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INTRODUCTION

RESULTS

The transient receptor potential (TRP) chan-
nels constitute a large and diverse family of
channel proteins that are expressed in many
tissues and cell types in both vertebrates and
invertebrates. Transient receptor potential
channel Al (TRPAL) is a member of branch A
of the TRP family of cation channels™. Tran-
sient receptor potential channel A1 has been
reported to form channels activated by icilin, a
chemical that induces a cooling sensation,
and by temperatures < 17°C*. This channel
was also reported to be activated by some
pungent chemicals, such as horseradish,
mustard oil, cinnamon oil and allicin™®. A re-
cent study using knockout mice demonstrated
that transient receptor potential channel Al is
an important component of the transduction
machinery through which environmental irri-
tants and endogenous proalgesic agents de-
polarize nociceptors to elicit inflammatory
pain’®*®. Taking the above into account, it is
clear that this channel is one of the important
transducers of noxious stimuli in the primary
afferents.

Activation of channels (such as transient re-
ceptor potential V1, a member of branch V of
the transient receptor potential family) elicits
acute pain accompanied by vasodilation,
vascular leakage, and inflammation due to
peripheral release of peptides (such as sub-
stance P and calcitonin gene-related peptide
[CGRP]) from the activated nerve termin-
als"”?4. However, there is no direct evi-
dence that activation of transient receptor
potential channel Al contributes to neuro-
peptide release from primary afferent neu-
rons. Calcitonin gene-related peptide as a
neurotransmitter in transient receptor po-
tential channel Al-mediated pain sensation
(such as migraine) has been suggested to
be dominant over substance P*? |n the
present study, we demonstrated for the first
time that allyl isothiocyanate (AITC; also
known as mustard oil) activates transient
receptor potential channel Al, resulting in
calcitonin gene-related peptide release from
the cultured rat dorsal root ganglion (DRG)
neurons.

Calcitonin gene-related peptide was
co-expressed with transient receptor
potential channel Al in dorsal root
ganglion neurons and released after
transient receptor potential channel Al
activation

To investigate if transient receptor potential
channel Al activation can induce calcitonin
gene-related peptide release in dorsal root
ganglion neurons, we first examined the
co-localization of transient receptor potential
channel Al and calcitonin gene-related pep-
tide, using double immunofluorescence. We
found that 39.9 % of transient receptor po-
tential channel Al-labeled neurons were
also labeled with calcitonin gene-related
peptide. Further, 38.3% of calcitonin
gene-related peptide-positive neurons also
contained transient receptor potential
channel Al (Figure 1A, B). This indicates a
possibility for calcitonin gene-related peptide
release from transient receptor potential
channel Al-labeled neurons. Then we ap-
plied a transient receptor potential channel
A1l activator, AITC to the cultured dorsal root
ganglion neurons, and measured calcitonin
gene-related peptide release by calcitonin
gene-related peptide enzyme-linked immu-
noassay (CGRP-EIA) kit from the culture
supernatant. The content of calcitonin gene-
related peptide was increased within 3 mi-
nutes after AITC application. A significant
and concentration-dependent increase of
calcitonin gene-related peptide-induced by
AITC was observed (Figure 1C).

Knockdown of transient receptor
potential channel Al decreased
calcitonin gene-related peptide release
from cultured dorsal root ganglion
neurons

To further confirm the AITC-induced calcito-
nin gene-related peptide release is through
transient receptor potential channel Al ac-
tivation indeed, we knocked down transient
receptor potential channel Al (see method)
and tested calcitonin gene-related peptide
release from the transient receptor potential
channel Al-knockdowned neurons.
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The antisense oligodeoxynucleotide (AS-ODN) target-
ing to transient receptor potential channel Al has been
used in our previous studies and has been demon-
strated to be able to inhibit transient receptor potential
channel A1 mRNA synthesis in vivo ?"?8. |n the current
study, we tested the effect of AS-ODN (100 pmol/L) on
protein synthesis of transient receptor potential chan-
nel Al in cultured dorsal root ganglion neurons. Re-
sults of western blot analysis indicated that AS-ODN

significantly decreased transient receptor potential
channel Al expression in cultured dorsal root ganglion
neurons, compared with control or the mismatch oli-
godeoxynucleotide (MM-ODN; 100 pmol/L) treated
neurons (Figure 2A, B). As expected, knockdown of
transient receptor potential channel Al significantly
suppressed AITC-evoked calcitonin gene-related pep-
tide release in cultured dorsal root ganglion neurons
(Figure 2C).
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Figure 1 Calcitonin gene-related peptide (CGRP) is co-expressed with transient receptor potential channel A1 (TRPA1) and
released by allyl isothiocyanate (AITC) application.

(A) Double immunofluorescence of TRPA1 (green) and CGRP (red) shows that a large population of TRPAL is co-localized with
CGRP in the rat DRG neurons. Yellow indicates double labeling. Scale bar: 100 um. (B) Percentages of colocalization of CGRP
and TRPAL1 in the dorsal root ganglion (DRG) neurons (Al: TRPA1). Data are expressed as mean + SEM from four rats in each
group. (C) AITC (50 umol/L and 500 pmol/L) induced a significant increase in CGRP release. Data were collected from six rats
in each group. CGRP releases were determined in parallel by enzyme-linked immunoassay from the same incubation fluid
samples. ®P < 0.05, °P < 0.01, vs. control. One-way analysis of variance followed by Fisher’s protected least significant
difference (PLSD) was used.
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Figure 2 Knockdown of transient receptor potential channel A1 (TRPA1) by antisense oligodeoxynucleotide (AS-ODN)
decreased calcitonin gene-related peptide (CGRP) release from cultured dorsal root ganglion (DRG) neurons.

(A, B) The raised TRPAL antibody recognized an expected band (~128 kDa) in the western blot from the naive and AS-ODN (or
mismatch oligodeoxynucleotide [MM-ODN])-treated rat DRG lysate (A). AS-ODN but not MM-ODN (100 pumol/L) significantly
decreased TRPAL1 expression (B). P < 0.05, vs. naive. Data are expressed as mean + SEM from three rats in each group. The
experiment was repeated at least twice. (C) AS-ODN (100 umol/L) treatment significantly decreased allyl isothiocyanate (AITC;
50 umol/L)-induced CGRP release. Data were collected from six rats in each group. The experiment was repeated at least
twice. CGRP releases were determined in parallel by enzyme-linked immunoassay from the same incubation fluid samples.
The data were normalized to that without AITC application. P < 0.05, vs. control. One-way analysis of variance followed by
Fisher’s protected least significant difference was used.

3015



Ushio N, et al. / Neural Regeneration Research. 2013;8(32):3013-3019.

DISCUSSION

In this study, we investigated if activation of transient
receptor potential channel A1 may induce calcitonin
gene-related peptide release from primary afferent. We
found that transient receptor potential channel A1 and
calcitonin gene-related peptide were highly co-expressed
in rat DGR neurons. AITC could induce -calcitonin
gene-related peptide release from the cultured rat dorsal
root ganglion neurons and knockdown of transient re-
ceptor potential channel Al prevented calcitonin
gene-related peptide release. These data provide a crit-
ical role of transient receptor potential channel Al in
neurotransmission.

Morphological evidence shows that calcitonin
gene-related peptide is contained in populations of dorsal
root ganglion neurons that overlap with populations of
nociceptive primary afferent neurons?3Y. Calcitonin
gene-related peptide immunoreactivity is found in ap-
proximately 60% of the small neurons that are believed to
give rise to C-fibers®. Transient receptor potential
channel Al is also expressed in a subset of small-sized
dorsal root ganglions or trigeminal ganglia neurons in
adult rats or mice™ ?"*3, We showed that 39.9% of tran-
sient receptor potential channel Al positive neurons were
also labeled with calcitonin gene-related peptide, which
was lower than that in a previous study!, indicating that
97% of transient receptor potential channel Al-positive
neurons were calcitonin gene-related peptide -positive in
adult mice. The difference of the results may be due to the
different methodologies that were used in two studies
(immunofluorescence versus in situ hybridization). In any
case, co-localization of these two molecules gave the
morphological evidence for transient receptor potential
channel Al activation induced calcitonin gene-related
peptide release.

AITC has been used for activating transient receptor po-
tential channel Al in many previous reports, but its speci-
ficity for transient receptor potential channel Al activation
remained unclear. A calcium imaging study revealed that
AITC still induced calcium entry in a part of dorsal root
ganglion neurons of transient receptor potential channel
A1 null mice®. To make sure that AITC-evoked calcitonin
gene-related peptide release was due to the transient
receptor potential channel Al activation, we knocked
down transient receptor potential channel Al using the
AS-ODN, which has been demonstrated to be able to
significantly decrease transient receptor potential channel
Al mRNA in our previous studies®?®, and also inhibit
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transient receptor potential channel Al protein expression.
Knockdown of transient receptor potential channel Al
significantly reduced the calcitonin gene-related peptide
release in cultured dorsal root ganglion neurons. These
data demonstrated that the AITC-evoked calcitonin
gene-related peptide release from dorsal root ganglion
neurons was mediated by transient receptor potential
channel Al activation. In our experiment, the content of
calcitonin gene-related peptide was increased within
3 minutes after AITC application. The AITC-induced acti-
vation of transient receptor potential channel A1 may in-
duce a significant extracellular calcium influx, and then the
increased intracellular calcium can evoke calcitonin gene-
related peptide release rapidly™*.

Nociceptor activation may release peptides, such as
substance P and calcitonin gene-related peptide peri-
pherally to produce vascular leakage and vasodilation,
leading to inflammation and tenderness at the site of
irritant application®?®. Besides the peripheral effects,
calcitonin gene-related peptide may contribute to the
neurotransmission of nociceptive primary afferent neu-
rons in the spinal cord™ *. Considering the various ef-
fects of calcitonin gene-related peptide in peripheral and
central nerve system, the transient receptor potential
channel Al-mediated calcitonin gene-related peptide
release in the present study provides a critical evidence
for realizing the function of transient receptor potential
channel Al channel.

MATERIALS AND METHODS

Materials

Adult male Sprague-Dawley rats (4-5 weeks of age, 100
—150 g body weight; Japanese animals, Shizuoka, Japan)
were used in this study. Rats were housed at a temper-
ature of 22°C, and were fed food and water ad libitum.

Methods

Immunohistochemistry study

Rats were deeply anesthetized with sodium pentobarbital
and perfused transcardially with 1% paraformaldehyde in
0.1 mol/L phosphate-buffer (PB) (pH 7.4), followed by 4%
paraformaldehyde in 0.1 mol/L PB. The L, dorsal root
ganglions were dissected out and processed for transient
receptor potential channel Al and calcitonin gene-related
peptide double immunofluorescence according to the
procedure of our previous study™”. The tyramide signal
amplification (TSA) (NEN Life Science Products, Boston,
MA, USA) fluorescence procedures were used for tran-
sient receptor potential channel Al (1:10 000) staining.
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Then, the rabbit polyclonal primary antibody for transient
receptor potential channel Al at 1:10 000 was combined
with rabbit polyclonal calcitonin gene-related peptide
antibody (1:2 000; Amersham International plc, Buck-
inghamshire, England). The preparation of the polyclonal
transient receptor potential channel Al antibody was
performed according to our previous study™!. Goat an-
ti-rabbit-Alexa 488 (1:1 000; Molecular Probes, Eugene,
OR, USA) for transient receptor potential channel A1 and
goat anti-rabbit-Alexa 594 (1:1 000; Molecular Probes)
for calcitonin gene-related peptide were used as second
antibodies. Non-specific double labeling was not ob-
served in the present study. In control single labeling
using indirect labeled immunofluorescence, we were
unable to visualize the transient receptor potential
channel Al antiserum at the dilutions used for the TSA
procedure. For quantification, 8—12 sections of the L,
dorsal root ganglion were selected randomly in each rat.
The number of transient receptor potential channel Al or
calcitonin gene-related peptide immunopositive neurons
per section was counted. An averaged percentage of
transient receptor potential channel Al-labeled neurons
relative to calcitonin gene-related peptide-labeled neu-
rons were determined.

Primary culture of rat dorsal root ganglion neurons

Dorsal root ganglions were collected using sterile tech-
nigues, and placed in ice-cold Earle’s balanced salt solu-
tion (EBSS; Sigma, St. Louis, MO, USA). Adhering fat
and connective tissue were removed and each dorsal
root ganglion was minced with scissors and placed im-
mediately in a medium consisting of 2 mL of EBSS con-
taining 1.25 mg/mL of collagenase P (Roche Diagnostics
GmbH, Mannheim, Germany) and kept at 37°C for 60
minutes with occasional agitation. After dissociation of
the dorsal root ganglion cells, this cell suspension was
centrifuged for 5 minutes at 200 x g and the cell pellets
were resuspended in EBSS supplemented with 10% fetal
bovine serum (FBS), 2 mmol/L glutamax, penicillin/
streptomycin and recombinant rat NGF (100 ng/mL; R&
D Systems, Inc, Minneapolis, MN, USA). Neurons were
counted using a haemocytometer and suspension was
diluted to get a final cell density of 30 000 neurons/mL.
Cells in 500 pL suspension were plated onto
poly-L-lysine-coated 24-well plates for enzyme immu-
noassay study. Cells in 2 mL suspension were plated
onto a 35 mm dish for western blot analysis. The neurons
were then kept in a 5% CO, incubator at 37°C overnight.
An AS-ODN (5-TCTATGCGGTTATGTTGG-3") targeting
transient receptor potential channel A1 and an MM-ODN
(5-ACTACTACACTAGACTAC-3") were designed and
manufactured by BIOGNOSTIK (Gottingen, Lower Sax-

ony, Germany). In some case, the AS-ODN or MM-ODN
was applied onto the cultures at a concentration of
100 pmol/L to obtain the transient receptor potential
channel Al-knockdowned neurons.

Western blot analysis

Western blot analysis was performed 24 hours after
AS-ODN or MM-ODN application to culture dorsal root
ganglion neurons. In accordance with the procedure of
our previous report* the cultured cells were washed
with ice-cold phosphate-buffered saline (PBS) and lysed
using cell lysis buffer containing 1% NP40, 150 mmol/L
NaCl, 1 mmol/L ethylenediamine tetraacetic acid, 10%
glycerol, 0.1% 2-mercaptoethanal, 0.5 mmol/L dithioth-
reitol, and a mixture of proteinase inhibitors. The cell
lysates were kept on ice for 1 hour with intermittent vor-
tex mixing and centrifuged at 10 000 x g for 30 minutes
at 4°C. Equal amount of protein samples from each
dorsal root ganglion culture was denatured, loaded,
electrophoresed in a 10-20 SDS-polyacrylamide gel
(Bio-Rad, Richmond, CA, USA) and blotted onto hybond
P membranes (Amersham Biosciences, Arlington
Heights, IL, USA) using multiphore Il (Amersham Bios-
ciences, Uppsala, Sweden). Membranes were incubated
with 1% bovine serum albumin in Tris buffer saline con-
taining Tween 20 (10 mmol/L Tris-HCI, pH 8.0, 150
mmol/L NaCl, and 0.2% Tween 20) for at least 10 mi-
nutes at room temperature and incubated with the raised
rabbit polyclonal primary antibody for TRPA1 (1:500) at
4°C overnight. A monoclonal mouse anti 3-actin antibody
(1:1 000; Sigma, St. Louis, MO, USA) was added as the
loading control. The membranes were then incubated
with an alkaline phosphatase-conjugated goat anti-rabbit
IgG (1:5 000; Jackson Immuno-Research Lab, West
Grove, PA, USA) for TRPAL, and/or an alkaline phos-
phatase-conjugated goat anti-mouse IgG (1: 5 000;
Chemicon, Temecula, CA, USA) for B-actin for 2 hours
at room temperature. Finally, membranes were washed
several times with Tris buffer saline to remove unbound
secondary antibodies and visualized using a BCIP-NBT
Solution Kit for alkaline phosphatase stain (Nacalai Tes-
que, Kyoto, Japan). The density of specific bands was
measured using a computerized image analysis system
(NIH image, version 1.62, W. Rasband, National Insti-
tutes of Health, Bethesda, MD, USA).

Calcitonin gene-related peptide release assay

AS-ODN or MM-ODN 100 pmol/L was applied to culture
dorsal root ganglion neurons for 24 hours. Then the
neurons were washed twice with Hanks’ buffered salt
solution (HBSS; in mmol/L, NaCl, 136; KCI, 5.36; MgCl,,
0.49; CacCl,, 1.27; glucose, 5.5; MgSQ,, 0.40; KH,PO,,
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0.44; Nay,HPO,, 0.33; pH 7.4) and was applied with AITC
(at 50 pmol/L or 500 pmol/L) for 3 minutes at 37°C. The
buffers from the wells were collected and kept at 4°C until
analysis. Their calcitonin gene-related peptide content
was determined with a commercially available EIA kit
utilizing the double antibody sandwich technique
(SPI-BIO, Massy Cedex, France), and by a SPECTRA-
max microplate reader equipped with a 414-nm filter
(Molecular device, Sunnyvale, CA, USA). For normaliza-
tion, the actual value was divided by the value of control
which was not treated with any drug.

Statistical analysis

All results were expressed as mean = SEM, and
processed with statview 5.0 software (SAS Institute Inc.,
Cary, NC, USA). One-way analysis of variance followed
by Fisher's protected least significant difference was
used. A level of P < 0.05 was considered statistically
significant.

Research background: TRPAL is a well-known pain sensor for
environmental irritants, cold and mechanical stimuli. It is an
important component of the transduction machinery which ac-
tivates nociceptors to elicit inflammatory pain and neuropathic
pain.

Research frontiers: There has been no direct evidence that
activation of TRPA1 contributes to neuropeptide release from
primary afferent neurons. We demonstrated for the first time that
AITC; also known as mustard oil) activates TRPA1, resulting in
CGRP release from the cultured rat DRG neurons.

Clinical significance: Pharmacological inhibition of TRPA1
significantly attenuated mechanical hyper-sensitivity in inflam-
mation and neuropathy.

Academic terminology: Antisense oligonucleotide is the oli-
gonucleotide fragment expressed by artificially synthesized or
reconstructed antisense expression vector, with a length of
15-30 nucleotides. It regulates cell growth and differentiation by
interfering gene unwinding, replication, transcription, mRNA
splicing, output and translation based on the principle of base
complementrity. It is often used for gene knockdown

Peer review: Considering the various effects of CGRP in peri-
pheral and central nerve system, the TRPAl-mediated CGRP
release in the present study provides a critical evidence for
realizing the function of the TRPA1 channel.
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