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lkunobu Muramatsu, Matomo Nishio and Takaharu Ishibashi

Department of Pharmacology, School of Medicine, Kanazawa Medical University, Uchinada, Japan

The transient receptor potential vanilloid 1 (TRPV1) channel is highly expressed in a
subset of sensory neurons in the dorsal root ganglia (DRG) and trigeminal ganglia of
experimental animals, responsible for nociception. Many researches have revealed that
some TRPV1-positive neurons co-express the transient receptor potential ankyrin 1
(TRPA1) channel whose activities are closely modulated by TRPV1 channel. However,
it is less investigated whether the activities of TRPV1 channel are modulated by the
presence of TRPA1 channel in primary sensory neurons. This study clarified the difference
in electrophysiological responses induced by TRPV1 channel activation between
TRPA1-positive and TRPA1-negative DRG. TRPV1 and TRPA1 channel activations were
evoked by capsaicin (1 wM), a TRPV1 agonist, and allyl isothiocyanate (AITC; 500 uM), a
TRPA1 agonist, respectively. Capsaicin perfusion for 15 s caused a large inward current
without a desensitization phase at a membrane potential of —70mV in AITC-insensitive
DRG (current density; 29.6 + 5.6 pA/pF, time constant of decay; 12.8 + 1.85s). The
capsaicin-induced currents in AITC-sensitive DRG had a small current density (12.7 £ 2.9
pA/pF) with a large time constant of decay (24.3 + 5.4 s). In calcium imaging with Fura-2,
the peak response by capsaicin was small and duration reaching the peak response was
long in AITC-sensitive neurons. These electrophysiological differences were completely
eliminated by HC-030031, a TRPA1 antagonist, in an extracellular solution or 10 mM
EGTA, a Ca?* chelator, in an internal solution. Capsaicin perfusion for 120 s desensitized
the inward currents after a transient peak. The decay during capsaicin perfusion was
notably slow in AITC-sensitive DRG; ratio of capsaicin-induced current 60s after the
treatment per the peak current in AITC-sensitive neurons (78 + 9%) was larger than that in
AITC-insensitive neurons (48 4+ 5%). The capsaicin-induced current in the desensitization
phase was attenuated by HC-030031 in AITC-insensitive DRG. These results indicate
that (1) TRPV1-mediated currents in TRPA1-positive neurons characterize small current
densities with slow decay, which is caused by TRPA1 channel activities and intracellular
Ca?* mobilization and (2) desensitization of TRPV1-mediated current in TRPA1-positive
neurons is apparently slow, due to appending TRPA1-mediated current.
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INTROUCTION

The transient receptor potential vanilloid 1 (TRPV1) channel
is a polymodal sensor, which is sensitive to noxious heat,
acidic pH, and irritant vanilloids, and is highly expressed
in a subset of sensory neurons in the dorsal root ganglia
(DRG) and trigeminal ganglia, predominantly contributing
to nociception. The activation of TRPV1 channels, Ca?*-
permeable cation channels, induces a large inward current,
thereby elevating intracellular Ca** concentration because of
the influx of extracellular Ca?* in primary sensory neurons
(Caterina et al., 1997). The depolarization of sensory neurons
induced by the TRPV1-mediated current was shown to
be transmitted as nociceptive information to the central
nervous system (Caterina et al., 2000). The TRPV1-mediated
current responses were found to be regulated by various
receptors, such as bradykinin receptors (Tang et al., 2004),
purinergic receptors (Stanchev et al, 2009), and glutamate
receptors (Masuoka et al., 2015; Szteyn et al.,, 2015), thereby
modulating nociception. In contrast, elevated intracellular Ca?"
concentration induced by TRPV1 channel activation affects
the functions of nociceptors and ion channels, modulating
nociception in primary sensory neurons. The Ca** influx feeds
back on the TRPV1 channels, inhibiting their gating by binding
to the intracellular Ca?t sensor, calmodulin (Rosenbaum and
Simon, 2007; Lau et al., 2012). The Ca?* influx by TRPV1 directly
activates anoctamin 1 chloride channels, potentiating TRPV1-
mediated pain in DRG neurons (Takayama et al., 2015). TRPV1
channel activation with capsaicin inhibits the mechanosensitive
Piezol and Piezo2 channels by depleting phosphatidylinositol
4,5-bisphosphate and its precursor phosphatidylinositol 4-
phosphate from the plasma membrane through Ca?"-induced
phospholipase C3 activation in DRG neurons (Borbiro et al.,
2015).

Some TRPV1-positive DRG neurons co-express the transient
receptor potential ankyrin 1 (TRPA1) channel. Recent studies
have revealed the functional and mechanical interactions
between TRPA1 and TRPV1 channels, although the physiological
significance of TRPA1 channels has been poorly understood
in TRPVI1-expressing sensory neurons. The first report
showing the TRPAI-TRPV1 interaction described that the
pharmacological desensitization of TRPA1-mediated responses
is more pronounced in sensory neurons that lack TRPV1 than in
neurons that express TRPV1 (Akopian et al., 2007). Thereafter,
the probability of TRPA1 being open at negative holding
potentials is reduced by TRPV1 channels because of the complex
formation of TRPV1 and TRPA1 channels (Staruschenko et al.,
2010). Tmem100 protein was recently reported to decrease
the interaction between TRPV1 and TRPA1 channels in DRG
neurons, potentiating TRPA1 channel properties (Weng et al.,
2015). Therefore, TRPA1 channel-mediated responses are largely
modulated by TRPV1 channels in primary sensory neurons.
However, studies have scarcely investigated whether TRPV1
channel activities are modulated in the presence of TRPA1
channels. Here, we examined the differences in the kinetics
of current responses induced by TRPV1 channel activation in
TRPA1-positive and TRPA1-negative DRG neurons to elucidate

the modulating effect of TRPA1 channels on TRPV1 channel
activities.

MATERIALS AND METHODS

Animals

All mice were purchased from SLC (Shizuoka, Japan). The mice
were housed in clear acrylic cages in a temperature-controlled
room (25 £ 1°C) with a 12-h light/dark cycle (lights on from
07:00 to 19:00). All animal procedures were approved by the
Ethics Committee of Kanazawa Medical University. The mice
were humanely treated, according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and the
Guiding Principles for the Care and Use of Laboratory Animals
set by the Japanese Pharmacological Society.

Preparation of Primary Cultures

Culture preparation was conducted as previously described
(Masuoka et al.,, 2015, 2016). The C57BL/6] male and female
mice (6- to 14-day-old) were anesthetized by the inhalation
of isoflurane (Escain®; Mylan Inc., Cecil Township, PA,
USA). DRG were rapidly dissected in ice-cold Ca**/Mg?*-free
artificial cerebrospinal fluid (Ca?*/Mg?*-free ACSF; 143.9 mM
NaCl, 3.35mM KCl, 21 mM NaHCO3, 9.9 mM glucose, 0.6 mM
NaH,POy) gassed with a mixture of 95% O, and 5% CO, (pH
7.4). Neurons were dissociated following treatment with 0.1%
type II collagenase (240-265U/mg; Worthington Biochemical
Co., Lakewood, NJ, USA), 0.1% trypsin (Gibco, San Diego, CA,
USA), and 0.01% DNase I (Sigma, St. Louis, MO, USA) in
Ca?"/Mg?"-free ACSF and shaken (35 cycle/min) in a water bath
at 37°C for 30 min. Cells were gently triturated in Dulbecco’s
modified Eagle medium (Sigma) containing 10% horse serum
(Gibco), 5% fetal calf serum (Gibco), and 1% penicillin-
streptomycin (Wako, Osaka, Japan). Dispersed cells were passed
through a 100-pwm cell strainer (BD Biosciences, San Jose, CA,
USA), and the filtered cells were seeded on glass coverslips
(13 mm in diameter) coated with poly-L-lysine (Matsunami Glass
Ind., Osaka, Japan).

Whole-Cell Patch Clamp Recording

Cultured neurons were plated onto coverslips, transferred
to the recording chamber, and superfused with ACSF
(138.6mM NaCl, 3.35mM KCl, 21mM NaHCO3, 9.9mM
glucose, 0.6 mM NaH,POy, 2.5mM CaCl,, and 1 mM MgCl,).
Neurons were visually identified using a 60 x microscope
objective (DIAPHOT300; Nikon, Tokyo, Japan). Whole-
cell recording were performed from small and medium
size of neurons (<25pm diameter). Pipettes for whole-cell
recordings were made from borosilicate glass capillaries
(1.5-mm outer diameter; World Precision Instruments Inc.,
Sarasota, FL, USA). Patch pipettes (4-6 M) were filled
with an internal solution containing 120mM KCH3SOs3,

5mM KCI, 0.ImM K-ethylene glycol-bis(3-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA), 5mM Na-4-
(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid, =~ 3mM

Mg-adenosine triphosphate, and 0.4mM Na-guanosine
triphosphate (pH 7.4). Series resistance was 8-20 M2, which was
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monitored throughout the recording. Membrane currents were
recorded in a whole-cell configuration using an Axopatch-1D
amplifier and pCLAMP 10 software (Axon Instruments, Foster
City, CA, USA), digitized, and stored on a computer disk
for offline analysis. Current responses mediated by TRPV1
and TRPA1 were induced through 0.03-1 M capsaicin (a
TRPV1 agonist) perfusion for 15 or 120s and 500 uM AITC
(a TRPA1 agonist) perfusion for 30s, respectively. Capsaicin
responses were recorded >5min after establishing whole-cell
configuration. AITC-induced responses were observed >5 min
after capsaicin perfusion. The extracellular solution was perfused
at 2mL/min. To clarify contribution of TRPA1l channels in
capsaicin-induced current, HC-030031 (a TRPAI antagonist)
was dissolved in ACSF with or without capsaicin and was
perfused. Temperature in recording chamber was maintained
at 30.0 & 1.0°C with in-line solution heaters (SF-28; Warner
Instruments, Hamden, CT, USA) and temperature controller
(TC-324C; Warner Instruments).

Calcium Imaging

Changes in intracellular calcium were measured with a
fluorescent calcium indicator, as described previously (Masuoka
et al., 2015, 2016). For microscopic fluorometric measurement,
cultured DRG neuronal cells were washed twice with ACSF
and incubated for 45 min in the CO, incubator (37 4+ 2°C)
in a solution of 3puM of Fura-2-acetoxymethyl ester (Fura-
2 AM; Dojindo Laboratories, Kumamoto, Japan) and 0.005%
Cremophor EL (Sigma). After incubation, cells were washed in
ACSF for 30 min and culture dishes were placed on the stage of
an inverted microscope (ECLIPSE TE 300, Nikon, Tokyo, Japan)
equipped with a 20 x S-fluor objective. Fluorescence images
were recorded and analyzed using a video image analysis system
(ARGUS/HiSCA, Hamamatsu Photonics, Hamamatsu, Japan).
Experimental agents were dissolved in ACSF and delivered by
continuous perfusion in the recording chamber (2 mL/min) with
a peristaltic pump. Capsaicin (1 mpM), AITC (500 pM) and KCI
(50 mM) were respectively perfused for 15, 30, and 30's in this
order. Image pairs were captured at 5s (beginning 5min) or
10s intervals. Fura-2 fluorescence was recorded at an emission
wavelength of 510nm by exciting Fura-2 at 340 and 380 nm.
The 340-380 nm fluorescence ratio (F340/F380) was used as a
parameter of intracellular calcium concentration.

Drugs

Capsaicin and allyl isothiocyanate (AITC) were obtained
from Sigma-Aldrich (St. Louis, MO, USA); 2-(1,3-
dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-(4-
isopropylphenyl)acetamide (HC-030031) was obtained from
Abcam (Cambridge, United Kingdom). The stock solution
of capsaicin and AITC were dissolved in ethanol at the
concentration of 10mM and 2M, respectively. HC-030031
was dissolved in DMSO at 100 mM. The stock solutions were
diluted with ACSF just before the experiment. The working
solutions were made not exceeding 0.03% ethanol, because
0.1-3% ethanol facilitates TRPV1 channels activity induced by
capsaicin (Trevisani et al., 2002).

Statistical Analysis

Data are expressed as mean = standard error of the mean (SEM),
and “n” represents the number of cells examined. Data were
analyzed using the SigmaPlot 13.0 software (Systat Software Inc.,
San Jose, CA, USA). Data were assessed using the unpaired ¢-test.
A P value of < 0.05 was considered significant.

RESULTS

We clarified the difference in kinetics of current responses
to TRPV1 channel activation between TRPAIl-negative and
TRPAIl-positive DRG neurons using whole-cell recording.
TRPV1 channel activation was evoked by the perfusion of
1 WM capsaicin, a TRPV1 agonist. To identify TRPA1-positive
and TRPA1l-negative neurons, AITC (a TRPA1 agonist) were
perfused after recording of capsaicin responses in this study.
Some studies clarified that high concentration (1mM and
over) of AITC activates porcine, mouse and human TRPV1
as well as TRPA1 (Ohta et al., 2007; Everaerts et al., 2011;
Gees et al, 2013). Therefore, TRPAI-negative and TRPAI-
positive DRG neurons were distinguished by responsiveness
to perfusion of 500 WM AITC for 30s, >5min after capsaicin
perfusion. In this condition, peak current were observed at
15-25s after starting AITC perfusion (Figure 1B), which were
completely blocked by 10 M HC-030031, a TRPA1 antagonist.
A few recording showed very small currents (<100 pA)
without peak response before washout of AITC; they were
probably TRPV1-mediated current by AITC. In this study,
we excluded these data to accurately identify TRPA-positive
and TRPAl-negative neurons. Capsaicin perfusion for 15s
caused a large inward current without a desensitization phase
at a membrane potential of —70mV (Figures 1A,B). The
capsaicin-induced currents in AITC-sensitive DRG neurons had
a small current density (Figure 1C) with a large time constant
of decay (Figure 1D). Membrane capacitance in recording
neurons demonstrated no significant difference between the
two groups (Figure 1E). The capsaicin-induced current density
increased in a concentration-dependent manner (Figure 1F).
The maximum response was significantly smaller in AITC-
sensitive. DRG neurons (14.9 £ 4.7pA/pF) than in AITC-
insensitive ones (43.8 £ 4.3 pA/pF); furthermore, ECs5y showed
no discernible difference between the two groups (0.088 =+
0.008 and 0.104 = 0.024 wM, respectively). Fluorescence calcium
imaging is useful to analyze TRPV1 channels activities, because
TRPV1 channels are high-conductance Ca?*-permeable TRP
channels. Intracellular calcium mobilizations by capsaicin were
examined with Fura-2 (Figure 2). Perfusion of 1 WM capsaicin
increased the intracellular calcium concentration in a subset of
DRG neurons. Elevations of intracellular calcium concentration
in AITC-sensitive neurons were significantly smaller than
that in AITC-insensitive neurons (Figures 2B,C). In addition,
duration reaching peak responses after starting the perfusion was
significantly longer in AITC-sensitive neurons (Figures 2B,D).
These results confirmed that small current densities and
slow decay of capsaicin-induced current in AITC-sensitive
neurons. We examined the possible contributions of TRPA1

Frontiers in Physiology | www.frontiersin.org

May 2017 | Volume 8 | Article 272


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Masuoka et al. Interaction between TRPA1 and TRPV1

A AITC-insensitive neuron B AITC-sensitive neuron
Cap AITC Cap AITC
7 / A Vi
\ \
J 500 pA \ J 500 pA
20s 20s
C D E F
50 35 01 60 OAITC-insensitive neurons
45 30 * 35 1 . @AITC-sensitive neurons

40 30 4 ‘5 50

<35 ©2% Iy 2

) B 2 25 1 i

z S20 3 2z

225 2 § 207 g 30

2 ® P S 15 =

g1 E10 S 104 £ o

- 12 . . ] S 19 * *

0 04 04 0 > +
insensitive sensitive insensitive sensitive insensitive sensitive 0.01 0.1
(n=16) (n=7) (n=16) (n=7) (n=16) (n=7) Capsaicin (uM)

FIGURE 1 | Differences in capsaicin-induced current between AITC-insensitive and AITC-sensitive DRG neurons. (A,B) Representative traces of current
response induced by 1 WM capsaicin (cap) perfusion for 15s and 500 .uM AITC perfusion for 30 s in AITC-insensitive (A) and AITC-sensitive (B) DRG neurons. The
currents were recorded with a potassium methanesulfonate internal solution at membrane potentials of —70 mV. (C-E) The differences in the capsaicin-induced
current density (C), time constant of decay (D), and membrane capacitance (E) between AITC-insensitive DRG neurons (open columns) and AITC-sensitive DRG
neurons (gray columns) are shown. (F) Concentration-response curves to capsaicin in AITC-insensitive and AITC-sensitive DRG neurons. Each column and vertical
bar represent the mean =+ standard error of the mean (SEM). *P < 0.05 by unpaired t-test.

channels, intracellular Ca?* concentration, and potassium
channels to the difference in kinetics of TRPV1-mediated current
between AITC-sensitive DRG neurons and AITC-insensitive
ones (Figures 1C,D). Capsaicin responses under presence of HC-
030031 were examined more than 5 min after perfusion of HC-
030031. The differences in current density and time constant
of decay were completely eliminated in the presence of 5puM
HC-030031, a TRPAI antagonist, in the extracellular solution
(Figures 3A,B). To explore the contributions of intracellular
Ca’t to the different kinetics of capsaicin-induced currents
between AITC-insensitive and AITC-sensitive DRG neurons,
we recorded the TRPV1-mediated current induced by capsaicin
with intracellular solutions containing 10 mM EGTA, a Ca®"
chelator. The differences in the current density and time
constant of decay (Figures 1C,D) completely disappeared when
a high EGTA concentration was added in the internal solution
(Figures 3C,D). In contrast, although potassium in the internal
solution was replaced by Cs* to block the potassium channels,
TRPVI-mediated currents in AITC-sensitive DRG neurons
were significantly smaller with a larger time constant of decay
than those in AITC-insensitive DRG neurons (Figures 3E,F).
Presence of 10 WM capsazepine, a TRPV1 antagonist, strongly
inhibited capsaicin-induced current in both AITC-insensitive
and AITC-sensitive neurons, which has no difference between
two groups (Figure 3G). These results suggest that the different
kinetics of capsaicin-induced current between AITC-insensitive
and AITC-sensitive DRG neurons are caused by TRPA1 channels
activities and the dynamics of intracellular Ca** concentration.

To elucidate the presence of TRPAI current in the basal
condition in AITC-sensitive neurons, the effect of HC-030031
was examined before the application of capsaicin and AITC.
The perfusion of HC-030031 (5 pM) for 60s slightly but
significantly attenuated the basal inward current in capsaicin-
and AITC-sensitive neurons (—17.3 + 4.4pA, n = 5 P <
0.05), although it had no effect in capsaicin-sensitive and
AITC-insensitive neurons (2.0 & 2.7 pA, n = 13). This implied
that a tonic TRPAI current exists in AITC-sensitive neurons in
the absence of exogenous TRPV1 and TRPA1 agonists.

Next, we examined the difference in the desensitization of
current induced by TRPV1 channel activation between AITC-
sensitive and AITC-insensitive DRG neurons. When 1uM
capsaicin was perfused for 120 s (Figure 4A), the transient peak
current was observed 15-30s after the perfusion in all neurons,
which then gradually desensitized the inward currents. As the
decay of the capsaicin-induced current was difficult to fit with
a logarithmic curve in many AITC-sensitive DRG neurons, we
calculated the ratio of current 60s after treatment of capsaicin
per peak current as an alternative measure. The ratio of the
current was significantly larger in AITC-sensitive DRG neurons
than in AITC-insensitive DRG neurons, indicating that the decay
of the capsaicin-induced current in the desensitization phase
was significantly slower in TRPA1-positive DRG neurons than
in TRPA1l-negative DRG neurons (Figure 4B).The effects of
HC-030031 were subsequently examined. HC-030031 perfusion
significantly inhibited capsaicin-induced currents in AITC-
sensitive DRG neurons, which was absent in AITC-insensitive
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FIGURE 2 | Differences in capsaicin-induced intracellular calcium elevation between AITC-insensitive and AITC-sensitive DRG neurons. (A) Time
course of F340/F380 ratio before and after the perfusion of capsaicin (cap, 1 wM) AITC (500 wM) and KCI (50 mM) using Fura-2 AM dye. Horizontal bars represent
periods of capsaicin, AITC and KCI perfusion. (B) Changes in F340/F380 ratio with a widespread expression of x axis between time 1 and 2.2 min of (A). The
difference in peak response (C) and time reaching peak response (D) on capsaicin-induced elevation of intracellular calcium in DRG neurons. Data presented as mean
+ SEM. *P < 0.05 against AITC-sensitive group.

DRG neurons (Figure5A). The inhibitory effect of HC-
030031 was significantly larger in AITC-sensitive DRG neurons
than in AITC-insensitive DRG ones (Figure 5B). Therefore,
TRPA1-mediated current is contained in the capsaicin-induced
current in the desensitization phase in AITC-sensitive DRG
neurons. To clarify the difference in the desensitization of
the TRPV1-mediated current by repeated stimulation between
AITC-sensitive and AITC-insensitive DRG neurons, 1M
capsaicin perfusion for 15s was repeated five times. Repeated
short-term capsaicin perfusion gradually desensitized capsaicin-
induced current responses (Figure 6A), and no difference was
found between the two groups (Figure 6B).

DISCUSSION

We clarified that the kinetics of TRPV1-mediated current
induced by capsaicin differed depending on the coexistence of
TRPA1 channels in DRG neurons. First, the current densities
were significantly smaller in AITC-sensitive DRG neurons than
in AITC-insensitive DRG neurons. The difference disappeared
in the presence of a high EGTA concentration in internal
solutions and in the presence of HC-030031 in extracellular
solutions. Therefore, TRPA1 channels suppress TRPV1 channel

activity, possibly by regulating the basal intracellular Ca’*
concentration. TRPA1 channels are activated by exogenous
irritants, including mustard oil, allicin, acrolein (Bautista et al.,
2006), and alkaline pH (Fujita et al., 2008), and by endogenous
substances, including hydrogen peroxide, nitric oxide, hydrogen
sulfide, oxidized lipids, and general long-chain polyunsatulated
fatty acids (Andersson et al., 2008, 2012; Cavanaugh et al., 2008;
Takahashi et al., 2008; Motter and Ahern, 2012). Basal inward
currents in AITC-sensitive neurons were slightly attenuated by
a TRPA1 antagonist, which implies that a tonic TRPA1 current
exists in DRG neurons. Therefore, the spontaneous TRPA1
channel activity possibly induced by endogenous substances
inhibits proximate TRPV1 channels mediated by Ca®" elevation.
Intracellular calcium concentrations regulate the activities of
protein kinase A, protein kinase C, Ca?>*/Calmodulin-dependent
protein kinase II, and calcineurin that regulate TRPV1 channels
activities through phosphorylation or dephosphorylation of
several amino acid residues in TRPV1 channels, such as
Ser502, Thr704, and Ser800 (Rosenbaum and Simon, 2007).
The dephosphorylation of TRPV1 by calcineuline that activated
by weak intracellular calcium elevation desensitizes TRPV1
channels activities by vanilloid stimulation, capsaicin (Jung et al.,
2004). The balance of phosphorylation and dephosphorylation
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capsaicin-induced currents between AITC-insensitive and AITC-sensitive DRG neurons. Capsaicin-induced currents were recorded (A,B) in the presence of
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and AITC-insensitive neurons. Each column and vertical bar represent the mean + SEM. *P < 0.05 by unpaired t-test.
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FIGURE 4 | The differences in desensitization of currents induced by persistent perfusion of capsaicin. (A) Representative traces of current response
induced by 1 wM capsaicin (cap) perfusion for 120's in AITC-insensitive (left) and AITC-sensitive (right) DRG neurons. (B) The difference in the decay of
capsaicin-induced current 60 s after initiating the perfusion between AITC-insensitive DRG neurons (open column) and AITC-sensitive DRG neurons (gray column).
Each column and vertical bar represent the mean + SEM. *P < 0.05 by unpaired t-test.

of TRPVI1 under presence of TRPA1 possibly contributes to  in AITC-insensitive DRG neurons, which was blocked by an
the mechanism of small current densities of TRPV1 channels.  internal solution containing a high EGTA concentration and
Second, the latencies of decay in capsaicin-induced currents  in the presence of HC-030031 in an extracellular solution. In
were significantly longer in AITC-sensitive DRG neurons than  addition, desensitization during persistent capsaicin perfusion
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FIGURE 5 | Effects of HC-030031 on capsaicin-induced current in the desensitization phase. (A) Representative traces of capsaicin (cap)-induced current
during 2 M HC-030031 (HC) perfusion in AITC-insensitive (left) and AITC-sensitive (right) DRG neurons. (B) Inhibitory effects of HC-030031 on capsaicin-induced
current in AITC-insensitive DRG neurons (open column) and in AITC-sensitive DRG neurons (gray column). Each column and vertical bar represent the mean + SEM.

*P < 0.05 by unpaired t-test.
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FIGURE 6 | The desensitization of capsaicin-induced currents by repeated application in AITC-insensitive and AITC-sensitive DRG neurons.
(A) Representative traces of current induced by repeated capsaicin (cap) perfusion in AITC-insensitive (upper) and AITC-sensitive (lower) DRG neurons. (B)
Comparison of desensitization of capsaicin-induced current between AITC-insensitive DRG neurons (open columns) and AITC-sensitive DRG neurons (gray columns).
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was notably slower in AITC-sensitive DRG neurons than
in AITC-insensitive DRG neurons. The capsaicin-induced
current in the desensitization phase was attenuated by HC-
030031 in AITC-sensitive DRG neurons. Therefore, it seems
that TRPA1-mediated current are evoked after activation of
TRPV1 channels by capsaicin. TRPA1 channels are activated
by intracellular Ca®* binding to the EF-hand domain (Zurborg
et al., 2007; Paulsen et al., 2015). TRPA1 channels are directly
activated by endogenous substance produced by intracellular
calcium elevation. For instance, nitric oxide is synthesized
by nitric oxide synthase (NOS) whose activation is essential
for increase in intracellular Ca®" bringing about calmodulin
binding (Forstermann and Sessa, 2012), leading to activates
TRPA1 channels through nitrosylation of Cys421, Cys64l,
and Cys665 (Takahashi et al., 2008). Actually, the neuronal

NOS predominantly expresses in small and medium size of
DRG neurons (Terenghi et al, 1993; Kolesar et al, 2016).
Considering the abovementioned reports, TRPV1 channels may
directly and/or indirectly activate TRPA1 channels by elevating
intracellular Ca** concentration in DRG neurons, which seems
to underlie slow decay of capsaicin-induced current after the brief
perfusion and slow desensitization of capsaicin-induced current
during the long-term perfusion in AITC-sensitive neurons.
Small peak currents induced by TRPV1 channel activation in
TRPA1-positive DRG neurons might implicate low excitability
for noxious stimuli in sensory neurons that co-express TRPV1
and TRPA1 channels under normal conditions. In contrast, the
slow desensitization of TRPV1-mediated current in TRPA1-
positive DRG neurons might enable nociceptive stimuli to
persistently excite primary sensory neurons. The tumor necrosis
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factor-alpha released from mast cells, lymphocytes, and skin
keratinocytes during inflammation increases the cotrafficking
of TRPA1/TRPV1 in trigeminal ganglion, which is involved
in hypersensation in an inflammatory disorder (Meng et al.,
2016). A previous study revealed that long-term treatment
with glutamate, an endogenous pain modulator and inducer of
inflammation, drastically increased TRPV1-mediated currents
induced by capsaicin in TRPAl-expressing DRG neurons
(Masuoka et al,, 2016). The facilitation of TRPV1-mediated
currents in TRPAl-positive DRG neurons produced heat
hyperalgesia in mice (Masuoka et al., 2016). Therefore, TRPV1-
mediated electrophysiological responses in TRPA1-expressing
sensory neurons might be related to the molecular basis of
nociception in chronic abnormal pain induced by inflammation.
Recent studies clarified that sensory neurons that express TRPA1
regulate inflammation and pruritogen responses (Wilson et al.,
2011; Liu et al., 2013; Cevikbas et al., 2014). For instance, TRPA1
is required for Mas-related G protein-coupled receptor-mediated
signaling, which is activated by mast cell mediators and promotes
histamine-independent itch (Wilson et al., 2011). Interleukin-31
(IL-31), T helper cell type 2- derived cytokine, activates a small
subpopulation of primary sensory neurons expressing TRPV1,
and TRPA1 through IL-31 receptor, and produced inflammatory
and lymphoma-associated itch (Cevikbas et al., 2014). Therefore,
TRPV1 channel activation in DRG neurons that co-express
TRPA1 channels might contribute to the itch response. Our
findings might help in understanding the characteristics and
molecular mechanisms of itch often accompanied by pain.
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