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Proinflammatory agents trypsin and mast cell tryptase cleave and activate PAR2, which is expressed on sen-
sory nerves to cause neurogenic inflammation. Transient receptor potential A1 (TRPA1) is an excitatory ion
channel on primary sensory nerves of pain pathway. Here, we show that a functional interaction of PAR2
and TRPA1 in dorsal root ganglion (DRG) neurons could contribute to the sensation of inflammatory pain.
Frequent colocalization of TRPA1 with PAR2 was found in rat DRG neurons. PAR2 activation increased the
TRPAL1 currents evoked by its agonists in HEK293 cells transfected with TRPA1, as well as DRG neurons.
Application of phospholipase C (PLC) inhibitors or phosphatidylinositol-4,5-bisphosphate (PIP,) suppressed
this potentiation. Decrease of plasma membrane PIP; levels through antibody sequestration or PLC-medi-
ated hydrolysis mimicked the potentiating effects of PAR2 activation at the cellular level. Thus, the increased
TRPAL1 sensitivity may have been due to activation of PLC, which releases the inhibition of TRPA1 from plasma
membrane PIP,. These results identify for the first time to our knowledge a sensitization mechanism of TRPA1
and a novel mechanism through which trypsin or tryptase released in response to tissue inflammation might

trigger the sensation of pain by TRPA1 activation.

Introduction
The transient receptor potential (TRP) channels constitute a large
and diverse family of channel proteins that are expressed in many
tissues and cell types in both vertebrates and invertebrates. TRPA1
is a member of branch A of the TRP family of cation channels (1). It
has been reported that TRPA1 forms channels activated by icilin, a
chemical that induces a cooling sensation, and by temperatures less
than or equal to 17°C (2). This channel was also reported to be acti-
vated by some pungent chemicals, such as horseradish, mustard oil,
cinnamon oil, cannabinoids, and allicin (1-5). Mechanisms of acti-
vation of TRPA1 have been well studied recently (2-4, 6-8). However,
the sensitization mechanism of this channel has not yet been eluci-
dated. TRPA1 is expressed by a subset of small-sized dorsal root gan-
glion (DRG) or trigeminal ganglion neurons in neonatal and adult
rats and mice (4, 9, 10). Recent studies using knockout mice demon-
strated that TRPA1 is an important component of the transduction
machinery through which environmental irritants and endogenous
proalgesic agents depolarize nociceptors to elicit inflammatory pain
(11, 12). Thus, it is clear that this channel is one of the important
transducers of noxious stimuli in the primary afferents.

PARSs are a subfamily of G protein-coupled receptors (GPCRs)
that share a unique mechanism of activation. Molecular cloning
has identified 4 PARs, PAR-1-4 (13-17). Certain proteinases are
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known to cleave PARs within the extracellular amino terminus
to expose a tethered ligand domain that binds and activates the
cleaved receptors (18, 19). For 3 of the PARs (PAR-1, PAR2, and
PAR-4), short synthetic peptides have been shown to activate the
receptors without unmasking the tethered ligand (20). PARs are
known to play important roles in the response to tissue injury,
notably in the process of inflammation and repair (18). In par-
ticular, agonists of PAR2, tryptase and trypsin, released from dif-
ferent cell types including mast cells have widespread proinflam-
matory effects (21-24), in part via a neurogenic mechanism (25).
PAR2 is expressed on a subset of primary sensory neurons, and
PAR2 agonists stimulate release of substance P and calcitonin
gene-related peptide in peripheral tissues (25). Furthermore, it has
been reported that PAR2 activation can sensitize adult rat DRG
neurons in vitro and may contribute to the pathogenesis of pain
in the pancreas, an organ in which inflammation results in activa-
tion of endogenous proteases such as trypsin (26). In addition to
having neurogenic inflammatory effects, intraplantar injection of
subinflammatory doses of PAR2 agonists in rats and mice is able
to provoke prolonged thermal and mechanical hyperalgesia and
elevate spinal Fos protein expression, indicating a direct role for
PAR2 in pain transmission (27).

Recently, we reported that TRPV1 activity was sensitized by
PAR2 in a PKC-dependent manner (28). Considering that a sig-
naling pathway for PAR2 involves the activation of phospholipase
C (PLC) via Gq/11 proteins, we hypothesized that a PAR2-medi-
ated mechanism may also lead to TRPA1 sensitization in primary
sensory neurons and hence contribute to the pathogenesis of
inflammatory pain. In the present study, we observed significant
coexpression of the TRPA1 with the PAR2 receptor in rat DRG
neurons and found a functional interaction between PAR2 and
TRPA1, both in a heterologous expression system and in rat DRG
neurons, which was also confirmed at the behavioral level.
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Figure 1

The antibody detected TRPA1 in rat DRG neurons. (A) The TRPA1 antibody recognized an expected band (~128 kDa) in the Western blot
from HEK cells heterogeneously expressing TRPA1 (left column) or from the rat DRG lysate (right column) but did not recognize the control
HEK cells [HEK (A1-)] or DRG lysate pretreated with an excess of the antigenic peptide AD195 [DRG (AD195)]. (B and C) TRPA1 detected by
immunohistochemistry in rat DRG neurons. The photographs show that TRPA1 was expressed in small DRG neurons (B); the label was elimi-
nated by incubation of the antibody with an excess of the antigenic peptide AD195 (C). (D) Double immunostaining of TRPA1 (green) and NF200
(red) showed the TRPA1 expression in unmyelinated neurons of the rat DRG. (E) Double immunostaining of TRPA1 (green) and TRPV1 (red)
showed that almost all of the TRPA1 were colocalized with TRPV1 in the rat DRG neurons. (F) Double immunostaining of TRPA1 (green) and
PAR2 (red) showed that a large population of TRPA1 was colocalized with PAR2 in the rat DRG neurons. Yellow indicates double labeling. (G)
Percentages of colocalization of NF200/TRPA1, TRPV1/TRPA1, and PAR2/TRPA1 in the DRG neurons. V1, TRPV1; A1, TRPA1; NF, NF200;

P2, PAR2. Scale bars: 100 um.

Results
Coexpression of TRPA1 with PAR2 in DRG neurons. In order to deter-
mine the distribution pattern of the TRPA1 channel protein, we
raised a polyclonal antibody against the C-terminal 16-aa resi-
dues of rat or mouse TRPAL1. This antibody recognizes a predicted
band (128 kDa) in immunoblots of extracts derived from HEK
cells transfected with mTRPA1 cDNA but not from the untrans-
fected HEK cells (Figure 1A, left). This antibody recognized the
predicted band (128 kDa) from rat DRG extract. Pretreatment
with excess antigenic peptide AD195 completely eliminated the
band (Figure 1A, right). We used this affinity-purified antiserum
on tissue sections from the rat DRG and found that TRPA1 was
expressed by 33.5% + 3.7% of rat DRG neurons. The labeled neu-
rons were mainly small in size (Figure 1B), which is consistent with
previous reports (9, 10). The label was completely eliminated by
preincubation of the antibody with an excessive amount of anti-
genic peptide AD195 (Figure 1C) but not with a control peptide
AD194 (data not shown). Next, we examined the colocalization of
TRPA1 with some neuronal markers in rat DRG neurons. Double
immunofluorescence indicated that only 7.3% + 0.5% of TRPA1-
positive neurons had neurofilament 200 (NF200), a marker of
myelinated primary afferent fibers, and 6.4% + 0.7% NF200-positive
neurons were stained for TRPA1 (Figure 1, D and G). Therefore,
TRPAL is preferentially expressed in small, unmyelinated DRG
neurons. Further, 91.6% + 1.2% of TRPA1-positive cells were also
labeled for TRPV1, which is believed to be expressed exclusively in
nociceptive neurons (10), while 65.6% + 2.1% of TRPV1-labeled neu-
rons coexpressed TRPA1 (Figure 1, E and G). These data are highly
1980
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consistent with previous reports of TRPA1 expression (9, 10).
Taken together, these findings showed that the TRPA1 antiserum
specifically recognized TRPA1 in rat DRG neurons.

Using this antibody, we performed double immunohistochemistry
for PAR2 and TRPA1. We detected PAR2 expression in many small-
sized and some medium-sized DRG neurons. A substantial popu-
lation (80% + 2.8%) of TRPA1-positive neuron were also labeled
for PAR2, and 56.1% + 5.0% of PAR2-expressing neurons were
labeled with TRPA1 (Figure 1, F and G). These high percentages of
coexpression indicated a possible functional interaction between
TRPA1 and PAR?2 in primary afferent neurons.

PAR2 agonists sensitize TRPA1 in a heterologous expression system. To
further determine the interaction of the TRPA1 with PAR2, we
examined the effects of a synthetic-selective active peptide for PAR2,
H-Ser-Leu-Ile-Gly-Arg-Leu-NH2 (SL-NH2), on the allyl isothiocya-
nate-activated (AITC-activated) currents in HEK293 cells express-
ing hTRPA1 using a whole-cell patch clamp technique. Because
PAR2 is expressed endogenously in HEK cells (29), PAR2 cDNA was
not transfected into HEK cells in the present study. In the voltage-
clamp experiments, AITC (100 uM) did not induce any significant
current in untransfected HEK cells. The AITC-activated inward
current in the hTRPA1-transfected HEK293 cells displayed an out-
ward rectification and were sensitive to ruthenium red (Figure 2A).
The current underwent strong tachyphylaxis, giving much smaller
response on repeated applications of 100 uM AITC (Figure 2B).
However, after 1 minute pretreatment with 100 uM SL-NH2 (the
PAR2 activator), reapplication of AITC with the same dose pro-
duced much larger current responses than the first application,
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Figure 2

PAR2 agonists sensitize AITC- and cinnamaldehyde-activated currents in transfected HEK cells expressing
hTRPAT1 in a PLC-dependent manner. Cells were perfused with AITC (100 uM) or cinnamaldehyde (500 uM)
solution for 20 seconds in all experiments. (A) Electrophysiological response of a representative transfected
HEK cell to AITC in the absence or presence of ruthenium red (RR; 100 uM). Voltage ramps from —120 to +100
mV (340 ms) were applied. The inset graph shows AITC-activated current density in the absence or presence
of ruthenium red (**P < 0.001). (B) AITC-activated inward currents underwent strong tachyphylaxis, giving much
smaller responses on repeated applications of AITC. The inset graph shows normalized currents in each AITC
challenge (n = 6). Currents were normalized to the currents evoked initially by AITC. (C) AITC-activated currents
were sensitized after perfusion for 60 seconds with solution containing 100 uM SL-NH2. However, this sensiti-
zation was not sustainable 180 seconds after SL-NH2 application. (D) SL-NH2—-mediated potentiation of AITC-
activated currents. AITC was reapplied 60 seconds after exposure to bath solution with or without SL-NH2 (SL;
10, 50, or 100 uM) or LR-NH2 (LR). Currents were normalized to values first induced by AITC application in the
absence of SL-NH2 or LR-NH2. Cont, control group (preperfused with bath solution without SL-NH2 before reap-
plication of AITC). (E) Cinnamaldehyde-evoked TRPA1 currents were potentiated by SL-NH2 but not LR-NH2.
(F) AITC-activated currents were potentiated by application of trypsin (50 nM). Holding potential (V) was —60
mV in all experiments. Numbers in parentheses indicate cells tested. *P < 0.05 versus control group; #P < 0.05
versus LR-NH2; unpaired Student’s t test.
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LR-NH2; 2.39 + 0.57-fold
change, n = 6 for SL-NH2,
P < 0.05 versus control or
LR-NH2) (Figure 2E), sug-
gesting that potentiation
of TRPA1 by SL-NH2 was
not ligand specific. As pos-
sible physiological ligands
of the PAR2 receptor, tryp-
sin or mast cell tryptase
can cleave PAR2 within the
extracellular N-terminal
domains and then activate
the cleaved receptor. Simi-
larly to SL-NH2, trypsin
also increased the AITC-
induced TRPA1 current
(0.65 + 0.13-fold change,
n=9 for control; 1.92 + 0.55-
fold change, n = 5 for SL-
NH2, P < 0.05 versus con-
trol) (Figure 2F).

PLC activation, but not its
downstream PKC activation,
sensitizes TRPAI. The signal-
ing pathway downstream
of PAR2 for sensitization
of TRPA1 remains to be
clarified. Since many TRP
channels are modulated by
PLC activity (30), we tested
the effect of PLC inhibi-
tion on potentiation of
TRPA1 by PAR2 activation.
1-O-octadecyl-2-O-methyl-
sn-glycero-3-phosphoryl-
choline (ET-18-OCHj3;) and
U73122, both potent PLC
inhibitors, significantly
prevented the potentiation
of AITC-evoked TRPA1
currents in HEK cells
(0.75 + 0.14-fold change,
n - 8 for ET-18-OCH;,
P < 0.05 versus SL-NH2;

which was not pretreated with SL-NH2 (2.46 + 0.62-fold change,
n =10 for SL-NH2; 0.65 + 0.13-fold change, n = 9 for control;
P <0.05) (Figure 2, C and D). Less potentiation or no potentiation
was detected in cells pretreated with SL-NH2 in low concentra-
tions (10 or 50 uM) or the reversed control peptide H-Leu-Arg-Gly-
Ile-Leu-Ser-NH2 (LR-NH2), respectively (0.60 + 0.26-fold change,
n =35 for 10 uM, 0.95 + 0.23-fold change, » = 9 for 50 uM of
SL-NH2; 0.75 + 0.21-fold change, n = 8 for LR-NH2; P > 0.0S for
each versus control) (Figure 2D). Other electrophysiological prop-
erties of these AITC-evoked responses, including an outwardly
rectifying current-voltage relationship and antagonist (ruthenium
red) sensitivity, were unchanged by the presence of SL-NH2 (data
not shown). A similar potentiating effect of SL-NH2 was observed
on cinnamaldehyde-evoked activation of TRPA1 (0.79 + 0.11-
fold change, n = 7 for control; 0.70 + 0.08-fold change, n = 7 for
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0.97 £ 0.15-fold change, n = 9 for U73122, P < 0.05 versus U73343,
an inactive analog of U73122) (Figure 3A). In some experiments,
application of U73122 alone induced small inward currents in
HEK cells transfected with hTRPA1 independent of the applica-
tion of any stimulus with an unknown mechanism. In addition to
the inhibitory effect of PLC inhibitors, m-3M3FBS, a potent PLC
activator, potentiated either the AITC- or the cinnamaldehyde-
activated current (3.17 + 0.94-fold change, n = 15, P < 0.05 versus
control for AITC; 2.15 + 0.33-fold change, n = 7 versus control for
cinnamaldehyde) (Figure 3, B, C, and D). The current-voltage rela-
tionships for the currents activated by AITC after PLC activator
(m-3M3FBS) application and those after application of the PAR2
agonist (SL-NH2) were nearly identical (data not shown).

We then examined whether the downstream effectors of PLC
activation could sensitize TRPA1. One major downstream effect of
Volume 117 1981
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Figure 3

PLC activation, but not its downstream products, sensitized AITC- and cinnamaldehyde-activated currents in transfected HEK cells expressing
hTRPA1. Cells were perfused with AITC or cinnamaldehyde solution for 20 seconds in all experiments. (A) SL-NH2-mediated (100 uM) poten-
tiation of AITC-activated currents is a PLC-dependent event. AITC (100 uM) was reapplied 60 seconds after exposure to bath solution with or
without SL-NH2 or LR-NH2. Currents were normalized to values first induced by AITC application in the absence of SL-NH2 or LR-NH2. In some
experiments, the bath solution was perfused with either a PLC inhibitor — ET-18-OCH3 (ET; 2 mM) or U73122 (2 mM) — or a PKC inhibitor, GF
(0.5 mM or 10 mM) 120 seconds before SL-NH2 reapplication. Numbers in parentheses indicate cells tested. *P < 0.05 versus control group;
#P < 0.05 versus LR-NH2; $P < 0.05 versus SL-NH2; unpaired Student’s t test. (B) A representative trace of increase of AITC-activated current by
a PLC activator, m-3M3FBS. Cells were perfused for 90 seconds with solution containing m-3M3FBS (10 uM) before reapplication of the AITC.
(C and D) Effects of PLC activation and its downstream products on the AITC- (30 uM) (C) or cinnamaldehyde-activated (500 uM) (D) current.
Cells were perfused for 90 seconds with solution containing activators before reapplication of the AITC or cinnamaldehyde; m-3M3FBS at 10 uM;
OAG, a cell-permeable analog of DAG at 200 uM; and the PKC activator PMA at 1 uM were used. Currents were normalized to the values evoked
initially by AITC or cinnamaldehyde in the absence of the additives. Cells in the control group were perfused with bath solution without the addi-
tives before reapplication of agonists; *P < 0.05, **P < 0.005 versus control group; unpaired Student’s t test. Note that OAG and PMA did not

significantly potentiate the hTRPA1 currents. Numbers in parentheses indicate cells tested. Vi, was —60 mV in all experiments.

PLC activity is the generation of diacylglycerol (DAG). DAG can be
converted to polyunsaturated fatty acid, such as arachidonic acid
(AA), and induce PKC activation. We have recently reported that
PAR2 activation caused potentiation or sensitization of TRPV1
through the PKC-dependent phosphorylation of TRPV1 (28).
Therefore, we examined whether a similar signal transduction
pathway was involved in the regulation of TRPA1 responses
through PAR2. Unexpectedly, GF109203X (GF), a highly potent
and specific PKC inhibitor, did not significantly inhibit the effect
of SL-NH2, even at a very high concentration (1.90 + 0.41-fold
change, n = 6 for GF at 0.5 uM, 1.61 + 0.32-fold change, n = 9 for
GF at 10 uM, P > 0.0S versus SL-NH2, P < 0.0S versus LR-NH2)
(Figure 3A). This result was supported by the lack of effect of PMA,
a potent PKC activator, on TRPA1 potentiation (0.55 + 0.13-fold
change, n = 5 for AITC; 0.64 + 0.19-fold change, n = 5 for cinnam-
aldehyde) (Figure 3, C and D). These data suggest that SL-NH2-
induced potentiation of TRPA1 responsiveness is independent of
activation of PKC. We next tested whether 1-oleoyl-2-acetyl-sn-glyc-
erol (OAG, a cell-permeable analog of DAG) could increase TRPA1
activity. OAG application did not significantly potentiate the
AITC- or cinnamaldehyde-induced currents in hTRPA1-expressing
HEK cells (0.52 + 0.12-fold change, n = 5 for AITC; 0.61 + 0.14-fold
change, n = 5 for cinnamaldehyde) (Figure 3, C and D).

Another major consequence of PLC activation is the release
of calcium from intracellular stores. However, it is not a likely
mechanism for the AITC-evoked current increase observed in our
experiments, as cytosolic free Ca?" was tightly chelated with the
5-mM EGTA included in the pipette solution. Taken together,
the above results suggest that modulation of TRPA1 is depen-
dent on PLC activation but does not involve its downstream
1982
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products. Therefore, the mechanism of the SL-NH2-induced
potentiation is likely the direct consequence of membrane phos-
pholipid phosphatidylinositol-4,5-bisphosphate (PIP,) hydroly-
sis by PLC activation.

GPCR-mediated potentiation of TRPAI activity is mediated by PIP,
depletion. PIP, has been shown to regulate the activity of a variety
of ion channels (31). We thus asked whether PAR2-mediated sen-
sitization of TRPA1 channel activity was regulated by PIP,. When
water-soluble PIP, was diluted in the pipette solution to a final
concentration of 10 uM, the effect of SL-NH2 was almost com-
pletely inhibited (0.99 + 0.11-fold change, n = 9, P < 0.0S versus
SL-NH2) (Figure 4A). To further confirm the interaction of PIP,
with TRPA1, we intracellularly applied a PIP, monoclonal anti-
body or a PIP; scavenger to sequester membrane PIP,. The PIP,-
antibody application, but not the boiled, one mimicked the poten-
tiation effect of SL-NH2 on AITC-activated hTRPA1 currents
(1.05 + 0.17-fold change, n = 5 for control; 1.72 + 0.14-fold change,
n =11 for PIP, antibody, P < 0.0S versus control) (Figure 4, B and C).
Similarly, intracellular application of polylysine, a PIP, scaven-
ger, also potentiated the AITC-evoked currents (0.65 + 0.13-fold
change, n = 9 for control; 2.15 + 0.64-fold change, n = 6 for poly-
lysine, P < 0.05 versus control) (Figure 4D). These results suggest
that endogenous PIP, inhibits TRPA1 and that this repression can
be alleviated by agents that activate PLC. Thus, SL-NH2-induced
potentiation of TRPA1 responsiveness may develop through
the membrane PIP; hydrolysis by PLC activation. If inhibition
of TRPAL1 activity by PIP; is a common phenomenon in mam-
malian cells, potentiation of TRPA1 current may occur by any
other GPCR-mediated PLC activation. To answer this question,
we transfected a bradykinin B2 receptor (B2R), which is a GPCR
Volume 117
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Figure 4

SL-NH2- or bradykinin-induced potentiation of AITC-activated currents in HEK cells transfected with hTRPA1 is mediated by PIP, hydrolysis.
(A) A PIP>-dependent pathway is involved in the SL-NH2—-induced potentiation of AITC-activated currents. AITC was reapplied 60 seconds after
exposure to bath solution with SL-NH2 or LR-NH2. Currents were normalized to the values first induced by AITC application in the absence
of SL-NH2 or LR-NH2. The potentiation by SL-NH2 was inhibited when a water-soluble PIP, (10 uM) was added to pipette solution. #P < 0.05
versus SL-NH2; unpaired Student’s ¢ test. *P < 0.05 versus LR-NH2. (B) Representative traces show hTRPA1 currents produced by repeated
applications of AITC (100 uM) with the PIP, antibody (right; 1:100) or boiled PIP, antibody (boiled antibody was added to the pipette solution as
a control) (left) in the pipette solution. A dialyzed mouse monoclonal PIP; antibody (see Methods) was included in the pipette solution. V}, was
—60 mV. (C) The intracellular PIP, antibody potentiated the AITC-evoked hTRPA1 response. Currents were normalized to values first induced
by AITC application. *P < 0.05 versus boiled PIP; antibody; unpaired Student’s t test. (D) Intracellular application of polylysine (3 ug/ml), a PIP,
scavenger, also potentiated AITC-activated currents in transfected HEK cells. *P < 0.05 versus control; unpaired Student’s t test. (E) A PIP,-
dependent pathway is involved in the bradykinin-induced potentiation of AITC activated currents in HEK cells transfected with B2R and hTRPA1.
AITC was reapplied 60 seconds after exposure to bath solution with or without bradykinin. Currents were normalized to the values first induced by
AITC application in the absence of bradykinin. The potentiation by bradykinin was inhibited when pretreated with the PLC inhibitor ET-18-OCHj;
(2 uM) for 120 seconds before bradykinin (20 nM) application or a water-soluble PIP, (10 uM) was added to pipette solution. **P < 0.005 versus

control; TP < 0.05 versus bradykinin (BK); #P < 0.005 versus BK; unpaired Student’s t test. Numbers in parentheses indicate cells tested.

and activated by the inflammatory peptide bradykinin, into HEK
cells with TRPA1 and examined the effect of bradykinin on AITC-
evoked currents. Consistent with the observations obtained from
PAR2, the B2R activation also potentiated AITC-evoked TRPA1
currents in a PLC/PIP,-dependent manner (Figure 4E).

PAR2 agonist sensitizes TRPAI channel in DRG neurons in a PIPy
dependent manner. We next asked whether PAR2 activation would
sensitize TRPA1 channels in sensory neurons. We performed volt-
age-clamp experiments in rat DRG neurons cultured without any
proteinase treatment and examined the effects of SL-NH2 on
the AITC-activated currents. Since an AITC-activated current in
capsaicin-sensitive DRG neurons is certainly a TRPA1-mediated
event (11), capsaicin (1 uM) was applied to identify whether AITC-
activated current was a TRPA1 current at the end of recording.
In the voltage-clamp experiments, the AITC-activated (300 uM)
inward current generally underwent tachyphylaxis, giving smaller
response on repeated applications (Figure SA). However, after a
2-minute pretreatment with 100 uM SL-NH2, the same doses of
AITC produced larger current responses than the first application
of AITC, which was not pretreated with SL-NH2 (0.77 + 0.09-fold
change, n =9 for control; 1.51 + 0.13-fold change, n = 7 for SL-NH2,
P <0.005) (Figure S, B and C). These observations indicate that a
PAR2 agonist potentiates TRPA1 activity in DRG neurons. PAR2
functionally interacted with TRPAL1 in a PIP,-dependent manner
in the HEK293 cells with heterologous expression of TRPA1 in
the present study. Since cell types differ in their membrane lipid
composition, we then asked whether PAR2 activation would also
sensitize TRPA1 channels with the same PIP,-dependent mecha-
nism in sensory neurons. In AITC-responsive neurons, as in the
HEK293 cells expressing TRPA1 and PAR2, SL-NH2 failed to
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potentiate the AITC-activated currents when PIP, was included
in the pipette solution (0.75 + 0.11-fold change, n = 6 for PIP,,
P> 0.05 versus control, P < 0.05 versus SL-NH2) (Figure 5C). In
contrast, intracellular application of polylysine, the PIP, scavenger,
potentiated the AITC-evoked currents (1.31 + 0.19-fold change,
n =7 for polylysine, P < 0.05 versus control) (Figure SC).

To determine whether the potentiation of AITC-evoked cur-
rent by PAR2 is due to sensitization of the channel or reversal of
channel desensitization, we measured the AITC-evoked current
density in the voltage-clamp recording with or without PIP; (or
polylysine) in pipette solution. We found that the AITC-evoked
current density in rat DRG neurons was significantly smaller
when recorded with pipette solution containing PIP, than that
with control pipette solution (10.9 + 1.6 pA/pF, n = 12 for control,
4.5 + 1.5 pA/pF, n = 6 for PIP;, P < 0.05). In contrast, the AITC-
evoked current density in rat DRG neurons was significantly
larger when recorded with pipette solution containing polyly-
sine than that with control pipette solution (43.7 + 13.1 pA/pF,
n =15 for polylysine, P < 0.05). These results suggest that as well
as in heterologous expression systems, endogenous PIP; inhibits
TRPAL1 in DRG neurons, and this repression can be alleviated by
agents that activate PLC. Thus, SL-NH2-induced potentiation of
TRPA1 responsiveness indeed develops through sensitization of
this channel but not reversal of the channel desensitization.

AITC- or cinnamaldehyde-evoked pain bebavior is enbanced by PAR2
activation. Activation of TRPA1 by pungent natural products sug-
gests a nociceptive role for TRPA1. To test whether PAR2 acti-
vation could enhance TRPAl-mediated pain behavior, we per-
formed intraplantar injections with AITC and cinnamaldehyde
after a subinflammatory-dose injection of SL-NH2 (32) and
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recorded nocifensive behaviors of the rats. Consistent with the
previous studies (3, 12), both AITC and cinnamaldehyde injection
induced a significant licking and lifting behavior of the injected
hind paw during the 2- or 3-minute postinjection period, whereas
such behaviors were not observed in vehicle-injected rats (data not
shown). The subinflammatory dose injection of SL-NH2, as well
as LR-NH2, did not cause acute nocifensive behaviors such as paw
lifting, flinching, or licking. Ten minutes after these pretreat-
ments, AITC or cinnamaldehyde was injected into the same area
of the hind paw. We observed that pretreatment with SL-NH2 fol-
lowed by intraplantar AITC or cinnamaldehyde injection induced
a significant increase in the number of lifts and the duration of
licks and flinches of the hind paw compared with pretreatment
with LR-NH2 (Figure 6, A and B).

Discussion
Inflammatory pain is initiated by tissue damage/inflammation
and is characterized by hypersensitivity, both at the site of damage
and in adjacent tissue. In the context of inflammation, stimuli that
normally would not produce pain do so (allodynia), whereas previ-
ously noxious stimuli evoke even greater pain responses (hyperal-
gesia). One mechanism underlying these phenomena is the modu-
lation (sensitization) of ion channels, such as TRPV1, that detect
noxious stimuli at the nociceptor terminal. Proteases such as tryp-
sin or mast cell tryptase sensitize TRPV1 through a GPCR, PAR2
(28, 29). In the present study, we asked whether PAR2-mediated
signaling could sensitize another TRP family member, TRPA1. We
observed that PAR2 activation could potentiate TRPA1 activity,
resulting in amplification of the pain sensation.

In recent years, a novel nociceptive pathway mediated by PAR2
has received much attention (25-27). Proteinases and PAR2 are
known to cause hyperalgesia in response to both thermal and
mechanical stimuli (26, 27). However, the underling mechanism
of PAR2-mediated hyperalgesia has not been fully described,
although involvement of the TRPV1 has been suggested (26,
28, 29, 33). We have previously shown that activation of PAR2
led to sensitization or potentiation of TRPV1 activity. However,
SL-NH2-induced spinal Fos expression and pain behaviors were
1984
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Figure 5

SL-NH2 sensitizes TRPA1 channel in DRG neurons. (A and B) Rep-
resentative traces of TRPA1-like currents by repeated AITC (300 uM)
application without (A) or with (B) SL-NH2 (100 uM) treatment. AITC
was reapplied 120 seconds after exposure to SL-NH2. Capsaicin (Cap;
1 uM) was applied to identify whether it was a TRPA1 current at the end
of recording. (C) Effects of intracellular PIP, on the PAR2-mediated sen-
sitization of TRPA1. Currents were normalized to the currents evoked
initially by AITC in the absence of the SL-NH2. In some experiments, a
water-soluble PIP, (10 uM) or polylysine was added to pipette solution.
The potentiation by SL-NH2 was inhibited when the PIP, was added
to pipette solution. In contrast, intracellular application of polylysine
(p-lysine; 3 ug/ml), a PIP, scavenger, potentiated AITC-activated cur-
rents in DRG neurons. *P < 0.05, **P < 0.0005, versus control; P < 0.05
versus SL-NH2; unpaired Student’s t test. (D) Effects of intracellular PIP
on AITC-induced current density in DRG neurons. PIP, or polylysine
was added in the pipette solutions. *P < 0.05 versus control; unpaired
Student’s t test. Numbers in parentheses indicate cells tested.

not completely prevented in TRPV1-knockout mice in our previ-
ous study, suggesting the existence of other mechanisms down-
stream of PAR2 activation (28). The present results showed that
TRPAL is highly colocalized with PAR2 in primary sensory neu-
rons and functionally interacts with PAR2. In addition to TRPV1,
the interaction between PAR2 and TRPA1 might be an important
mechanism underlying PAR2-mediated inflammatory pain.

In the present study, TRPA1 currents evoked by either of 2 dif-
ferent stimuli (AITC or cinnamaldehyde) were potentiated by
PAR2 activation. The lack of potentiating effects of PAR2 agonists
in cells treated with PLC inhibitors, and the similar potentiating
effect of the PLC activator, indicate that a PLC-dependent pathway
is predominantly involved in PAR2-mediated TRPA1 sensitization.
PLC activity plays a major role in the regulation and activation of
many TRP channels (30). One of the consequences of PLC activa-
tion is the breakdown of PIP; into DAG and inositol triphosphate
(IP3). IP3 then releases calcium from internal stores, while DAG
activates PKC and can also be converted to AA by DAG lipase.
Activation of PAR2 results in intracellular Ca?* mobilization (25),
and a recent study indicated that intracellular calcium may direct-
ly activate TRPA1 (8). However, it is not a likely mechanism for
the AITC-evoked current increase observed in our experiments, as
cytosolic free calcium was tightly chelated with the 5S-mM EGTA
included in the pipette solution. A recent study using calcium
imaging indicated that long exposure to OAG (>180 s) might
activate TRPA1 through its metabolites such as AA (3). Howev-
er, we can note that SL-NH2- or PLC activator-induced poten-
tiation of the AITC-activated currents occurred rapidly (<90 s)
and that a 90-second exposure to OAG in our experiment did
not cause an increase in the AITC-activated current. Therefore,
DAG and its metabolites are not likely involved in PLC-mediated
potentiation under the present experimental paradigm. Indeed,
long application of OAG may activate the TRPA1 channel (3). In
any case, the sensitization mechanisms and the activation mecha-
nism of TRPA1 should be considered separately.

In contrast to the TRPV1-regulating mechanism of PAR2, we
found that the PKC inhibitor did not prevent the potentiation of
AITC-evoked current by PAR2 activation. Moreover, the PKC acti-
vator did not potentiate the AITC-evoked current. These observa-
tions suggest that the downstream products of PLC activation do
not contribute to sensitization of TRPA1. Thus, the remaining pos-
sible mechanism is the consequence of membrane PIP, hydrolysis
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by PLC activation. The PIP; has been shown to regulate the activ-
ity of a variety of ion channels (31), including inwardly rectifying
K* (Kir) channels and the channels of the TRP family (31, 34-38).
TRPM?7 (39), TRPMS (40), and TRPMS (41) were activated by PIP,,
whereas TRPL (42) and TRPV1 (43) were inhibited by PIP,. Indeed,
in this study we observed that intracellular application of PIP, com-
pletely abolished the potentiation of AITC-evoked current by PAR2
activation. A similar mechanism was also found in another GPCR
(B2R) activation-induced potentiation of TRPA1; thus, we conclude
that the PLC/PIP,-mediated sensitization mechanism of TRPAl isa
common property in the modulation of TRPA1 channel by GPCR.
Evidence that antibody against PIP; or polylysine (the scavenger of
PIP,) in the pipette solution potentiated AITC-evoked currents simi-
larly to PAR2 or B2R activation further supported this conclusion.

If PAR2 activation can sensitize TRPA1, pain sensation that was
caused through the TRPA1 channel may also be potentiated by the
PAR2 activation. Topical application of agents, such as AITC or
cinnamaldehyde, has been reported to excite sensory nerve fibers,
thereby producing acute pain (3, 4, 12). In the behavior studies, we
found that pretreatment of SL-NH2 in a subinflammatory dose
led to an increase in AITC- or cinnamaldehyde-evoked nocifen-
sive behavior in rats. These results indicate that PAR2 activation
indeed increased TRPA1 activity, not only at the cellular level but
also at the behavioral level.

Tryptase and trypsin, the physiological agonists of PAR2, may
be released from peripheral tissue and visceral organs in inflam-
matory diseases. Our results represent what we believe to be a
novel mechanism through which trypsin or tryptase released in
response to tissue inflammation might trigger the sensation of
pain through PAR2 activation. Although proteinase inhibitors and
PAR2 antagonists seem to be effective for antiinflammation and
antinociception, the absence of selective PAR2 antagonists and
proteinase inhibitors makes it difficult to perform experimental
studies in animals or humans. PAR2 is expressed in a wide variety
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Figure 6

TRPAT1 activation-induced nocifensive behaviors that were potentiated
by SL-NH2. Animals were pretreated subcutaneously with SL-NH2 or
LR-NH2 10 minutes before AITC or cinnamaldehyde injection. (A) Pain
response to subcutaneous AITC. AITC (3% in 50 ul liquid paraffin) was
injected into the left hind footpad, and the number of paw lifts (left)
and duration of paw flinches and licks (right) were measured in the
first 2 minutes after injection of AITC. Injection of SL-NH2 or LR-NH2
with vehicle did not cause notable paw lifts or flinches (LR + Veh; SL
+ Veh). The AITC injections caused significant nocifensive behav-
iors after SL-NH2 or LR-NH2 pretreatment; however, preinjection of
SL-NH2 (10 ug in 50 ul saline) significantly increased the number of
paw lifts and the duration of paw flinches and licks, compared with pre-
injection of LR-NH2 (10 ug in 50 ul saline). ***P < 0.0001, **P < 0.001
versus LR + AITC. (B) The pain response to subcutaneous cinnamal-
dehyde (Cinna). Cinnamaldehyde (100%, 50 ul) was injected into the
left hind footpad, and the number of paw lifts (left) and duration of paw
flinches and licks (right) were measured in the first 3-minute period.
Note that SL-NH2 preinjection significantly increased the number of
paw lifts and the duration of paw flinches and licks compared with
LR-NH2 preinjection. *P < 0.05, **P < 0.001 versus LR + Cinna.n =6
rats in each experiment. ANOVA followed by Fisher’s protected least
square difference tests were used in the statistical analysis.

of tissues, including lung, liver, kidney, and the gastrointestinal
tract, where it might be involved in physiological and pathophysi-
ological processes, including mucosal protection and repair (32,
44-47). Therefore, it is possible that blockade of PAR2 could be
associated with adverse effects in these tissues. Because our present
data demonstrated that PAR2 activation could functionally sensi-
tize TRPA1, which has been reported to be involved in cold and
mechanical sensation and inflammatory actions of environmental
irritants and proalgesic agents, compounds acting on TRPA1 or
interfering with the interaction between TRPA1 and PAR2 may be
useful in the treatment of inflammatory pain.

Methods

Generation of TRPAI antisera. To raise antibodies against TRPA1 proteins,
rabbits were injected with the following peptide: RFKKERLEQMHSKWNF
coupled via the cysteine to keyhole limpet hemocyanin (KLH) (48). The
peptide corresponds to a sequence present in the constant region of the
rat or mouse proteins (residues 1092-1107 in NP_997491 for rat, residues
1092-1107 in NP_808449 for mouse). The KLH-linked TRPA1 peptide was
injected into rabbits using standard procedures for antiserum production
by Peptide Institute Inc. For affinity purification, the peptide was coupled
to an affinity column made of aminoalkyl agarose (Bio-Rad), and the anti-
body was purified following the manufacturer’s protocols.

Western blotting. Rats were deeply anesthetized with diethyl ether and
killed by decapitation. In accordance with the procedure of our previous
report (49), tissue samples from the DRGs were removed and then lysed
by homogenizing in 200 ul 20 mM Tris-HCI buffer, pH 8.0, containing 1%
NP40, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% p-mercaptoetha-
nol, 0.5 mM dithiothreitol, and a mixture of proteinase inhibitors. The
supernatant containing 15 pg of protein was electrophoresed in a 10-20%
SDS-polyacrylamide gel (Bio-Rad) and blotted onto Hybond P membranes
(Amersham) using Multiphore IT (Amersham) for 45 minutes. Membranes
were incubated with 1% BSA in Tris buffer saline containing Tween-20
(TBST; 10 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 0.2% Tween-20) for at
least 10 minutes at room temperature and incubated with the anti-TRPA1
antibody (1:500) at 4°C overnight. The membranes were then incubated
with an alkaline phosphatase-conjugated goat anti-rabbit IgG (1:5,000;
Jackson ImmunoResearch Laboratories Inc.) 2 hours at room tempera-
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ture. Finally, membranes were washed several times with TBST to remove
unbound secondary antibodies and visualized using a BCIP-NBT Solution
Kit for alkaline phosphatase stain (Nacalai Tesque Inc.). In some experi-
ment, HEK293 cells expressing mouse TRPA1 were used for the Western
blotting by the same protocol.

Immunobistochemistry. Adult male Sprague-Dawley rats (220-250 g; Japan
Animals) were perfused transcardially with 1% paraformaldehyde in 0.1 M
phosphate buffer followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The L4-5 DRGs were removed and processed for TRPA1
immunohistochemistry as described in our previous study (49). The
polyclonal primary antibody for TRPA1 at 1:2,000 was used for DAB stain-
ing. For double immunofluorescence, tyramide signal amplification (TSA;
NEN) fluorescence procedures (50) were used for TRPA1 (1:10,000) stain-
ing. Then the TRPA1 antibody was combined with 1 of the following anti-
bodies: monoclonal anti-NF200 (1:400; Sigma-Aldrich), rabbit polyclonal
TRPV1 antibody (1:1,000; Oncogene Research Products), and mouse
monoclonal antibody against PAR2 (1:100; Santa Cruz Biotechnology Inc.)
as described in our previous study (49). When 2 primary antisera raised in
rabbit were combined, nonspecific double labeling was not observed. The
lack of cross-reactivity is thought to be attributable to the fact that the TSA
procedure allows the first series primary antibody to be used at a dilution
that is too high to be detected by the second reagent set (50). Our data
support this explanation. In control single labeling using indirect labeled
immunofluorescence, we were unable to visualize the TRPA1 antiserum at
the dilutions used for the TSA procedure.

Mammalian cell culture. HEK293 cells were maintained in DMEM (supple-
mented with 10% FBS, 2 mM Glutamax (Invitrogen), penicillin, and strepto-
mycin) and transfected with 1 ug of human or mouse TRPA1 (hTRPA1 and
mTRPA1, respectively) cDNA, or mouse bradykinin receptor (mB2R) cDNA
using Lipofectamine 2000 (Invitrogen). The TRPA1 cDNAs and mB2R
cDNA were a generous gift from Ardem Patapoutian (The Scripps Research
Institute, La Jolla, California, USA) and Haruhiro Higashida (Kanazawa
University Graduate School of Medicine, Kanazawa, Japan), respectively. To
identify transfected cells, an enhanced green fluorescence protein reporter
plasmid was also transfected at 0.1 pg. For primary culture of DRG neu-
rons, DRGs were collected from the adult Sprague-Dawley rats (100-200 g)
under sterile conditions, and placed in ice-cold Earle’s balanced salt solution
(EBSS; Sigma-Aldrich). Adhering fat and connective tissue were removed,
and each DRG was placed immediately in medium consisting of 2 ml of
EBSS containing 1.25 mg/ml of collagenase P (Sigma-Aldrich) and kept at
37°C for 60 minutes with occasional agitation. After dissociation of the
cell ganglia, this cell suspension was centrifuged for 5 minutes at 650 g, and
the cell pellet was resuspended in EBSS supplemented with 10% FBS, 2 mM
Glutamax, penicillin, and streptomycin. Recombinant rat nerve growth fac-
tor (100 ng/ml; R&D Systems) was added to the medium.

Electrophysiology. Whole-cell patch-clamp recordings were carried out at
2 days after transfection of hTRPA1 cDNA into HEK293 cells or at 1 day
after dissociation of the DRG neurons. Voltage-clamp experiments were
performed at a holding potential of -60 mV, and recordings were sampled
at 5 kHz and filtered at 2 kHz. The current-voltage relationships were deter-
mined using a 340-ms voltage ramp from -120 mV to +100 mV. Current
density (pA/pF) or normalized current (currents were normalized to the cur-
rents evoked initially by agonist) were measured. A normalized current was
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to prevent a large current-induced strong desensitization. The current
magnitude was quantified by peak current amplitude in all experiments.
Standard bath solution contained 140 mM NaCl, 5 mM KCl, 2 mM MgCl,,
2 mM CaCl,, 10 mM HEPES, and 10 mM glucose, pH 7.4 (adjusted with
NaOH). The pipette solution contained 135 mM potassium gluconate,
5 mM KCl, 2 mM MgCl,, 0.5 mM CaCl;, 5 mM MgATP, 5 mM EGTA, and
5 mM HEPES, pH 7.2 (adjusted with Tris-base). In some experiments, a
PAR2 agonist, SL-NH2 (10-100 uM; Peptide Institute Inc.) or its reversed
inactive form, LR-NH2 (Peptide Institute Inc.) was contained in bath solu-
tions. The 100-uM dose SL-NH2 has been used in many studies to activate
PAR2 receptor (27, 28, 51). AITC (30 or 100 uM; Nacalai Tesque Inc.) or
cinnamaldehyde (500 uM; Sigma-Aldrich) were used to stimulate TRPA1.
In some experiments, a mouse monoclonal PIP; antibody (1:100 [Abcam],
dialyzed with Slid-A-Lyzer 10K MWCO Dialysis Cassettes; Pierce), a water-
soluble PIP, (10 uM; Calbiochem), or poly-L-lysine (MW 30,000-70,000 Da,
3 ug/ml; Sigma-Aldrich) was included in the pipette solution. All patch-
clamp experiments were performed at room temperature (~25°C). The
solutions containing drugs were applied to the chamber (180 ul) by a grav-
ity system at a flow rate of 3-4 ml/min.

Behavioral studies. Fifty-four adult male Sprague-Dawley rats (200-250 g) were
used for the behavioral analyses. After adaptation, SL-NH2, the PAR2 ago-
nist, at 10 ug in 50 ul saline or LR-NH2, the reversed inactive form of SL-NH2,
at 10 ug in 50 ul saline was injected intraplantarly into the left hind paw of
each rat. Ten minutes after injection, rats received intradermal injection of
50 wl of AITC (3% in liquid paraffin; Wako) or 100% cinnamaldehyde to the
plantar surface of the left hind paw. Liquid paraffin was used as a vehicle
control in these experiments. The rats were placed in a wire mesh cage imme-
diately after the injection, and the numbers of hind paw lifts and the dura-
tion of hind paw flinches and licks during the initial 2-minute (AITC) or
3-minute period (cinnamaldehyde) were measured. All procedures involving
the care and use of animals were approved by the Hyogo College of Medicine
Committee on Animal Research and were carried out in accordance with the
NIH guidelines for the care and use of laboratory animals.

Statistics. All results are expressed as mean + SEM. An unpaired 1-tailed
Student’s ¢ test was used to compare the electrophysiological data between
the 2 groups. ANOVA followed by Fisher’s protected least square differ-
ence tests were applied to the behavioral data. A difference was accepted as
significant if P was less than 0.0S.
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