release elicited by these distinct stimuli,
our findings might allow specific targeting of a particular
BoNT serotype or combination to combat pain initiated via
various excitatory signals.
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