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Cellular/Molecular

Activation of TRPA1 Channel Facilitates Excitatory Synaptic
Transmission in Substantia Gelatinosa Neurons of the Adult
Rat Spinal Cord

Masafumi Kosugi,"> Terumasa Nakatsuka,' Tsugumi Fujita,' Yasuo Kuroda,? and Eiichi Kumamoto!
Departments of 'Physiology and 2Neurology, Faculty of Medicine, Saga University, Saga 849-8501, Japan

TRPAL is expressed in primary sensory neurons and hair cells, and it is proposed to be activated by cold stimuli, mechanical stimuli, or
pungent ingredients. However, its role in regulating synaptic transmission has never been documented yet. In the present study, we
examined whether activation of the TRPA1 channels affects synaptic transmission in substantia gelatinosa (SG) neurons of adult rat
spinal cord slices by using the whole-cell patch-clamp technique. A chief ingredient of mustard oil, allyl isothiocyanate (AITC), super-
fused for 2 min markedly increased the frequency and amplitude of spontaneous EPSCs (SEPSCs), which was accompanied by an inward
current. Similar actions were produced by cinnamaldehyde and allicin. The AITC-induced increases in sSEPSC frequency and amplitude
were resistant to tetrodotoxin (TTX) and La*>*, whereas being significantly reduced in extent in a Ca>* -free bath solution. In the presence
of glutamate receptor antagonists CNQX and AP5, AITC did not generate any synaptic activities. The AITC-induced increases in SEPSC
frequency and amplitude were reduced by ruthenium red, whereas being unaffected by capsazepine. AITC also increased the frequency
and amplitude of spontaneous inhibitory postsynaptic currents; this AITC action was abolished in the presence of TTX or glutamate
receptor antagonists. These results indicate that TRPA1 appears to be localized not only at presynaptic terminals on SG neurons to
enhance glutamate release, but also in terminals of primary afferents innervating onto spinal inhibitory interneurons, which make
synapses with SG neurons. This central modulation of sensory signals may be associated with physiological and pathological pain

sensations.
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Introduction

Transient receptor potential (TRP) channels are homotetrameric
or heterotetrameric polypeptides initially identified as photore-
ceptors and later recognized as nonselective cation channels in a
variety of sensing apparatuses (Montell et al., 2002; Clapham,
2003; Nilius and Voets, 2005; Minke, 2006). TRP channels gate in
response to a variety of chemical and physical stimuli including
pungent agents, temperature, pain, lipids, acid, and shear stress
(Tominaga and Caterina, 2004; Lin and Corey, 2005; Pedersen et
al., 2005; Wang and Woolf, 2005). Thus far, the TRP superfamily
can be subdivided into seven families: TRPC, TRPV, TRPM,
TRPP, TRPML, TRPA, and TRPN family (Clapham, 2003; Nilius
and Voets, 2005; Minke, 2006). TRPA is the newest family of TRP
channels. TRPA1 is found in a subset of primary sensory neurons
in which it is coexpressed with noxious heat-sensing TRPV1 but
not non-noxious cool-sensing TRPMS (Story et al., 2003; Koba-
yashi et al., 2005). TRPA1 is activated by noxious cold tempera-
ture (Story et al., 2003) and pungent natural compounds in mus-
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tard oil, cinnamon oil, ginger, and garlic (Bandell et al., 2004;
Jordt et al., 2004; Bautista et al., 2006). Recent findings have
indicated that TRPALI is involved in not only cold transduction,
but also mechanosensation, inflammatory hyperalgesia, and neu-
ropathic pain (Namer et al., 2005; Obata et al., 2005). Moreover,
ithas been recently demonstrated that TRPA1 is also expressed in
hair cells and it is proposed to mediate auditory transduction
(Corey et al., 2004; Nagata et al., 2005). Although these peripheral
roles of TRPA1 channel have been elucidated in the last few years,
its role in the CNS has never been examined up to now.
Superficial laminas of the spinal dorsal horn, particularly the
substantia gelatinosa (SG), receive nociceptive information from
the viscera, skin, and other organs through primary afferent fi-
bers (Willis and Coggeshall, 2004). Recently, molecular mecha-
nisms of pain have been greatly advanced after the identification
of TRPV1, P2X, and other molecules in nociceptive sensory neu-
rons (Tominaga and Caterina, 2004; Nakatsuka and Gu, 2006).
Interestingly, these pain-sensing channels are not only expressed
at peripheral nerve endings but also found at central terminals of
nociceptive primary afferent fibers innervating onto SG neurons
(Nakatsuka et al., 2002). The presynaptic activation of TRPV1
and P2X at central terminals modulates synaptic transmission by
enhancing glutamate release, which contributes to the strength of
the synaptic connection between primary afferent fibers and spi-
nal dorsal horn neurons (Yang et al., 1998; Nakatsuka and Gu,
2001). Moreover, this central modulation by the activation of
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P2X and TRPV1 is associated with pathological pain sensations
(Tsuda et al., 1999; Kelly and Chapman, 2002). However, it has
never been addressed whether TRPA1 locates at central terminals
of primary afferent fibers and whether its activation modulates
synaptic transmission in the spinal dorsal horn. Therefore, the
aim of this study was to evaluate whether TRPA1 is involved in
modulating excitatory and inhibitory synaptic transmission in
SG neurons of spinal cord slices.

Materials and Methods

All of the experimental procedures involving the use of animals were
approved by the Ethics Committee on Animal Experiments, Saga Uni-
versity, and were in accordance with the United Kingdom Animals (Sci-
entific Procedures) Act of 1986 and associated guidelines.

Spinal cord slice preparation. The methods used for obtaining adult rat
spinal cord slice preparations have been described previously (Nakatsuka
etal., 2000). In brief, male adult Sprague Dawley rats (6 —8 weeks of age,
200-300 g) were deeply anesthetized with urethane (1.2 g/kg, i.p.) and
then lumbosacral laminectomy was performed. The lumbosacral spinal
cord (L1-S3) was removed and placed in preoxygenated Krebs’ solution
at 1-3°C. Immediately after the removal of the spinal cord, the rats were
given an overdose of urethane and were then killed by exsanguination.
The pia-arachnoid membrane was removed after cutting all of the ventral
and dorsal roots near the root entry zone. The spinal cord was mounted
on a microslicer and then a 600-pm-thick transverse slice was cut. The slice
was placed on nylon mesh in the recording chamber, which had a volume of
0.5 ml, and then perfused at a rate of 10-15 ml/min with Krebs’ solution
saturated with 95% O, and 5% CO,, and maintained at 36 = 1°C. The Krebs’
solution contained the following (in mm): 117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2
MgCl,, 1.2 NaH,PO,, 25 NaHCOj, and 11 glucose, pH 7.4.

Patch-clamp recordings from SG neurons. Blind whole-cell patch-clamp
recordings were made from SG neurons with patch-pipette electrodes
having a resistance of 5-10 M{) (Nakatsuka et al., 2000). The patch-
pipette solution used to record EPSCs was composed of the following (in
mM): 135 potassium gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5
HEPES, and 5 ATP-Mg, pH 7.2. The patch-pipette solution used to
record IPSCs was composed of the following (in mm): 110 Cs,SO,, 5
tetraethylammonium (TEA), 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, and
5 ATP-Mg, pH 7.2. Signals were acquired with a patch-clamp amplifier
(Axopatch 200B; Molecular Devices, Foster City, CA). Data were digi-
tized with an analog-to-digital converter (Digidata 1322; Molecular De-
vices), stored, and analyzed with a personal computer using the pPCLAMP
data acquisition program (version 8.2; Molecular Devices). SG neurons
were viable for up to 24 h in slices perfused with preoxygenated Krebs’
solution. However, all of the recordings described here were obtained
within 12 h. Whole-cell patch-clamp recordings were stable for up to 4 h.

Application of drugs. Drugs were dissolved in Krebs’ solution and ap-
plied by perfusion via a three-way stopcock without any change in the
perfusion rate or the temperature. The time necessary for the solution to
flow from the stopcock to the surface of the spinal cord slice was ~30 s.
The drugs used in this study were allyl isothiocyanate (AITC), capsaicin,
capsazepine, tetrodotoxin (TTX), ruthenium red (Wako, Osaka, Japan),
cinnamaldehyde (CA), allicin, 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), and pL-2-amino-5-phosphonopentanoic acid (AP5; Sigma, St.
Louis, MO). AITC, CA, allicin, capsazepine, and CNQX were first dis-
solved in dimethyl sulfoxide (DMSO) at 1000 times the concentrations to
be used. Capsaicin, TTX, ruthenium red, and AP5 were first dissolved in
distilled water at 1000 times the concentrations to be used, and then these
drugs were diluted to the final concentration in Krebs’ solution immedi-
ately before use. The osmotic pressure of nominally Ca*"-free, high-
Mg>" (5 mm) Krebs’ solution was adjusted by lowering the Na™
concentration.

Statistical analysis. All numerical data were expressed as mean + SEM.
Statistical significance was determined as p < 0.05 using either Kolmog-
orov—Smirnov test or Student’s paired  test. In electrophysiological data,
n refers to the number of neurons studied. The membrane potentials
were not corrected for the liquid junction potential between the Krebs’
and patch-pipette solutions.
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Results

The action of TRPA1 channel activation on excitatory
synaptic transmission

All SG neurons tested exhibited spontaneous EPSCs (sEPSCs) at
a holding potential (V) of —70 mV where no IPSCs were ob-
served (Fig. 1 A), because the reversal potential for IPSCs was near
—70 mV (Yoshimura and Nishi, 1995). To identify the action of
TRPALI channel activation on excitatory synaptic transmission,
we mainly used AITC, the pungent principal in mustard oil or
wasabi, as a selective agonist for TRPALI in the present study. The
sEPSCs recorded from 197 neurons had an average frequency and
amplitude of 9.1 = 0.2 Hz (range, 0.3—48.3 Hz) and 12.9 = 0.4 pA
(range, 6.9—48.4 pA), respectively. Superfusing AITC (100 um)
for 2 min resulted in a significant increase in the frequency and
amplitude of sEPSCs in 129 (65.5%) of 197 neurons recorded;
this action was often accompanied by a slow inward current, as
shown in Figure 1 A. When measured for 30 s under the AITC
action, the average increases in sEPSC frequency and amplitude
were 201.9 = 17.8 and 65.7 = 5.8% (n = 129), respectively (Fig.
1D). Figure 1 Bdemonstrates the effects of AITC (100 um) on the
cumulative distributions of the interevent interval and amplitude
of sEPSC. AITC increased a proportion of sEPSCs having a sig-
nificantly shorter interevent interval (p < 0.05) and a signifi-
cantly larger amplitude ( p < 0.05) when compared with control.
Although we did not investigate the histological difference be-
tween the AITC-responsive and -nonresponsive SG neurons in
the present study, there was no significant difference in electro-
physiological characteristics such as resting membrane potential
and sEPSC frequency and amplitude. When AITC (100 um) was
applied repeatedly at 20 min intervals, it induced a similar in-
crease in SEPSC frequency and amplitude (Fig. 1C). The average
increases in sEPSC frequency and amplitude by the secondary
application of AITC were 190.5 £ 53.5and 41.1 £ 9.0% (n = 10),
respectively; these values were not distinct from those by the first
application of AITC (179.5 = 54.3 and 61.0 = 14.8%) (Fig. 2C).
TRPAL1 is also activated by pungent natural compounds in cin-
namon oil, ginger, and garlic (Bandell et al., 2004; Bautista et al.,
2006). We then tested the effect of CA and allicin, a garlic extract,
on excitatory synaptic transmission in those SG neurons in which
AITC increased sEPSC frequency and amplitude. As well as
AITC, CA is specific to TRPA1 but does not activate TRPV1 and
TRPMS (Bandell et al., 2004). Superfusing CA (100 um) for 2 min
resulted in significant increase in SEPSC frequency and ampli-
tude in all neurons recorded, as shown in Figure 1C. The average
increases in sSEPSC frequency and amplitude by CA were 204.5 =
21.4 and 87.3 = 31.2% (n = 5), respectively (Fig. 1D). Allicin
(100 wm) also increased sEPSC frequency and amplitude in all
neurons recorded (Fig. 1C). The average increases in SEPSC fre-
quency and amplitude by allicin were 139.3 * 44.6 and 80.0 =
21.4% (n = 5), respectively (Fig. 1D).

A non-NMDA receptor antagonist, CNQX, was tested in
those neurons in which AITC increased sEPSC frequency and
amplitude. CNQX (10 uMm) suppressed sEPSCs not only in the
control, but also under the action of AITC (100 uMm) in all three
neurons examined (Figs. 24, 3B), indicating AITC caused a ro-
bust glutamate release onto SG neurons. To determine whether
Ca’* entry through TRPAI channels may contribute to the
AITC-induced facilitation of sSEPSCs, the effect of AITC was ex-
amined in the presence of La’" (30 uM), a blocker for voltage-
gated Ca** channels (Gu and MacDermott, 1997). The fre-
quency and amplitude of glutamatergic sSEPSCs were not affected
by La’* itself (n = 5). The frequency and amplitude of SEPSCs in
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recording of glutamatergic SEPSCs before and during the action of AITC (100 wum; top). Three consecutive traces of SEPSCs are
shown in an expanded scale in time, before (bottom left) and during the action of AITC (bottom right). Note a slow inward current
that is accompanied by increases in SEPSC frequency and amplitude (top). B, Cumulative distributions of the interevent interval
(left) and amplitude (right) of SEPSCs, before (dotted line) and during (continuous line) the action of AITC. AITC shifted the
intereventinterval and amplitude to a shorterand alarger one, respectively ( p < 0.05; Kolmogorov—Smirnov test). Datain Aand
B were obtained from the same neuron. ¢, When AITC (100 wum) was applied repeatedly at 20 min intervals, it produced similar
increases in SEPSC frequency and amplitude and induced an inward current having a similar amplitude (top). CA (100 pum) mostly
increased SEPSC frequency and amplitude in a neuron in which AITC increased sEPSC frequency and amplitude (middle). Allicin
(100 pum) also increased SEPSC frequency and amplitude in a neuron in which AITC increased sEPSC frequency and amplitude
(bottom). D, Summary of sEPSC frequency (top) and amplitude (bottom) under the action of AITC (n = 129), CA (n = 5), and
allicin (n = 5), relative to those in the control. Vertical lines accompanied by bars show SEM. Statistical significance between data
shown by bars is indicated by an asterisk; *p << 0.05. The holding potential (V},) used was —70 mV.
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the presence of La’" were 93.7 * 9.0%
and 102.6 = 4.7% (n = 5) of control, re-
spectively; these values were not signifi-
cantly different from 100% (p > 0.05).
Even in the presence of La’*, AITC (100
M) primarily increased sEPSC frequency
and amplitude. The average increases in
sEPSC frequency and amplitude were
101.3 * 34.6 and 44.5 = 14.2% (n = 5)
(Fig. 2C), respectively; these values were
significantly larger than 0% (p < 0.05)
(Fig. 2C). Although La’" also inhibits a
number of TRP channels (Kamouchi et al.,
1999; Inoue et al.,, 2001), the action of
AITC on sEPSC frequency and amplitude
was not affected by La>*. The average in-
creases in SEPSC frequency and amplitude
by the application of AITC in the presence
of La®" were not significantly different
from those in the absence of La®". Next,
we examined whether the AITC-induced
increases in SEPSC frequency and ampli-
tude are dependent on extracellular Ca*™.
The frequency and amplitude of sSEPSCs in
a Ca’*-free bath solution were 65.3 = 6.5
and 91.4 = 6.6% (n = 9) of control, re-
spectively. The frequency of sEPSCs in a
Ca**-free bath solution was significantly
smaller than that in a normal Krebs’ solu-
tion ( p <0.05), whereas sSEPSC amplitude
was not significantly affected in a Ca®"-
free bath solution ( p > 0.05). Under this
condition, superfusing AITC (100 um) did
not significantly increase sEPSC frequency
and amplitude (Fig. 2B). The frequency
and amplitude of sEPSCs by the applica-
tion of AITC in a Ca*" -free bath solution
were 119.8 = 17.0and 112.0 £ 10.4% (n =
8) (Fig. 2C) of control, respectively; these
values were not significantly distinct from
100% ( p > 0.05). We further investigated
that AITC-sensitive terminals were mono-
synaptically connected with SG neurons.
This was done by determining the effects
of AITC (100 wMm) on miniature EPSCs
(mEPSCs) in the presence of TTX (0.5
uM). As seen in Figure 2 D, AITC markedly
increased both mEPSC frequency and am-
plitude in the presence of TTX. The aver-
age increases in mEPSC frequency and
amplitude were 147.4 = 64.5 and 35.0 =
12.2% (n = 13), respectively; these values
were not significantly different from those
in the absence of TTX. Figure 2 E demon-
strates the effects of AITC (100 um) on the
cumulative distributions of the interevent
interval and amplitude of mEPSC. AITC
increased a proportion of mEPSCs having
a significantly shorter interevent interval
(p < 0.05) and a significantly larger am-
plitude ( p < 0.05) when compared with
control. In 11 neurons in which AITC sig-
nificantly increased mEPSC frequency, we
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constructed an amplitude histogram. Fig-
ure 2 F shows a typical result of a neuron
exhibiting a large increase in mEPSC fre-
quency and amplitude by the application
of AITC. Despite the change in the form of
distribution, the modal peak of the distri-
bution at ~10 pA was not affected by
AITG; there was not the appearance of a
discrete high-amplitude population of
mEPSCs.

AITC generated an inward current at
—70mV in 75 (38.1%) of 197 neurons ex-
amined (Fig. 1A,C). The average peak am-
plitude of the AITC-induced inward cur-
rent was 12.6 = 0.8 pA (n = 75). The
inward current varied in duration in a
range of 113-703 s with an average of
279.0 = 14.1 s (n = 75). As well as AITC,
superfusing CA (100 uM) for 2 min pro-
duced an inward current in 3 of 6 neurons
examined (data not shown). The average
peak amplitude of the CA-induced inward
current was 6.7 £ 1.7 pA (n = 3). Allicin
also induced an inward current in 4 of 6
neurons recorded (data not shown). The
average peak amplitude of the allicin-
induced inward current was 11.3 = 1.7 pA
(n=4). When AITC (100 um) was applied
repeatedly at 20 min intervals, it induced
an inward current having a similar ampli-
tude (Fig. 1C). The average peak ampli-
tude of the inward current by the second-
ary application of AITCwas 11.1 = 2.3 pA
(n =7), and it was not significantly differ-
ent from that by the first application of
AITC (13.3 = 2.4 pA; p > 0.05) (Fig. 3E).
The AITC-induced inward current was re-
sistant to TTX (0.5 uM) (Fig. 3A). The av-
erage peak amplitude of the AITC-
induced inward current in the presence of
TTX was 10.2 = 1.9 pA (n = 6); this value
was not significantly distinct from that in
the absence of TTX (13.2 = 3.5 pA; p >
0.05) (Fig. 3E). However, the AITC-
induced inward current was significantly
suppressed in a Ca’*-free bath solution
(Fig. 2B). The average peak amplitude of
the AITC-induced inward current in a
Ca?**-free bath solution was 5.5 * 1.9 pA
(n = 6); this value was significantly dis-
tinct from that in a normal Krebs’ solution
(13.3 = 3.1 pA; p < 0.05). Moreover,
AITC still produced an inward current in
the presence of CNQX (10 uM), whereas
CNQX suppressed the AITC-induced in-
crease in sEPSC frequency (Fig. 3B; see
also Fig. 2A). The average peak amplitude
of the AITC-induced inward currentin the
presence of CNQX was 13.4 £ 5.1 pA (n=
5); this value was not distinct from that in
the absence of CNQX (11.8 = 3.5 pA; p >
0.05) (Fig. 3E). In contrast, the AITC-
induced inward current was blocked in the
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than that in the absence of CNQX and AP5
(15.6 = 3.0 pA; p < 0.05) (Fig. 3E). It was
recently reported that TRPAI is coex-
pressed with noxious heat-sensing TRPV1
in soma of small-sized primary sensory
neurons (Story et al., 2003; Kobayashi et
al., 2005). Capsaicin (2 uMm), a selective
TRPV1 agonist, was applied together with
AITC (100 M) in those neurons in which
AITC (100 uM) induced an inward current
(Fig. 3D). The average peak amplitude of
the inward current by the application of cap-
saicin and AITC was 20.0 £ 2.9 pA (n = 5),
values being significantly larger than that
(13.4 = 2.7 pA) by the first application of
AITC only ( p < 0.05) (Fig. 3E).

The AITC-induced increases in sSEPSC
frequency and amplitude were suppressed
by a TRP channel antagonist, ruthenium
red (300 wm) (Fig. 4A). The AITC-
induced increases in sEPSC frequency and
amplitude in the presence of ruthenium
red averaged to be 3.0 = 10.6 and 1.9 *
4.3% (n = 5), respectively; these values
were significantly smaller than those in the
absence of ruthenium red ( p < 0.05) (Fig.
4D). The AITC-induced inward current
was also reduced in amplitude by ruthe-
nium red (n = 3). However, the AITC-
induced increases in sEPSC frequency and
amplitude were not affected by a TRPV1
channel antagonist, capsazepine (10 um),
at all (Fig. 4B). The AITC-induced in-
creases in SEPSC frequency and amplitude
in the presence of capsazepine averaged to
be 168.4 = 50.4 and 105.7 * 36.7% (n =
5), respectively; these values were not dis-
tinct from those in the absence of capsaz-
epine ( p > 0.05) (Fig. 4D). Moreover, we
examined whether previous treatment
with capsaicin could inhibit the subse-
quent AITC-induced increases in sEPSC
frequency and amplitude. Superfusing
capsaicin (2 um) for 2 min resulted in a
large increase in the frequency and ampli-
tude of sEPSCs in all seven neurons re-
corded; this action was accompanied by a
slow inward current (Fig. 4C). When
AITC (100 M) was applied at 20 min after
washout of capsaicin, it induced a signifi-
cant increase in SEPSC frequency and am-
plitude (Fig. 4C). The average increases in
sEPSC frequency and amplitude by the ap-
plication of AITC (100 um) were 173.8 =
61.8and 44.5 = 9.8% (n = 5), respectively;
these values were not distinct from those
without the pretreatment of capsaicin
(Fig. 4D).

presence of AP5 (50 uM), an NMDA receptor antagonist, to-  The action of TRPA1 activation on inhibitory

gether with CNQX (10 um) (Fig. 3C). The average peak ampli-  synaptic transmission

tude of the AITC-induced inward current in the presence of  Spontaneous IPSCs (sIPSCs) were observed in all SG neurons
CNQX and AP5 was 2.8 = 1.1 pA (n = 5); this value was smaller ~ recorded at a Vi; of 0 mV, at which EPSCs were invisible because
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of the reversal potential for EPSCs to be
close to 0 mV. The sIPSCs recorded from
11 neurons had an average frequency and
amplitude of 6.8 = 1.4 Hz (range, 0.5-14.3
Hz) and 16.6 * 1.3 pA (range, 10.1-23.0
pA), respectively. Superfusing AITC (100
uM) remarkably increased sIPSC fre-
quency and amplitude in all 11 neurons
recorded (Fig. 5A). Figure 5B demon-
strates the effects of AITC (100 um) on
cumulative distributions of the interevent
interval and amplitude of sSIPSC. AITC in-
creased a proportion of sIPSCs having a
significantly shorter interevent interval
(p < 0.05) and a significantly larger am-
plitude (p < 0.05) when compared with
control. When measured for 30 s under the
AITC action, the average increases in
sIPSC frequency and amplitude were
117.0 = 29.5 and 42.5 = 9.8% (n = 11),
respectively. However, when AITC (100
uM) was perfused in the presence of TTX
(0.5 w™m) in neurons in which AITC mostly
increased sIPSC frequency and amplitude
(n = 7), mIPSC frequency and amplitude
were unaltered (94.8 = 2.7 and 97.6 *=
2.9% of control, respectively) (Fig. 5C).
Moreover, AITC (100 um) did not affect
sIPSC frequency and amplitude in a mix-
ture of CNQX (10 um) and AP5 (50 um)
(Fig. 5D). The average sIPSC frequency
and amplitude in a mixture of CNQX and
AP5 were 113.6 = 6.1 and 98.8 = 3.3%
(n = 4) of control, respectively.

Discussion

In the present study, we have examined the
effects of AITC, an agonist for TRPA1
channel, on synaptic transmission in SG
neurons of spinal cord slices. AITC en-
hances the frequency and amplitude of
glutamatergic sSEPSC in ~70% of neurons
examined and generates an inward current
in ~40% of neurons recorded. The AITC-
induced increase in sEPSC frequency and
amplitude is resistant to TTX, and thus
this AITC action appears to be attributable
to a direct action of TRPA1 activation.
AITC also enhances sIPSC frequency and
amplitude, but not in the presence of TTX
or in a mixture of CNQX and AP5, sug-
gesting that the AITC-sensitive pathway
recruits polysynaptic inhibitory inputs to
SG neurons. In the present study, we first
demonstrated the TRPA1-mediated mod-
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Figure4.  Effects of TRP agonists and antagonists on SEPSC frequency and amplitude. A, Action of AITC (100 wum) on SEPSCs in
the absence (left) and presence (right) of ruthenium red (300 pm). Ruthenium red significantly suppressed the AITC-induced
increase in SEPSC frequency and amplitude. B, Action of AITC (100 rum) on SEPSCs in the absence (left) and presence (right) of
capsazepine (10 um). Capsazepine did not affect the AITC-induced increases in SEPSC frequency and amplitude. C, Capsaicin (2
M) mostly increased sEPSC frequency and amplitude in a neuron. When AITC (100 wum) was applied at 20 min after washout of
capsaicin, it still increased sEPSC frequency and amplitude and produced an inward current. D, Summary of SEPSC frequency (left)
and amplitude (right) under the action of AITC (n = 129), AITCin the presence of capsazepine (n = 5), AITCin the presence of
ruthenium red (n = 5), and AITC with the pretreatment of capsaicin (n = 5), relative to those in the control. Vertical lines
accompanied by bars show SEM. Statistical significance between data shown by bars is indicated by an asterisk; *p << 0.05.n.s.,
Not significant. V, = —70 mV.

man volunteers (Namer et al., 2005). Moreover, TRPA1 is up-

ulation of synaptic transmission in the CNS.

TRPAL is present on peptidergic TRPV1-expressing primary
sensory neurons (Story et al., 2003; Kobayashi et al., 2005), and it
may be involved in a variety of sensory processes, including cold
transduction, mechanosensation, inflammatory hyperalgesia,
and neuropathic pain. In fact, CA, an agonist for TRPAI, can
evoke spontaneous pain and induce mechanical hyperalgesia and
cold hypoalgesia when it is delivered to the forearm skin of hu-

regulated in primary sensory neurons after peripheral inflamma-
tion and nerve injury, and inflammation- and nerve injury-
induced cold hyperalgesia is mediated by TRPA1 but not by
TRPMS8 (Obata et al., 2005). However, there is no loss of either
auditory function or mechano- and thermosensation in TRPA1-
deficient mice (Bautista et al., 2006). However, another study
using TRPA1-deficient mice has shown that TRPA1 is apparently
not essential for hair cell transduction but contributes to the
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Figure 5.  Action of AITC on inhibitory synaptic transmission in SG neurons. 4, A continuous

chart recording of sIPSCs before and during the action of AITC (100 wum). B, Cumulative distri-
butions of the interevent interval (left) and amplitude (right) of sIPSCs, before (dotted line) and
during the action of AITC (continuous line). AITCshifted the interevent interval and amplitude to
ashorterand a larger one, respectively ( p < 0.05; Kolmogorov—Smimnov test). €, A continuous
chart recording of mIPSCs before and during the action of AITC (100 ) in the presence of TTX
(0.5 pum). TTX abolished the AITC-induced increases in sIPSC frequency and amplitude. D, A
continuous chart recording of sIPSCs before and during the action of AITCin a mixture of CNQX
(10 pum) and AP5 (50 um). The AlITC-induced increase in sIPSC frequency and amplitude was
attenuated in the presence of the drugs. V, = 0 mV.

transduction of cold, mechanical, and chemical stimuli in pri-
mary sensory neurons (Kwan et al., 2006). Therefore, the periph-
eral role of TRPAI in cold and mechanical transduction is still
controversial.

The central terminals derived from primary afferent fibers
make the first sensory synapses with spinal dorsal horn neurons.
At these synapses, glutamate is used as a fast excitatory neuro-
transmitter to convey sensory signals from the periphery (Yo-
shimura and Jessell, 1990). A number of channels are expressed at
the central terminals of primary afferent fibers, and these chan-
nels play important roles in synaptic modulation of neurotrans-
mitter release onto spinal dorsal horn neurons. For example,
TRPV1 and P2X are expressed at the central terminals of primary
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afferent fibers and their presynaptic activation facilitates gluta-
mate release (Yang et al., 1998; Nakatsuka and Gu, 2001; Nakat-
suka et al., 2002). As well as TRPV1 and P2X, TRPAL is a ligand-
gated nonselective cation channel permeable to Ca®*, and
coexpressed with TRPV1 but not TRPMS in nociceptive primary
sensory neurons (Story et al., 2003; Kobayashi et al., 2005). How-
ever, it has never been addressed whether TRPA1 locates at the
central terminals of primary afferent fibers and whether their
activation modulates synaptic transmission in the spinal dorsal
horn. The present study is the first report showing that selective
TRPA1 agonists such as AITC and CA markedly enhance excita-
tory synaptic transmission. The AITC-induced increases in
sEPSC frequency and amplitude were also observed in the pres-
ence of La’". Furthermore, AITC increased the frequency of
mEPSCs in the presence of TTX; this AITC action was suppressed
in a Ca*"-free solution. These results indicate that AITC en-
hances the glutamate release by direct Ca®" entry through
TRPALI channels in the nerve terminals. Because TRPA1 mRNA
has never been detected in the spinal cord, this facilitation of
glutamate release appears to be caused by a direct action of AITC
on TRPAI at the central terminals of primary afferent fibers
which make synapses with SG neurons. AITC also increased the
amplitude of mEPSCs in the presence of TTX. If mEPSC ampli-
tude is mediated by postsynaptic non-NMDA receptor, all of the
event amplitudes would be increased equally. However, in the
distribution of mEPSC amplitude, the modal peak of ~10 pA was
not affected by AITC in the present study (see Fig. 2 F). Although
the possibility that the large amplitude of mEPSCs provoked by
AITC is caused by the activation of postsynaptic TRPAI cannot
be ruled out, the large amplitude of mEPSCs induced by AITC
may result from highly synchronized multivesicular release of
glutamate, as shown in P2X activation at glutamatergic terminals
in the brainstem (Shigetomi and Kato, 2004). Superfusing capsa-
icin resulted in enhancing excitatory synaptic transmission on
those SG neurons in which AITC increased sEPSC frequency and
amplitude. This result suggests that TRPA1 is coexpressed with
TRPV1 at the central terminals of primary afferent fibers, consis-
tent with the previous studies using in situ hybridization in soma
of primary sensory neurons (Story et al., 2003; Kobayashi et al.,
2005).

The present study also demonstrated that AITC produces an
inward current in SG neurons. The AITC-induced inward cur-
rent was resistant to TTX and did not change in the presence of
CNQX, although the AITC-induced facilitation of glutamate re-
lease disappeared. However, the AITC-induced inward current
was blocked in the presence of CNQX and AP5. These results
suggest that the AITC-induced inward current is mediated by the
activation of postsynaptic NMDA receptors in SG neurons. Con-
sistent with the finding, several subtypes of NMDA receptors are
found in SG neurons (Tolle et al., 1993). The NMDA receptor-
mediated postsynaptic current can be evoked by the application
of NMDA and by focal or dorsal root stimulation at a Vi; of —70
mV (Yajiri et al., 1997). Because the AITC-induced inward cur-
rent is unaffected by TTX, but blocked in a Ca**-free bath solu-
tion, it is attributable to the sustained glutamate release from
TRPA1-expressing presynaptic terminals. Capsaicin also gener-
ates an inward current in SG neurons, but the current cannot be
elicited by the second application of capsaicin (Yang et al., 1998),
aresult different from that of AITC. Although it remains unclear
what kinds of neurotransmitters mediate the capsaicin-induced
inward current, the capsaicin-induced inward current is not af-
fected by AP5 (Yang et al., 2000). Furthermore, the average peak
amplitude of the inward current by the application of capsaicin
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Figure 6.  Schematic illustration of possible sites on which AITC acts in the SG. Schematic
illustration of a proposed synaptic convergence of distinct TRPA1-sensitive sensory pathways
onto SG neurons. Both central neurons and islet cells in the SG receive monosynaptic excitatory
input from different primary afferent fibers. Central neurons receive an input from primary
afferent fibers, which are sensitive to both TRPAT and TRPV1, or TRPV1 only, whereas islet cells
receive an input from TRPA1-sensitive and TRPV1-insensitive primary afferent fibers. The islet
cellis an inhibitory interneuron and presynaptic to a central neuron.

and AITC was significantly larger than that by the first applica-
tion of AITC only. These results suggest that distinct neurotrans-
mitters may be involved in the AITC- and capsaicin-induced
inward currents.

The present study also demonstrated that AITC remarkably
increases GABAergic and/or glycinergic sIPSC frequency and
amplitude in SG neurons. This AITC-induced enhancement of
inhibitory synaptic transmission was abolished in the presence of
TTX as well as in a mixture of CNQX and AP5. Therefore, TRPA1
is suggested to be localized not only at presynaptic terminals on
SG neurons, but also in primary afferent fibers innervating onto
spinal inhibitory interneurons which make synapses with SG
neurons (Fig. 6). Consistent with this idea, the recent study using
double patch-clamp recordings from SG neurons has revealed
that the inhibitory connections are present between two kinds of
SG neurons (Lu and Perl, 2003). Both of the presynaptic islet cell
and postsynaptic central neuron receive monosynaptic inputs
from different C-fibers (Lu and Perl, 2003). The input to the
presynaptic islet cell is from larger-diameter, more rapidly con-
ducting C-fibers than those projecting to the postsynaptic central
neuron. In contrast to AITC, capsaicin does not affect inhibitory
synaptic transmission in SG neurons (Yang et al., 1998). There-
fore, the expression of TRPA1 does not appear to fully overlap
with that of TRPV1 at the central terminals of primary afferent
fibers.

The present finding that TRPA1 is present at central terminals
of primary afferent fibers and is involved in the modulation of
synaptic transmission in the spinal dorsal horn has raised another
issue about endogenous substances activating presynaptic
TRPALI. Because several endogenous ligands for TRPV1 have
been found recently, endogenous ligands for TRPA1 may be
present in the CNS in addition to its natural irritants such as
mustard oil. Recent findings have demonstrated that intracellular
Ca** is an important endogenous ligand of TRPA1 (Jordt et al.,
2004; Zurborg et al, 2007). Because a number of Ca’*-
permeable ionotropic receptors, such as NMDA and P2X recep-
tors, are expressed in the central terminal of primary afferents
innervating onto SG neurons, the increase in intracellular Ca?"
by the activation of these receptors may directly activate TRPA1.
Inflammatory peptide bradykinin is another of possible endoge-
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nous ligands, because TRPA1 can be activated by its action on
phospholipase C signaling pathways (Bandell et al., 2004; Bau-
tista et al., 2006). Although bradykinin is considered to be a pe-
ripherally acting mediator, bradykinin production in the spinal
cord is induced by peripheral inflammation (Wang et al., 2005).
Furthermore, it was demonstrated that bradykinin also increases
glutamate release from central terminals of primary afferents
onto SG neurons (Wang et al., 2005). Additional investigations
will be required to clarify whether TRPA1 is involved in
bradykinin-mediated enhancement in glutamatergic excitatory
transmission in SG neurons. The potentiation of excitatory syn-
aptic transmission by the activation of presynaptic TRPA1 may
have important implications in pathological pain sensations such
as cold hyperalgesia or allodynia. Therefore, TRPAL1 in the spinal
dorsal horn may be a potential therapeutic target for the treat-
ment of pathological pain sensations.
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