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ABSTRACT. Capsaicin, the pungent component of “hot” chilli peppers, selectively activates a distinct
population of primary sensory neurons responsive to noxious stimuli. Many of these fibres express neuropeptides
including the tachykinin, substance P. Using cultured dorsal root ganglion neurons, we found that capsaicin (10
mM) stimulated a 2-fold increase in release of substance P in the absence of extracellular Ca21. Elevated
potassium (75 mM) was unable to induce release under these conditions. The introduction of Ca21 enhanced
capsaicin-induced release and brought about a robust response to potassium. Preincubation of cells with
botulinum neurotoxin A (100 nM) completely blocked potassium-induced release but the capsaicin response, in
the absence of Ca21, was unaffected. However, toxin treatment dramatically reduced capsaicin-stimulated
release in the presence of Ca21. It is concluded that capsaicin induces release of substance P from dorsal root
ganglion neurons via two mechanisms, one requiring extracellular Ca21 and the intact synaptosomal-associated
protein 25 kDa (SNAP-25), and the other independent of extracellular Ca21 and not involving SNAP-25.
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Capsaicin (8-methyl N-vanillyl-6-noneamide) is the pun-
gent component of plants of the capsicum family. The
sensation of burning pain it elicits is due to the selective
activation of unmyelinated C-fibres and thinly myelinated
Ad primary sensory neurons [1]. These fibres are polymodal
nociceptors whose cell bodies are located in the dorsal root
ganglion. Transmission to the CNS occurs in the dorsal
horn of the spinal cord where glutamate is most likely to be
the fast transmitter [2]. However, expression and release of
neuropeptides, including substance P, is also known to
occur [3].

Activation of capsaicin-sensitive neurons is dependent
on the presence of a recently cloned receptor which is a
non-selective cation channel [4]. The channel is insensi-
tive to blocking agents such as dihydropyridines, v-cono-
toxin, and tetrodotoxin [5], and capsaicin-induced neuro-
transmitter release is unaffected by these conventional
channel blockers [6]. Ca21 entering through the activated
capsaicin receptor/channel therefore appears able to di-
rectly stimulate the release mechanism.

Elevation of intracellular Ca21 is widely accepted as the
signal for neurotransmitter release, though the source of

Ca21 may vary according to the stimulus [7]. In accordance
with this, substance P release in the spinal cord in response
to both depolarising and capsaicin stimuli has been re-
ported to be dependent on the presence of extracellular
Ca21 [8, 9]. However, using cultured eDRG† neurons, we
describe, in this report, a component of the capsaicin-
stimulated substance P release that occurs in the absence of
extracellular Ca21. Further, we describe different depen-
dencies of the Ca21-dependent and -independent mecha-
nisms of release on SNAP-25, which is considered a key
component in vesicle docking and fusion [10]. This we have
shown using the SNAP-25-specific clostridial Zn21-depen-
dent endopeptidase, BoNT/A.

MATERIALS AND METHODS
eDRG Neuron Cultures

Rat eDRG neurons were prepared from 14–16-day gesta-
tion embryos dissected under low-power magnification.
Ganglia were treated with trypsin/EDTA solution (Sigma)
for 40 min and fully dissociated in growth medium (Dul-
becco’s modified Eagle’s medium, 5% inactivated foetal
bovine serum, 5 mM glutamine, B27 supplement [GIBCO],
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100 ng/mL of nerve growth factor [Becton Dickinson],
0.6% dextrose) by trituration through fire-polished glass
Pasteur pipettes. Cells were plated onto Matrigel-coated
(Becton Dickinson) 12-well tissue culture plates (Falcon)
at a density equivalent to 5 embryos per plate. After two
days, cultures were treated with 10 mM cytosine arabinoside
(Sigma) to control growth of dividing cells. Medium was
changed three times per week and cells were used two
weeks after preparation.

Substance P Release Assay

Cells were washed twice with 1 mL BSS with no added
Ca21 (137 mM NaCl, 5 mM KCl, 4.2 mM NaHCO3, 1.2
mM MgCl2, 0.44 mM KH2PO4, 5 mM glucose, 20 mM
HEPES, pH 7.4). Basal release was established with 0.5 mL
Ca21-free BSS applied for 4.5 min. Cells were then stim-
ulated for 4.5 min with capsaicin or 75 mM KCl (67 mM
NaCl) in BSS with no added Ca21 and 0.5 mM EGTA.
Finally, cells were stimulated for 4.5 min with capsaicin or
75 mM KCl in BSS with 2 mM CaCl2. Superfusates were
transferred to ice and then centrifuged. Samples of super-
natant were treated with 2 M acetic acid, 0.1% trifluoro-
acetic acid (final concentrations) and dehydrated in a
spinvac centrifuge. Total substance P was determined in 2
M acetic acid, 0.1% trifluoroacetic acid cell extracts,
following dehydration. Substance P immunoreactivity was
measured with an enzyme immunoassay kit (Cayman
Chemical Co.) using the supplier’s protocol.

Western Blot Analysis of SNAP-25

SNAP-25 was analysed by Western blot of the hydrophobic
proteins extracted from cells treated for 18–20 hr with
BoNT/A. Proteins were extracted by the method of Bordier
[11] and separated by SDS–PAGE on 4–20% Tris–glycine
gels (Novex). Proteins were transferred to nitrocellulose
and blots probed with a rabbit primary antibody specific for
intact SNAP-25 (raised against a synthetic peptide of
SNAP-25, residues 195–206.). The secondary antibody
(donkey anti-rabbit horseradish peroxidase conjugate, Jack-
son ImmunoResearch Laboratories Inc.) was detected using
Amersham Enhanced Chemiluminescence reagent and Hy-
perfilm (Amersham) according to the manufacturer’s in-
structions.

RESULTS

Stimulation of cultured eDRG neurons with 75 mM KCl
did not induce release of substance P above basal level
when Ca21 was absent from the medium (Fig. 1). When
Ca21 was introduced into the medium, a 5-fold increase in
substance P release was seen (Fig. 1). By contrast, 10 mM
capsaicin induced a 2-fold increase in release in the absence
of extracellular Ca21. This stimulation rose to six times the
basal level when Ca21 was included (Fig. 1). The concen-
tration of capsaicin used (10 mM) was not cytotoxic, as

determined by trypan blue exclusion, over the time of these
experiments (data not shown).

The dose-dependence of capsaicin-induced release in the
absence of Ca21 was found initially to be a very shallow
curve. Release was only significantly enhanced above basal
at 10 mM (P , 0.05) and 30 mM (P , 0.0001) capsaicin.
The curve was not fully described at 30 mM (Fig. 2). In the
presence of Ca21, the curve was composed of two rising
phases separated by a plateau. All concentrations of capsa-
icin tested caused significant enhancement of release (P ,
0.05). The second rising phase corresponded to the curve
generated in the absence of Ca21. The first rise of the curve
was complete at 0.3 mM capsaicin.

Treatment of eDRGs with a range of concentrations of
BoNT/A gave a dose-dependent reduction in SNAP-25, as
determined by Western blot, between 0.01 and 100 nM
(Fig. 3). Complete SNAP-25 cleavage was consistently
produced by 100 nM BoNT/A. Following this treatment,
cells were stimulated with 75 mM KCl or 10 mM capsaicin.
The KCl-induced release of substance P was completely
abolished by neurotoxin, whereas the Ca21-independent,
capsaicin-induced release was unaffected by toxin (Fig. 4
compared to Fig. 1). However, the Ca21-dependent com-
ponent of capsaicin-induced release was markedly reduced
by BoNT/A treatment (Fig. 4 compared to Fig. 1). This is
shown by a reduction in the increase induced by the

FIG. 1. Calcium dependence of KCl- and capsaicin-stimulated
substance P release. Release is expressed 6 SE in pg substance
P/well. As an example, basal release (open bar) when expressed
as a percentage of the total cellular content was 0.43 6 0.07%
(N 5 8). Cells were stimulated with KCl (75 mM, N 5 4,
hatched bars) or capsaicin (10 mM, N 5 4, filled bars) for 4.5
min in the absence (0 mM calcium) or presence (2 mM calcium)
of Ca21 (2 mM). The data were collected from two separate
experiments. Release significantly higher than basal denoted by
*(P < 0.05), **(P < 0.005), and ***(P < 0.00005).
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introduction of Ca21 such that, without BoNT/A treat-
ment, Ca21 increased capsaicin-induced release 3-fold,
although after BoNT/A treatment this increase was only
2-fold.

DISCUSSION

Capsaicin-induced neurotransmitter release from sensitive
neurons has previously been described as entirely depen-
dent upon extracellular Ca21 [6, 8, 9]. However, here we
describe stimulation of substance P release from cultured
eDRG neurons when Ca21 was absent from the superfusing
medium. Re-instatement of Ca21 enhanced the stimulated
release. Further, we have shown that the Ca21-indepen-
dent component of the release is insensitive to the action of
BoNT/A. It would therefore appear that in these cultured
cells capsaicin induces substance P release by two mecha-
nisms: the first is Ca21-dependent, maximally stimulated by
0.3 mM capsaicin, and requires intact SNAP-25; and the
second is Ca21-independent, becomes activated at 3–10

mM capsaicin, and is insensitive to BoNT/A. The latter
observation indicates that release is through a mechanism
that does not have SNAP-25 as an essential component.

The Ca21-independent stimulation of substance P re-
lease by capsaicin would appear to be a previously undoc-
umented phenomenon. Previous studies that have de-
scribed total dependence on extracellular Ca21 have dif-
fered from ours in several ways, the most significant
difference being that capsaicin was used at lower concen-
trations (1 mM [8] and 3.3 mM [9]). At this level of
stimulation, the Ca21-independent component, in the
present study, was only just observable. Also, the present
study concerned embryonic rat neurons in culture, whereas
the other two studies employed tissue slices from 4-day-old
and adult rats ([8] and [9], respectively).

The mechanism of Ca21-independent capsaicin-stimu-
lated release still remains to be established. The cytotoxic
action of capsaicin is dependent on Ca21-influx, so that
cell death and lysis cannot be responsible for the observed
release in the absence of extracellular Ca21 [12]. Though
inositol phosphate turnover, arachidonic acid release, and
cGMP accumulation have all been shown to occur with
capsaicin stimulation in the presence of Ca21, the removal
of Ca21 abolishes all the alterations in these second
messenger levels [13]. Ca21-independent BoNT-insensitive
neurotransmitter release is, however, not unprecedented.

FIG. 2. Dose dependence of capsaicin-induced substance P
release in the presence (■) and absence (E) of Ca21. Release is
expressed as pg/well of substance P. Cells were stimulated with
capsaicin in the absence of Ca21 for 4.5 min and then in the
presence of Ca21 for 4.5 min. Results are the means 6 SE of
three experiments each determined in duplicate.

FIG. 3. Western blot analysis of SNAP-25 in eDRG neurons
following BoNT/A treatment. Hydrophobic proteins of eDRG
neurons, treated with BoNT/A for 18 hr, were probed with
antibody specific for intact SNAP-25. Lane 1, control; lanes 2
and 3, 0.01 nM; lanes 4 and 5, 0.1 nM; lanes 6 and 7, 1 nM;
lanes 8 and 9, 10 nM; and lanes 10 and 11, 100 nM BoNT/A.
The blot shown is from one experiment representative of three.

FIG. 4. KCl- and capsaicin-stimulated substance P release from
BoNT/A-treated cells. Release is expressed 6 SE in pg sub-
stance P/well. As an example, basal release (open bar) when
expressed as a percentage of the total cellular content was
0.38 6 0.06% (N 5 8). Following 18–20 hr BoNT/A treat-
ment (100 nM), cells were stimulated with KCl (75 mM, N 5
4, hatched bars) or capsaicin (10 mM, N 5 4, filled bars) for 4.5
min in the absence (0 mM calcium) or presence (2 mM calcium)
of Ca21 (2 mM). The data were collected from two separate
experiments. Release significantly higher than basal denoted by
*(P < 0.001) and **(P < 0.00005).
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Black widow spider neurotoxin, a-latrotoxin, stimulates
noradrenaline release from BoNT/C and D pretreated
synaptosomes in the absence of Ca21. a-Latrotoxin is
known to interact with a specific receptor, but the Ca21-
independent BoNT-insensitive release mechanism is be-
lieved to be non-vesicular and via membrane pores [14]. A
similar mechanism is unlikely to be responsible for release
of a neuropeptide. The lack of dependence of Ca21-
independent capsaicin-stimulated release on SNAP-25
therefore remains suggestive of a novel mechanism. How-
ever, if present, the non-neuronal homologue of SNAP-25
(SNAP-23) could have facilitated release from intoxicated
cells, since it is resistant to BoNT/A [15]. We do not as yet
know if cultured eDRG neurons express SNAP-23.

Multiple capsaicin receptors have been proposed previ-
ously [16]. Though the cloned receptor is clearly a receptor/
channel [4], other receptors may exist with alternative
coupling mechanisms to the release process. Thus, the two
different release mechanisms described here may be oper-
ated by separate receptor populations with differing capsa-
icin sensitivities.
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