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ABSTRACT
This study explores the in vivo effects of the proposed transient
receptor potential ankyrin 1 (TRPA1) agonist 4-oxo-2-nonenal (4-
ONE). Pharmacological inhibitors and genetically modified mice were
used to investigate the ability of 4-ONE to act via TRPA1 receptors
and possible mechanisms involving transient receptor potential va-
nilloid 1 (TRPV1). We hypothesized that 4-ONE activates sensory
nerves, via TRPA1 or possibly TRPV1, and thus triggers mechanical
hyperalgesia, edema formation, and vasodilatation in mice. An auto-
mated dynamic plantar aesthesiometer was used to determine hind
paw withdrawal thresholds, and a laser Doppler flowmeter was used
to measure skin blood flow. Edema formation was determined by
measuring paw weights and thickness. 4-ONE (10 nmol) triggers
unilateral mechanical hyperalgesia, edema formation, and vasodila-
tation in mice and is shown here to exhibit TRPA1-dependent and

-independent effects. Neurogenic vasodilatation and mechanical hy-
peralgesia at 0.5 h postinjection were significantly greater in TRPA1
wild-type (WT) mice compared with TRPA1 knockout (KO) mice.
Edema formation throughout the time course as well as mechanical
hyperalgesia from 1 to 4 h postinjection were similar in WT and
TRPA1 KO mice. Studies involving TRPV1 KO mice revealed no
evidence of TRPV1 involvement or interactions between TRPA1 and
TRPV1 in mediating the in vivo effects of 4-ONE. Previously, 4-ONE
was shown to be a potent TRPA1 agonist in vitro. We demonstrate its
ability to mediate vasodilatation and certain nociceptive effects in
vivo. These data indicate the potential of TRPA1 as an oxidant sensor
for vasodilator responses in vivo. However, 4-ONE also triggers
TRPA1-independent effects that relate to edema formation and pain.

Introduction
Transient receptor potential ankyrin 1 (TRPA1) is the most

recently identified mammalian member of the TRP super-
family that contains six transmembrane domains with a pore-
forming region located between the fifth and sixth transmem-
brane domains (Clapham, 2003). Functional TRPA1, which is
likely to assemble as a tetramer, conducts cations such as Na�

and Ca2� upon activation (Barritt and Rychkov, 2005). TRPA1
is primarily considered to be expressed in sensory neurons,
where it is coexpressed in approximately 50% of all transient
receptor potential vanilloid 1 (TRPV1)-positive sensory neurons
that also contain and release the neuropeptides substance P
and calcitonin gene-related peptide (CGRP) (Geppetti et al.,
2008; Nassenstein et al., 2008; Streng et al., 2008).

TRPA1 was initially identified as the receptor for a variety
of pungent compounds that can be extracted from wasabi
[6-(methylsulfinyl)hexyl isothiocyanate], mustard oil (allyl
isothiocyanate), cinnamon (cinnamaldehyde), or garlic (alli-
cin and diallyl disulfide) (Bandell et al., 2004; Bautista et al.,
2005, 2006; Macpherson et al., 2007b). It is now realized that
TRPA1 can be activated by a range of compounds including
reactive oxygen species such as hydrogen peroxide as well as
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products of lipid peroxidation such as 4-hydroxynonenal (4-
HNE), and the prostaglandin metabolite 15-deoxy-�12,14-
prostaglandin J2 (Trevisani et al., 2007; Andersson et al.,
2008; Sawada et al., 2008; Taylor-Clark et al., 2008b). Acti-
vation is caused by the possession of an electrophilic carbon
or sulfur (Macpherson et al., 2007a) that acts via covalent
modifications of nucleophilic cysteine side chains in the in-
tracellular N terminus of TRPA1 (Hinman et al., 2006;
Macpherson et al., 2007a). Several TRPA1 agonists have
been shown to trigger acute pain behaviors, hyperalgesia and
neurogenic inflammation in animal and human studies (Eid
et al., 2008). Our most recent evidence shows that mustard
oil and cinnamaldehyde induce neurogenic vasodilatation in
mouse skin that is TRPA1-dependent (Pozsgai et al., 2010).
Far less is known about the potential of lipid peroxidation
products to act as endogenous mediators of TRPA1-depen-
dent peripheral responses. Evidence indicates that 4-HNE
acts in vivo to mediate nociception and neurogenic inflam-
mation via TRPA1 (Trevisani et al., 2007), and 4-ONE acti-
vates mouse bronchopulmonary fibers via TRPA1- and
TRPV1-dependent mechanisms in vitro (Taylor-Clark et al.,
2008a). It is noteworthy that 4-ONE has not previously been
used in vivo. However, it has been shown to be the most
potent activator of TRPA1 in vitro through study of TRPA1
expressed in Chinese hamster ovary cells with an EC50 for
4-ONE of 1.9 �M compared with an EC50 of 19.9 �M for
4-HNE (Andersson et al., 2008) and also in the mouse lung
(Taylor-Clark, et al., 2008b). These in vitro data are consis-
tent with the higher chemical reactivity of 4-ONE (Lin et al.,
2005). Here, we have examined the dependence of 4-ONE on
TRPA1 in vivo to influence peripheral nociceptive and pe-
ripheral vascular responses, which is of potential importance
in understanding the response of the peripheral tissues to
oxidants. We have also investigated the possible involvement
of TRPV1 in these responses.

Materials and Methods
Animals. All experiments were carried out in accordance with the

UK Home Office Animals (Scientific Procedures) Act of 1986. Female
CD1 mice (25–30 g) were purchased from Charles River (Margate,
Kent, UK). We used age- and sex-matched male and female wild-type
(WT) and TRPV1 knockout (KO) mice on a C57BL6/129SVJ strain
(Clark et al., 2007) as well as WT and TRPA1 KO mice on a mixed
genetic background as described previously (Kwan et al., 2006; An-
dersson et al., 2008; Starr et al., 2008) and WT and CGRP KO mice
on a C57BL/6 strain (Grant et al., 2005; Starr et al., 2008); all mice
were bred in-house. Mice were housed in a climatically controlled
environment, maintained on a 12:12-h light/dark cycle, with access
to food and water ad libitum. Anesthesia for nonrecovery procedures
was induced by an intraperitoneal injection of a ketamine (75 mg �

kg�1) � medetomidine (1mg � kg�1) mixture. Recovery procedures
were conducted under 2% isoflurane anesthesia. Intraplantar injec-
tions were administered using 30G BD microfine syringes, and in-
traperitoneal injections were administered using 27G needles. In
total, 65 CD1 mice, 47 WT and TRPA1 KO mice, 45 WT and TRPV1
KO mice, and 26 WT and CGRP KO mice were used for this study.

Mechanical Hyperalgesia. A dynamic plantar aesthesiometer
(Ugo Basile, Comerio, Italy) was used to test paw withdrawal thresh-
olds in the hind paws of mice. Mice were placed on a wire-mesh

platform, and a metal filament was directed under the hind paws
that exerted an increasing upward pressure at a preset rate (10 g/s)
until the paw was withdrawn. Measurements were taken in tripli-
cate, and the average was taken as paw withdrawal threshold in
grams. Measurements were taken at baseline and at several time
points after the intraplantar injection of 4-ONE (1–30 nmol in 50 �l)
in ipsilateral paws and vehicle (1% ethanol in saline) in contralateral
paws, according to a randomized injection pattern. A significant
reduction in paw withdrawal thresholds (g) compared with baseline
values was defined as mechanical hyperalgesia. In some experi-
ments, 4-(4-chlorophenyl)-3-methyl-3-buten-2-one oxime (AP18) (25
nmol in 25 �l of a 1 mM solution; Petrus et al., 2007; Fernandes, et
al., 2010), a small-molecule TRPA1 receptor antagonist, was given
intraplantarly 15 min before 4-ONE or vehicle injections. The injec-
tion pattern was always randomized, and all measurements were
carried out by an observer blinded to treatment regimes and geno-
type of the mice.

Measurement of Paw Thickness. Paw thickness was measured
to determine the development of edema in the hind paws. Engineer’s
calipers were used to measure paw thickness in millimeters both
before any injections and at several time points postinjection. Alter-
natively, weights (mg) of vehicle- and drug-treated paws were com-
pared to determine paw mass as an assessment of paw swelling
(Gühring et al., 2000).

Laser Doppler Flowmetry. Cutaneous blood flow in mouse hind
paws was assessed using a two-channel laser Doppler flowmeter
(Moor Instruments, Devon, UK) connected to a PowerLab (ADInstruments
Ltd., Chalgrove, Oxfordshire, UK). Blood flow probes were placed
above the plantar surface of the hind paw of anesthetized mice.
Baseline measurements were obtained to ensure similar blood flow,
and 4-ONE (10 nmol in 50 �l) or vehicle (1% ethanol in saline) was
injected into either hind paw. Changes in blood flow upon these
treatments were followed for 0.5 h. Results were expressed as area
under the recorded flux versus time for the entire recording period.

Reagents. Chemicals used were: 4-oxo-2-nonenal (C9H14O2) (Cay-
man Europe, Tallinn, Estonia); AP18 (C11H12CINO) (Maybridge
Chemicals, Trevillet, UK); ketamine (C13H16ClNOHCl) and medeto-
midine (C13H16N2) (Pfizer Central Research, Sandwich, Kent, UK);
0.9% saline [sodium chloride (HCl) pyrogen free] (Baxter Healthcare,
Berkshire, UK); DMSO [(CH3)2SO] (Sigma-Aldrich, Poole, Dorset,
UK); ethanol (C2H6O) (BDH, Poole, Dorset, UK) and Tween 80
(C24H44O6) (Sigma-Aldrich).

Statistical Analysis. Results are presented as mean � S.E.M.
Prism software (GraphPad Software Inc., San Diego, CA) was used
for two-sampled paired or unpaired Student’s t tests or one-way or
two-way analysis of variance followed by Bonferroni’s multiple com-
parison test or a repeated-measures analysis of variance followed by
Dunnet’s comparison test as required by the data. Values of p �0.05
were considered statistically significant.

Results
4-ONE Induces Dose- and Time-Dependent Mechan-

ical Hyperalgesia and Edema Formation in CD1 Mice.
The effects of intraplantar injections of 1 nmol to 30 nmol
4-ONE in 50 �l in the ipsilateral paw or 50 �l of vehicle, 1%
ethanol in saline, in the contralateral paw were examined.
Intraplantar injections of 10 and 30 nmol 4-ONE induced a
significant reduction in paw withdrawal thresholds com-
pared with respective baseline values, thus signifying the
development of mechanical hyperalgesia (Fig. 1, a and b).
Lower doses had no observed effect. Likewise, only the higher

ABBREVIATIONS: TRP, transient receptor potential; TRPA1, TRP ankyrin 1; TRPV1, TRP vanilloid 1; 4-HNE, 4-hydroxynonenal; 4-ONE,
4-oxo-2-nonenal; CGRP, calcitonin gene-related peptide; WT, wild type; KO, knockout; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered
saline; AP18, 4-(4-chlorophenyl)-3-methyl-3-buten-2-one oxime.
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doses of 10 or 30 nmol 4-ONE were seen to induce a signifi-
cant increase in paw mass compared with that of vehicle-
treated paws (Fig. 1c). It has to be noted that both vehicle-
and 4-ONE-treated paws at all concentrations showed a
larger paw mass than untreated paws, which was probably
caused by an injection volume artifact. Furthermore, 4-ONE
could elicit a significant decrease in withdrawal threshold
when injected into both hind paws of the same mouse (data
not shown).

A dose of 4-ONE (10 nmol) was then chosen to study the
time-dependent effects of 4-ONE. Paw withdrawal thresh-
olds (g) were measured at baseline and throughout a 24-h
time course. There was a significant reduction in paw with-
drawal thresholds from 0.5 to 4 h postinjection of 4-ONE-
treated paws compared with baseline values. This demon-
strates that 10 nmol 4-ONE induced a unilateral mechanical
hyperalgesia that had an immediate onset and lasted until

4 h postinjection (Fig. 1d). Paw thickness (mm) was followed
throughout the time course. Both 4-ONE- and vehicle-treated
paws showed significant initial increase in paw thickness
until 1.5 h postinjection compared with baseline paw thick-
ness, because of an injection volume artifact. It is noteworthy
that 4-ONE induced a significant increase in paw thickness
throughout the 24-h time course, whereas paw thickness of
vehicle-treated mice returned to baseline values by 1.5 h
postinjection (Fig. 1e).

4-ONE Has Both TRPA1-Dependent and -Indepen-
dent Effects. To determine whether the in vivo effects of
4-ONE were mediated by TRPA1, we used both the estab-
lished TRPA1 antagonist AP18 and WT and TRPA1 KO mice.
4-ONE induced a significant reduction in paw withdrawal
thresholds (g) at 0.5 and 1 h postinjection when paws were
pretreated with the vehicle for AP18. However, in paws that
were pretreated with the TRPA1 antagonist AP18, 4-ONE

Fig. 1. 4-ONE induced pain-related be-
haviors and increase in paw thickness are
dose- and time-dependent in CD1 mice.
a, paw withdrawal thresholds (g) were
determined in hind paws of female CD1
mice after the intraplantar injections of
4-ONE (1–30 nmol/50 �l per paw) or ve-
hicle (1% ethanol in saline) at 1 h postin-
jection. Results are shown as mean �
S.E.M. ��, p � 0.01; ���, p � 0.001 versus
baseline (n � 4–7). b, the same data are
shown here as the difference (�) in paw
withdrawal thresholds (g) between 1 h
postinjection and baseline values for
4-ONE (1–30 nmol/50 �l per paw)-treated
hind paws. Results are shown as mean �
S.E.M. ��, p � 0.01 versus baseline (n �
4–7). c, paw mass (mg) of vehicle and
4-ONE (1–30 nmol/50 �l per paw)-treated
hind paws as well as untreated hind paws
were taken at 1 h postinjection as a mea-
sure of edema formation. Results are
shown as mean � S.E.M. ��, p � 0.01
versus contralateral vehicle treated paws
(n � 4–7). d, paw withdrawal thresholds
(g) of vehicle and 4-ONE (10 nmol/50 �l)-
treated hind paws were measured through-
out a 24-h time course. Results are shown
as mean � S.E.M. ��, p � 0.01 versus base-
line (n � 8). e, paw thickness (mm) of vehi-
cle and 4-ONE (10 nmol/50 �l)-treated hind
paws was measured throughout a 24-h
time course. Results are shown as mean �
S.E.M. ��, p � 0.01 versus baseline for
4-ONE-treated paws; ††, p � 0.01 versus
baseline for vehicle-treated paws (n � 8).
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induced mechanical hyperalgesia at 1 h postinjection but not
at 0.5 h postinjection (Fig. 2a). In addition, there was no
significant difference between paw thickness (mm) of vehicle-
and 4-ONE-treated hind paws (Fig. 2b). To determine the
selectivity of the dose of TRPA1 antagonist used, we tested it
in WT and TRPA1 KO mice. Here, the response to 4-ONE in
WT mice was significantly attenuated at 0.5 h, and a similar
response was observed in TRPA1 KO mice, whether they
received the antagonist or not (Fig. 3c). Again, 4-ONE-in-
duced edema formation was not affected by deletion or an-
tagonism of TRPA1 (Fig. 3d). Higher doses were not used,
because preliminary evidence suggested that higher doses
induced a nonspecific inflammation.

These results were followed up using WT and TRPA1 KO
mice that were given intraplantar injections of 4-ONE (10
nmol) or vehicle. In WT mice, intraplantar 4-ONE induced a
significant reduction in paw withdrawal thresholds from
0.5 h postinjection until 6 h postinjection (Fig. 2c). There was
no change in paw withdrawal thresholds in vehicle-treated
paws. The mechanical hyperalgesia seemed more sustained
in TRPA1 WT mice than in CD1 mice (Fig. 1a). We were
surprised to find that in TRPA1 KO mice intraplantar injec-
tions of 4-ONE triggered significant mechanical hyperalgesia
at 1, 2, and 4 h postinjection but not at 0.5 and 6 h postin-
jection (Fig. 2c). 4-ONE induced a significant increase in paw
thickness compared with baseline values in both WT and
TRPA1 KO mice (Fig. 2d).

TRPV1 Receptors Are Not Involved in Mediating
4-ONE-Induced Responses. The above findings led to an

investigation of the possible contribution of TRPV1 receptors
to 4-ONE-induced in vivo responses in WT and TRPV1 KO
mice. Previous evidence demonstrated that TRPA1 and
TRPV1 receptors can be colocalized in sensory nerves and
that 4-ONE activities may involve a TRPV1 component (Tay-
lor-Clark et al., 2008a). In addition, to investigate a possible
interaction of the TRPA1 and TRPV1 receptors these mice
were pretreated with the TRPA1 receptor antagonist AP18.
WT and TRPV1 KO mice pretreated with vehicle developed
mechanical hyperalgesia at 0.5 and 1 h after the injection of
4-ONE. On the other hand, AP18 pretreatment in WT and
TRPV1 KO mice blocked 4-ONE-induced mechanical hyper-
algesia at 0.5 h postinjection but not at 1 h postinjection (Fig.
3a). Vehicle injections did not change paw withdrawal
thresholds in any of the treatment conditions. Paw weights
were taken at 1 h postinjection to determine 4-ONE-induced
edema formation, and it was seen that 4-ONE-induced
edema formation is independent of TRPV1 as well as TRPA1
receptors (Fig. 3b).

4-ONE-Induced Vasodilatation Depends on TRPA1
and CGRP. The effect of 10 nmol 4-ONE on hind paw blood
flow was investigated. Previous studies have shown that
topical application of mustard oil induces a potent TRPA1-
dependent vasodilatation (Pozsgai et al., 2010), but 4-ONE is
not absorbed into the skin via topical application. Here, in-
traplantar injections of 50 �l of 4-ONE or vehicle were given
into either hind paw, and plantar blood flow was measured
for 30 min. In genetically unaltered CD1 mice 10 nmol
4-ONE induced a significant and sustained increase in blood

Fig. 2. 4-ONE has both TRPA1 receptor-dependent and -independent in vivo effects. a, hind paws were pretreated with the TRPA1 receptor antagonist
AP18 (25 nmol/25 �l) or vehicle (25 �l of 1% DMSO, 0.5% Tween 80 in PBS) and were then treated with 4-ONE (10 nmol/25 �l) or vehicle (25 �l of
1% ethanol in saline). Paw withdrawal thresholds (g) were measured at 0.5 and 1 h postinjection in CD1 mice. Results are shown as mean � S.E.M.
���, p � 0.001 versus baseline; ††, p � 0.01 versus 4-ONE-treated paws in vehicle-treated mice (n � 9–10). b, paw thickness (mm) at baseline and
0.5 and 1 h postinjection are shown as a measure of edema formation. Results are shown as mean � S.E.M. ���, p � 0.001 versus baseline values;
†††, p � 0.001 versus vehicle-pretreated paws at corresponding time points postinjection (n � 8–9). c, paw withdrawal thresholds (g) were measured
throughout a 24-h time course in WT and TRPA1 KO mice after the intraplantar injection of vehicle or 4-ONE (10 nmol). Results are shown as mean �
S.E.M. ��, p � 0.01; ���, p � 0.001 versus baseline (n � 8). d, paw thickness (mm) was measured in WT and TRPA1 KO mice after the intraplantar
injection of vehicle or 4-ONE (10 nmol) throughout the 24-h time course. Results are shown as mean � S.E.M. ��, p � 0.01 and ���, p � 0.001 versus
baseline for TRPA1 WT mice; †, p � 0.05 and †††, p � 0.001 versus baseline for TRPA1 KO mice (n � 13).
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flow compared with vehicle injections (Fig. 4a). A range of
genetically modified mice were then used to investigate sig-
naling mechanisms involved in 4-ONE-induced vasodilata-

tion. It is noteworthy that 4-ONE induced a vasodilatation
measured over 0.5 h that depended on TRPA1 but was inde-
pendent of TRPV1 (Fig. 4, b and c). In addition, 4-ONE

Fig. 3. Lack of interplay between the TRPA1 and TRPV1 receptors in mediating 4-ONE-induced mechanical hyperalgesia. a, WT and TRPV1 KO mice
were pretreated with the TRPA1 receptor antagonist AP18 (25 nmol/25 �l) or vehicle (25 �l of 1% DMSO, 0.5% Tween 80 in PBS) before intraplantar
4-ONE (10 nmol/25 �l) or vehicle (25 �l of 1% ethanol in saline). Paw withdrawal thresholds (g) were measured at 0.5 and 1 h postinjection. Results
are shown as mean � S.E.M. �, p � 0.05; ��, p � 0.01; ���, p � 0.001 versus baselines (n � 6–11). b, paw mass (mg) as a measure of 4-ONE-induced
edema formation was taken at 1 h postinjection. Results are shown as mean � S.E.M. ���, p � 0.001 versus vehicle-treated hind paws (n � 6–11).
c, paw withdrawal thresholds (g) after intraplantar injections of 4-ONE (10 nmol/25 �l) or vehicle (25 �l of 1% ethanol in saline) and the local
pretreatment with AP18 (25 nmol/25 �l) or vehicle (25 �l of 1% DMSO, 0.5% Tween 80 in PBS) in WT and TRPA1 KO mice. Results are shown as
mean � S.E.M. (n � 5–6). �, p � 0.05; ��, p � 0.01; ���, p � 0.001 versus respective baseline values. d, paw thickness (mm) of vehicle and 4-ONE (10
nmol/25 �l)-treated hind paws after the local pretreatment with AP18 (25 nmol/25 �l) or vehicle (25 �l of 1% DMSO, 0.5% Tween 80 in PBS) in WT
and TRPA1 KO mice. Results are shown as mean � S.E.M. (n � 5–6). ���, p � 0.001 versus respective baseline values.

Fig. 4. 4-ONE-induced vasodilatation depends on the
TRPA1 receptor as well as CGRP release. Blood flow (�103

flux units) was measured for 0.5 h after the intraplantar
injection of 4-ONE (10 nmol/50 �l) or vehicle in the hind
paws of CD1 mice (a), WT and TRPA1 KO mice (b), WT and
TRPV1 KO mice (c), and WT and CGRP KO mice (d).
Results are shown as mean � S.E.M. In a, �, p � 0.05
versus vehicle-treated paws (n � 7). In b, �, p � 0.05 versus
vehicle-treated hind paw; ††, p � 0.01 versus 4-ONE-
treated hind paw in TRPA1 KO mice (n � 6–9). In c, �, p �
0.05 versus vehicle-treated hind paws (n � 6–8). In d,
�, p � 0.05 versus vehicle-treated hind paw; ††, p � 0.01
versus 4-ONE-treated hind paw in CGRP KO mice (n �
9–17).
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induced a vasodilatation in CGRP WT mice that was not
observed in CGRP KO mice, further pointing toward the
activation of peripheral sensory nerves by 4-ONE (Fig. 4d). It
is noteworthy that in both WT and CGRP KO mice 10 nmol
4-ONE triggered a significant reduction in paw withdrawal
thresholds compared with baseline values from 0.5 to 2 h
postinjection (Fig. 5a). In addition, 10 nmol 4-ONE triggered
a significant increase in paw mass at 2 h postinjection in both
WT and CGRP KO mice (Fig. 5a). This indicates that, al-
though CGRP is pivotal for the development of 4-ONE-in-
duced vasodilatation, it is not involved in mediating pain
signals.

Discussion
This study has examined the in vivo effects of 4-ONE, a

selective TRPA1 agonist in vitro (Andersson et al., 2008;
Taylor-Clark et al., 2008a). We hypothesized that activation
of TRPA1, which is expressed mainly on peptidergic C and
A	-fibers, by 4-ONE would trigger the development of me-
chanical hyperalgesia and neurogenic edema and also lead to
vasodilatation in vivo. Here, we demonstrate that 4-ONE (10
nmol) induced a dose- and time-dependent unilateral me-

chanical hyperalgesia and edema formation in vivo, with only
a component of the mechanical hyperalgesia mediated by
TRPA1 and no evidence for a role of TRPA1 in inflammatory
swelling. We present novel evidence that 4-ONE has the
ability to trigger TRPA1-dependent neurogenic vasodilata-
tion in vivo.

4-ONE is an electrophilic ketoaldehyde that is derived
from oxidized 
-6-polyunsaturated fatty acids such as ara-
chidonic acid and can function as a mediator of oxidative
stress (Lin et al., 2005). 4-ONE can form stable Michael
adducts with cysteine and lysine residues in vitro and acti-
vate TRPA1 because of its electrophilic properties (Uchida,
2000; Lin et al., 2005; Andersson et al., 2008). These amino
acids are commonly found in proteins and can thus be tar-
geted by 4-ONE. 4-ONE is broken down enzymatically in
vitro and in vivo, leading to the formation of reactive metab-
olites such as 4-HNE or 4-oxo-2-nonen-1-ol (Kuiper et al.,
2008; Shimozu et al., 2009). In addition, it can form conju-
gates with other proteins such as glutathione (Kuiper et al.,
2008). It is possible that 4-ONE metabolites or reactions with
other proteins contribute to the TRPA1-independent effects
seen in the present study. However, 4-ONE has been shown
to selectively activate TRPA1 in dissociated dorsal root gan-
glion neurons in vitro from WT but not TRPA1 KO mice
(Andersson et al., 2008). In addition, Taylor-Clark et al.
(2008a) demonstrated that 4-ONE activates vagal broncho-
pulmonary C-fibers in vitro via TRPA1. In the present study,
we have extended knowledge to demonstrate that 4-ONE
induces unilateral mechanical hyperalgesia, edema forma-
tion, and vasodilatation in mice; 10 nmol 4-ONE was chosen
for all detailed studies, and it was shown that 4-ONE-in-
duced mechanical hyperalgesia is present from 0.5 h postin-
jection until 4 h postinjection. Similar results were previ-
ously seen with the related TRPA1 agonist 4-HNE, where the
substantially higher dose of 150 nmol 4-HNE triggered uni-
lateral mechanical hyperalgesia and edema in the rat hind
paw (Trevisani et al., 2007). It is evident that 4-ONE is more
potent at inducing mechanical hyperalgesia than 4-HNE in
vivo, in keeping with in vitro data (Lin et al., 2005; Ander-
sson et al., 2008). However, it seems that although 4-HNE
displays a selectivity for TRPA1 in vitro and in vivo, 4-ONE-
induced in vivo responses are only partially mediated by the
TRPA1 receptor. It is noteworthy that Taylor-Clark et al.
(2008) suggested that 4-ONE has the ability to activate
TRPV1 receptors in vitro; however, we did not observe
TRPV1 receptor-dependent responses using the present pro-
tocols in vivo.

Hyperalgesia develops as a result of activation of sensory
C-fibers that express a range of receptors and ion channels,
including TRPA1 and TRPV1, to be able to integrate various
noxious stimuli. We hypothesized that 4-ONE induces me-
chanical hyperalgesia as well as edema formation by activat-
ing TRPA1 and possibly TRPV1 that are coexpressed on
these sensory C-fibers. Petrus et al. (2007) have discovered a
small-molecule TRPA1 receptor antagonist, AP18. This
TRPA1 antagonist has been shown to block human and
mouse TRPA1 in vitro and coinjection with 1 mM AP18
reduces mustard oil-induced nocifensive behavior in vivo
(Petrus et al., 2007; C. Gentry, personal communication). We
demonstrated that local pretreatment with 25 �l of a 1 mM
AP18 solution inhibits 4-ONE-induced mechanical hyperal-
gesia at 0.5 h postinjection but not at 1 h postinjection (Fig.

Fig. 5. Effect of CGRP deletion on 4-ONE-induced mechanical hyperal-
gesia. a, paw withdrawal thresholds (g) were determined in hind paws of
WT and CGRP KO mice after the intraplantar injections of 4-ONE (10
nmol/50 �l) or vehicle (1% ethanol in saline). Measurements were taken
at baseline, 0.5, 1, and 2 h postinjection. Results are shown as mean �
S.E.M. ���, p � 0.001 versus baseline (n � 6–7). b, paw mass (mg) as a
measure of 4-ONE-induced edema formation was taken at 2 h postinjec-
tion. Results are shown as mean � S.E.M. ��, p � 0.01; ���, p � 0.001
versus vehicle-treated hind paws (n � 6–7).
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2a). It is noteworthy that Petrus et al. only showed early time
points when they examined the inhibition of TRPA1 activa-
tion. In their studies, coinjection with 1 mM AP18 inhibited
the acute nocifensive behavior induced by cinnamaldehyde
during the first 5 min after injection (Petrus et al., 2007), and
AP18 partially blocked the early phase of bradykinin-evoked
mechanical hyperalgesia, which is thought to be mediated by
activation of TRPA1 (Petrus et al., 2007; Wang et al., 2008).
This indicates that AP18 has a short half-life in vivo; how-
ever, intraplantar injections of 1 mM AP18 that were given
24 h after complete Freund’s adjuvant treatment were able to
reverse complete Freund’s adjuvant-induced mechanical hy-
peralgesia at 1 and 2 h postinjection (Petrus et al., 2007;
Fernandes et al., 2010). In the present study, TRPA1 KO
mice did not develop 4-ONE-induced mechanical hyperalge-
sia at 0.5 h postinjection although mechanical hyperalgesia
was observed from 1 to 4 h postinjection in TRPA1 KO mice.
This indicates that TRPA1 is not a necessary prerequisite for
4-ONE-induced mechanical hyperalgesia, although a TRPA1
component exists. There was no difference in 4-ONE-induced
edema formation between WT and TRPA1 KO mice, indicat-
ing that 4-ONE-induced edema formation is independent of
TRPA1. In addition, pretreatment with the TRPA1 antago-
nist AP18 at a dose shown here to be selective blocked
4-ONE-induced mechanical hyperalgesia at 0.5 h postinjec-
tion, consistent with the results obtained in TRPA1-deficient
mice. Thus these results indicate that 4-ONE is able to act
via TRPA1-dependent and -independent pathways to medi-
ate mechanical hyperalgesia.

We next investigated whether TRPV1 underlies the
TRPA1-independent effects of 4-ONE. It is well documented
that TRPV1 acts as a molecular integrator of several noxious
stimuli and thus plays a key role in sensing tissue injury and
inflammation (Caterina et al., 1997). Indeed, Taylor-Clark et
al. (2008a) have demonstrated that 100 �M 4-ONE can acti-
vate TRPV1 expressed in human embryonic kidney 293 cells.
TRPA1 and TRPV1 share some activation pathways, and a
functional interaction between these receptors has indeed
been shown before (Akopian et al., 2007; Ruparel et al., 2008;
Salas et al., 2009). We thus pretreated TRPV1 WT and KO
mice with the TRPA1 antagonist AP18 to investigate a pos-
sible interaction or compensation reaction between the two
ion channels. In vehicle-pretreated hind paws of TRPV1 WT
and KO mice 4-ONE induced mechanical hyperalgesia and
edema independently of TRPV1. Moreover, at 0.5 h postin-
jection AP18 pretreatment inhibited 4-ONE-induced me-
chanical hyperalgesia in both TRPV1 WT and KO mice. An-
tagonism of TRPA1 receptors in TRPV1 KO mice does not
lead to a significant additional reduction of 4-ONE-induced
hyperalgesia and edema. These data do not support the hy-
pothesis that the presence of one active receptor can compen-
sate for the inactivation of the other to mediate the 4-ONE-
induced in vivo effects. However, it is possible that there is an
interaction of the receptors on the molecular level that can-
not be detected using the present experimental design. By
comparison, there is evidence that TRPV1 and TRPA1 can
interact with each other in other systems, such as craniofa-
cial muscles (Ro et al., 2009).

Finally, we investigated whether 4-ONE can, like the ex-
ogenous agonists mustard oil and cinnamaldehyde (Pozsgai
et al., 2010), influence peripheral blood flow in vivo. We have
shown previously that activation of TRPV1 by capsaicin trig-

gers neurogenic vasodilatation in the mouse in vivo (Grant et
al., 2002; Starr et al., 2008). Unlike mustard oil and capsai-
cin, 4-ONE cannot be prepared for topical administration
and was therefore injected intraplantarly. 4-ONE induced
TRPA1-dependent vasodilatation in vivo that depends on the
release of CGRP, although CGRP was found not to be in-
volved in mediating mechanical hyperalgesia and inflamma-
tory swelling. Moreover, we were unable to demonstrate an
involvement of TRPV1 in vasodilator responses, in support of
present results that indicated that 4-ONE induced TRPA1-
dependent mechanical hyperalgesia independently of TRPV1.
Although we believe that this is the first in vivo evidence to
show the ability of a putative endogenous activator of TRPA1
to mediate increased blood flow, there is a growing body of
evidence to indicate the potential of TRPA1 to mediate vas-
cular relaxant activity. Garlic compounds, which were shown
to activate TRPA1, trigger dose-dependent relaxation of rat
mesenteric arteries (Bautista et al., 2005), and cinnamalde-
hyde mediates TRPA1-dependent vasodilatation in mice
mesenteric arteries (Pozsgai et al., 2010). In addition, acti-
vation of TRPA1 by mustard oil was shown to induce vasore-
laxation of rat cerebral arteries via an endothelial cell-depen-
dent mechanism (Earley et al., 2009). It is noteworthy that
our investigation of a TRPA1 agonist that was sufficiently
soluble for systemic intravenous administration (cinnamal-
dehyde) has not revealed a systemic hypotensive response
that may be hypothesized from the results discussed here,
but there is evidence for involvement in cardiovascular reflex
responses (Pozsgai et al., 2010). This suggests that we are at
an early stage in understanding the pathophysiological sig-
nificance of TRPA1 channels in the cardiovascular system,
with the possibility of different regional effects depending on
site of channel and presentation of activating agent.

In summary, the present study set out to investigate the
potential of 4-ONE to activate TRPA1 in vivo and trigger
nociceptive and peripheral cardiovascular responses. We
present novel data to show that 4-ONE induces mechanical
hyperalgesia and edema formation as well as neurogenic
vasodilatation in vivo. However, it is clear that 4-ONE dis-
plays TRPA1-independent effects in vivo, in addition to spe-
cific TRPA1-dependent actions. We were not able to show an
interaction between TRPA1 and TRPV1 receptors in mediat-
ing 4-ONE-induced responses. This study highlights the im-
portance of in vivo research, because previous in vitro exper-
iments suggested that 4-ONE could be a selective TRPA1
agonist for in vivo studies. The present study supports the
concept that TRPA1 receptors can act as oxidant sensors in
vivo and provides evidence that this leads to increased blood
flow, in addition to nociceptive responses.
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