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Peripheral inflammation initiates changes in spinal nociceptive
processing leading to hyperalgesia. Previously, we demonstrated
that among 102 lipid species detected by LC-MS/MS analysis in rat
spinal cord, the most notable increases that occur after intra-
plantar carrageenan are metabolites of 12-lipoxygenases (12-LOX),
particularly hepoxilins (HXA3 and HXB3). Thus, we examined in-
volvement of spinal LOX enzymes in inflammatory hyperalgesia.
In the current work, we found that intrathecal (IT) delivery of the
LOX inhibitor nordihydroguaiaretic acid prevented the carra-
geenan-evoked increase in spinal HXB3 at doses that attenuated
the associated hyperalgesia. Furthermore, IT delivery of inhibitors
targeting 12-LOX (CDC, Baicalein), but not 5-LOX (Zileuton) dose-
dependently attenuated tactile allodynia. Similarly, IT delivery of
12-LOX metabolites of arachidonic acid 12(S)-HpETE, 12(S)-HETE,
HXA3, or HXB3 evoked profound, persistent tactile allodynia, but
12(S)-HpETE and HXA3 produced relatively modest, transient heat
hyperalgesia. The pronociceptive effect of HXA3 correlated with
enhanced release of Substance P from primary sensory afferents.
Importantly, HXA3 triggered sustained mobilization of calcium in
cells stably overexpressing TRPV1 or TRPA1 receptors and in acutely
dissociated rodent sensory neurons. Constitutive deletion or antag-
onists of TRPV1 (AMG9810) or TRPA1 (HC030031) attenuated this
action. Furthermore, pretreatment with antihyperalgesic doses of
AMG9810 or HC030031 reduced spinal HXA3-evoked allodynia.
These data indicate that spinal HXA3 is increased by peripheral in-
flammation and promotes initiation of facilitated nociceptive pro-
cessing through direct activation of TRPV1 and TRPA1 at central
terminals.

eicosanoid | pain | central sensitization

Tissue injury and inflammation are associated with hyperalgesia
mediated by facilitated spinal nociceptive processing that can

be modulated by lipids derived from arachidonic acid (AA) and
other polyunsaturated fatty acids (PUFA), including eicosanoids
synthesized via three enzymatic pathways: (i) cyclooxygenase
(COX)–prostaglandins (PG); (ii) 5-, 12-, and 12/15-lipoxygenases
(LOX)–leukotrienes, hydroxyeicosatetraenoic acids (HETEs),
hepoxilins (HXA3 and HXB3), lipoxins, resolvins, and protectins;
and (iii) cytochrome P450–epoxyeicosatrienoic acids and HETEs
(1). Substantial evidence indicates that peripheral injury or direct
activation of spinal dorsal horn receptors [Neurokinin 1 (NK1),
AMPA, and NMDA] increases eicosanoid formation and that
spinal delivery of COX inhibitors reduces the associated hyper-
algesia (2, 3).Recently, we reported that paw carrageenan increases
spinal production of both COX and 12-LOX metabolites of AA,
including 12(S)-HETE in cerebrospinal fluid (CSF) and hepoxilins
in the lumbar spinal cord (4).
Several groups point to a peripheral role for 5- and 12-LOX in

nociception, as shown by antihyperalgesic actions of LOX inhibitors
administered via systemic routes (5–9). It has been suggested that
spinal 12-LOX may play a role in morphine physical dependence
(10), yet there is little work defining its involvement in spinal nocice-
ption. The chemosensors Transient Receptor Potential Vanilloid 1

(TRPV1) and Ankyrin 1 (TRPA1) have been implicated in pe-
ripheral inflammation-evoked hyperpathic states (11). Irritants,
such as formalin and oxidized lipids, can cause hyperalgesia via
activation of spinal TRPA1 (12–14). For example, 4-hydroxy-2-
nonenal (HNE) elicits spinal release of Substance P (SP) and trig-
gers nocifensive behaviors via activation of TRPA1 receptors (15).
Both 12(S)-HpETE and its reduction product 12(S)-HETE directly
stimulate TRPV1 in cultured dorsal root ganglion (DRG) neurons
(16). Noxious heat or depolarization releases 12-LOX metabolites
of linoleic acid that activate spinal TRPV1 and contribute to com-
plete Freund’s adjuvant (CFA)-induced mechanical allodynia (17,
18).Given that linoleic acid is used invivo for biosynthesis ofAAand
thatHNE is generated by peroxidation of 12/15-LOXproducts ofn-
6 PUFA, we hypothesized that spinal 12-LOX metabolites of AA,
particularly hepoxilins, also contribute to inflammatory hyperalgesia
through stimulation of nociceptive afferents. Although hepoxilins
increase intracellular Ca2+ in neutrophils (19, 20) and neurons (21)
and enhance vascular permeability in rat skin (22, 23), its receptors
remain undefined. Our findings demonstrate that peripheral in-
flammation increases spinal HXA3, which produces hyperesthesia
via activation of TRPV1 and TRPA1 and spinal SP release.

Results
Inhibition of Spinal 12-LOX Attenuates Inflammatory Hyperalgesia.
First, we examined involvement of spinal LOX in the develop-
ment of hyperalgesia following intraplantar (IPLT) carrageenan.
Intrathecal (IT) pretreatment with the LOX inhibitor nordihy-
droguaiaretic acid (NDGA) dose-dependently attenuated tactile
allodynia as depicted by timecourse (Fig. 1A) and area under
the curve (AUC), or percent hyperalgesic index (Fig. 1C),
without overt toxicity. An antihyperalgesic dose of IT NDGA at
the upper limit of solubility (60 μg) also prevented the develop-
ment of thermal hyperalgesia (Fig. S1 A and B) and partially
reversed established tactile allodynia (Fig. S1C). IT NDGA did
not alter paw volume at any of the doses tested (Fig. S1D), in-
dicating that spinal lipoxygenases contribute centrally to inflam-
matory hyperesthesia.
Recently, we demonstrated that IPLT carrageenan increases

spinal levels of AA metabolites of 12-LOX but not of 5-LOX (4).
Therefore, we reasoned that spinal 12-LOX likely contributes to
inflammatory hyperesthesia. To address this question, we exam-
ined the effect of IT pretreatment with 5- or 12-LOX inhibitors on
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nociceptive behaviors. Consistent with our hypothesis, IT pre-
treatment with 12-LOX inhibitors cinnamyl 3,4-dihydroxy-(α)-
cyanocinnamate (CDC) (Fig. 1 B and C) or Baicalein (Fig. 1C
and Fig. S2A) dose-dependently attenuated carrageenan-in-
duced tactile allodynia. In contrast, pretreatment with the 5-
LOX inhibitor Zileuton (Fig. 1C and Fig. S2B) did not prevent
allodynia, even at the maximum soluble dose (10 μg). These re-
sults suggest involvement of 12-LOX in the development of in-
flammatory hyperalgesia.

Inflammation-Evoked Spinal 12-LOX Activation Produces Hyperes-
thesia. Paw carrageenan produces a time-dependent, bilateral
elevation in levels of 12-LOX metabolites 12(S)-HETE and
hepoxilins in rat CSF and L4/L5 spinal cord, respectively, which
is prevented by systemic pretreatment with NDGA (4). The 12
(S)-HpETE can undergo reduction to form 12(S)-HETE or
isomerization by a hepoxilin synthase to form hepoxilins A3 and
B3. HXA3 and HXB3 are synthesized concurrently, yet most of
the bioactive effects are attributed to HXA3 (1). Because HXA3
is labile, it is eventually degraded in our assay, so we used HXB3
as a marker of hepoxilin synthase activity. Thus, we examined if
an antihyperalgesic dose of IT NDGA (60 μg) would prevent the
increase in spinal HXB3 during inflammation. As predicted,
pretreatment with IT NDGA prevented the carrageenan-in-
duced increase in spinal HXB3 at 4 h (Fig. 1 D and E). These
data indicate that spinal 12-LOX metabolites are elevated
in direct correlation with hyperesthesia following peripheral
inflammation.
Because commercially available 12-LOX inhibitors are limited

in terms of selectivity and systemic administration exerts multiple
actions, we investigated the effect of spinal delivery of 12-LOX
metabolites of AA on nociceptive tactile and thermal thresholds.

We observed that IT HXA3 (Fig. 2 A and B), 12(S)-HpETE (Fig.
2 C and D), HXB3 (Fig. S3 A and B), or 12(S)-HETE (Fig. S3 C
and D) rapidly elicited a profound, dose-dependent tactile allo-
dynia that persisted for up to several hours. Interestingly, IT
HXA3 and 12(S)-HpETE each induced a relatively modest,
transient thermal hyperalgesia only at a dose exceeding that re-
quired to elicit tactile allodynia (Fig. S4 A and B). In contrast,
thermal (heat) thresholds were unchanged following IT 12(S)-
HETE or HXB3 at the same dose (Fig. S4 C and D). These
results demonstrate that bioactive 12-LOX metabolites of AA
contribute directly to hyperesthesia, with a markedly greater
effect on tactile versus thermal nociceptive thresholds.

HXA3 Activates TRPV1 and TRPA1 on Sensory Neurons and Triggers
Spinal SP Release Concurrent with Hyperesthesia.As discussed above,
other products of lipid peroxidation contribute to spinal facilitated
states via activation of TRPV1 or TRPA1 and release of neuro-
peptides in dorsal horn (15, 17). Therefore, we asked if HXA3
activates TRPV1- or TRPA1-mediated calcium mobilization in
DRG neurons at concentrations previously shown to evoke cal-
cium flux and AA release in human neutrophils (19, 24). Super-
fusion of HXA3 (1 μM) of acutely dissociated adult rat DRG cells
significantly increased free-Ca2+ levels (Fig. 3 A and B). This ef-
fect was restricted to a subpopulation of Fura-2–loaded cells (41 of
146, 28.1%); of these, 47.6% were capsaicin-responsive. Remark-
ably, HXA3-induced Ca2+-mobilization was diminished by the
TRPA1-selective antagonist HC030031 at 10 μM (Fig. 3C), a
concentration approaching its IC50 of ∼5–7.5 μM (25, 26) that also
blocks mechanically evoked currents in mouse DRG neurons (27).
Exposure to the parent compound 12(S)-HpETE (1 μM) also
increased free-Ca2+ levels in a subpopulation of Fura-2–loaded
cells (31 of 177, 17.5%); of these, 55.2% were capsaicin-sensitive

Fig. 1. Inhibition of spinal 12-LOX attenuates carra-
geenan-induced tactile allodynia and increased spinal
formation of hepoxilins (HXB3). (A and B) IT pretreat-
ment with (A) NDGA or (B) CDC dose-dependently at-
tenuates the carrageenan-induced reduction in tactile
thresholds. (C) Percent hyperalgesic index, or AUC, of
tactile allodynia after IT pretreatment with vehicle (VEH)
or maximum doses of NDGA, CDC, Baicalein (BAIC) or
Zileuton (ZIL) reveals reduced nociceptive behavior after
spinal inhibition of 12-LOX but not 5-LOX. (D) IT pre-
treatment with an antihyperalgesic dose of NDGA (60 μg)
prevents the increase in spinal HXB3 4 h postcar-
rageenan. (E) Structures of HXA3 (Left) and HXB3 (Right).
CONTRA, contralateral; CONTROL, naïve + IT VEH-treated;
IPSI, ipsilateral; *P < 0.05, **P < 0.01, ***P < 0.001 vs. VEH
1; +P < 0.05, ++P < 0.01, +++P < 0.001 vs. VEH 2; n = 7–10.
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(Fig. S5 A and B). This response was attenuated by treatment with
10 μM HC030031 (83%) (Fig. S5C). Application of the TRPV1-
selective antagonist AMG9810 at 1 μM, a concentration that
exceeds its IC50 of ∼0.1 μM (28), reduced HXA3-evoked Ca2+-
responses by 61% and 12(S)-HpETE–evoked Ca2+-responses by
55% (Fig. 3C and Fig. S5D). HXA3 (1 μM) also elicited in-
tracellular Ca2+ accumulation in cells heterologously over-
expressing TRPA1 (HEK-TRPA1-tet) or TRPV1 (CHO-TRPV1)
compared with their respective controls (Fig. 3D). Similarly,
superfusion of HXA3 (1 μM) on acutely dissociated adult mouse
DRG cells increased free-Ca2+ levels, a response that was
dampened in both TRPA1 and TRPV1 knockout mice (Fig. 3 E
and F). It is important to note that although the majority of cells
recorded from either TRPA1 or TRPV1 KO mice were not
considered HXA3-sensitive according to our pre-established cri-
teria (see SI Materials and Methods), some cells were very weakly
responsive. Of this population, the percent sensitivity to capsaicin
was as follows: WT, 36%; TRPA1 KO, 20%; TRPV1 KO, 0%.
Thus, HXA3-mediated calcium mobilization was drastically re-
duced but not completely abolished in the absence of either
TRPA1 or TRPV1. These data indicate that HXA3, as well as its
parent compound 12(S)-HpETE, produce potent activation of
both TRPA1 and TRPV1 receptors on sensory neurons.
We then examined whether the hyperalgesic activity of HXA3

is related to its activation of primary sensory afferents and sub-
sequent release of pronociceptive neurotransmitters. We in-
vestigated in rat spinal cord in vivo if IT HXA3 increases SP
release from peptidergic primary afferents by measuring NK1
receptor internalization in L4, L5, and L6 levels of lumbar spinal
dorsal horn. We found no difference in the percentage of in-
ternalized NK1 receptors at 10 min after IT HXA3 (1 μg), before
the onset of allodynia (Fig. S6A). In contrast, NK1 receptor in-
ternalization is significantly increased in lamina I of L4, L5, and
L6 at 30 min after spinal administration of HXA3 (Fig. S6B),
concurrent with the onset of tactile allodynia. Thus, IT HXA3
evokes spinal release of SP from nociceptive primary sensory
afferents in direct temporal correlation with hyperesthesia.

HXA3-Induced Activation of TRPV1 and TRPA1 Contributes to Tactile
Allodynia. Next, we sought to determine if HXA3-evoked tactile
allodynia is mediated via stimulation of TRPV1 or TRPA1
receptors on nociceptive primary sensory afferents. IT pre-
treatment with the maximum soluble dose (10 μg) for antagonists

of TRPA1 (HC030031) or of TRPV1 (AMG9810) significantly
attenuated IPLT carrageenan-evoked tactile allodynia and ther-
mal hyperalgesia (Fig. S7 A and B). These observations corrobo-
rate other studies that use the same doses of these antagonists in
different rodent models of inflammatory pain (14, 29, 30). Simi-
larly, ITHXA3-induced tactile allodynia is significantly attenuated
by spinal pretreatment with antihyperalgesic doses of HC030031
or AMG9810 (Fig. 4). Taken together, the present study provides
strong evidence that HXA3 produces hyperesthesia at the spinal
level by activating TRPA1 and TRPV1 receptors in a subpopu-
lation of primary sensory afferents and by facilitating release of
nociceptive mediators in dorsal horn (Fig. 5).

Discussion
Rat lipoxygenases are classified as 5-, 12-, and 12/15-LOX, named
according to the stereospecific insertion of O2 into PUFA (1). To
date, most reports that examine the role of LOX in hyperalgesia
focus on 5-LOX, which catalyzes the rate-limiting step in the
synthesis of leukotrienes (LT), potent regulators of innate immune
cell functions and chemoattractants for neutrophils (31). Systemic
treatment with 5-LOX inhibitors or LT receptor antagonists at-
tenuated inflammatory hyperalgesia (5, 8, 32). However, spinal
5-LOX inhibition did not prevent carrageenan-induced allodynia,
which supports our previous observation that spinal 5-LOXmetab-
olites are either not present or are at levels below the assay limit of
detection (4).Nonetheless, our data do not preclude the possibility
of inflammation-induced activation of 5-LOX in brain, DRG, or
peripherally at the site of injury. For example, intradermal ad-
ministration of LTB4 produces hyperalgesia that is attenuated by
depletion of neutrophils (33). In addition, systemic administration
of inhibitors targeting 5-LOXor LT receptors reduces mechanical
allodynia and, respectively, prevents increased levels of LTB4 (8)
and neutrophil infiltration (32) in paw tissue during inflammation.
Thus, it appears that induction of 5-LOX activity occurs largely
outside of the lumbar spinal cord.
In contrast, we found that spinal inhibition of 12-LOX signifi-

cantly attenuated hyperesthesia. Conversely, spinal delivery of
either HXA3 or HXB3, the parent molecule 12(S)-HpETE, or its
reduction product 12(S)-HETE, produced persistent tactile allo-
dynia. Our findings regarding thermal responses to 12(S)-HpETE
are consistent with Trang et al., who found that ITdelivery at doses
up to 1 μg has no effect on thermal (heat) nociceptive thresholds in
rats (34). Similar responses were observed following IT adminis-
tration of COX metabolites PGE2 or PGF2α, which elicit robust
mechanical but weak thermal hyperalgesia (35). Others have il-
lustrated that activation of 12-LOX in the paw produces me-
chanical allodynia (36) as well as thermal hyperalgesia (6), which is
attenuated by local administration of LOX inhibitors (7). Fur-
thermore, several groups have shown that during inflammation,
spinal TRPV1 receptors contribute significantly to both tactile
allodynia and thermal hyperalgesia, but TRPV1 on peripheral
terminals preferentially mediates the latter (7, 37–39). Peripheral
activation of TRPA1 produces some thermal hyperalgesia, but the
resulting tactile allodynia is the more robust response (40). Thus,
the current work demonstrates that spinal HXA3 contributes to
the development of inflammatory hyperalgesia, preferentially
initiating tactile allodynia via activation of TRPV1 and TRPA1 on
central terminals. Although mechanisms underlying thermal and
mechanical hypersensitivity remain to be elucidated, differential
expression of these phenomena have been described in other an-
imal models of pain syndromes (41, 42).
An important question relates to the mechanisms by which

hepoxilins cause inflammatory hyperalgesia. Both HXA3 and its
precursor 12(S)-HpETE stimulated TRPV1 and TRPA1 on
nociceptive sensory neurons. However, in an aqueous environ-
ment, lipid hydrogen peroxides (such as 12-HpETE) have a short
T1/2 on the order of minutes (43); in contrast, HXA3 and
structurally similar compounds created by 15-LOX have a half-
life on the order of hours (20, 44). Moreover, the in vivo degra-
dation of each of these metabolites is handled by two distinct
enzyme classes, glutathione peroxidase for 12-HpETE and soluble

Fig. 2. Bioactive 12-LOX metabolites produce robust tactile allodynia after
spinal delivery. (A–D) Dose–response depicting timecourses (Left) and AUC
values (Right) reveal sustained reduction of tactile thresholds after a single IT
administration of nanogram to microgram amounts of (A and B) HXA3 or
(CandD) 12(S)-HpETE.*P<0.05,**P<0.01,***P<0.001vs. salinevehicle;n=5–6.
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epoxide hydrolase for HXA3 (1). Thus, although 12-HpETE and
HXA3 may interact with these channels via a similar mechanism,
their bioavailability in vivo may differ.
Collectively, our findings are intriguing given the differential

effect of spinally delivered 12-LOX products on thermal and
tactile sensitivity. Several groups have demonstrated that TRPA1
modulates nociceptive tactile thresholds, triggers release of the
neuropeptides from primary sensory afferents, and mediates the
mechanical allodynia produced by inflammatory agents and
chemical irritants (13, 15, 25). Similarly, we observed a time-
dependent increase in spinal SP release following IT adminis-
tration of HXA3 at a dose that produces hyperalgesia. Although
others have demonstrated that systemic or IT delivery of the
TRPA1 antagonist HC030031 attenuates mechanical allodynia
induced by formalin, mustard oil, or CFA (14, 25, 26), the spinal
actions of this agent have not yet been examined following car-
rageenan or after IT delivery of 12-LOX metabolites. In this
study, we found that TRPA1 receptors are required for the ob-
served effects of HXA3 on calcium mobilization in sensory
neurons and tactile allodynia.
TRPA1 receptors are expressed by a subpopulation of pepti-

dergic somatosensory neurons that often coexpress TRPV1 (45).
It has been suggested that 12-LOX–mediated activation of
TRPV1 in hippocampal neurons mediates long-term depression
(46) and in primary afferent nociceptors contributes to in-
flammatory pain hypersensitivity (6). Until recently, TRPV1
receptors were viewed primarily as sensors of noxious heat, the

activation of which underlies thermal hyperalgesia (47). How-
ever, data are now emerging in support of TRPV1-mediated
involvement in tactile allodynia during persistent inflammation
by CFA. For example, it has been reported that 9-HODE and
13-HODE contribute to mechanical hypersensitivity via stimu-
lation of TRPV1 (17, 18). Similarly, we found that TRPV1
receptors also are required for the observed effects of HXA3 on
calcium mobilization in sensory neurons and tactile allodynia.

Fig. 3. HXA3 produces direct activation
of TRPV1 and TRPA1 in sensory neurons.
(A) Representative micrographs of cul-
tured rat sensory neurons before (Upper)
and after (Lower) application of 1 μM
HXA3. Arrowheads, Fura-2–loaded cells
exhibiting Ca2+ mobilization in response
to HXA3. (Scale bars, 50 μm.) (B) Represen-
tative traces of HXA3-evoked calcium re-
sponses in rat sensory neurons and atten-
uation by the TRPA1 antagonist HC030031
(Upper) or the TRPV1 antagonist AMG9810
(Lower). Peak Ca2+ responses represent
mean change in fluorescence ratio (Δ340/
380) ± SEM. (C) HXA3-evoked Ca2+-respon-
ses were reduced by HC030031 (10 μM)
(VEH, 0.117 ± 0.01 vs. HC030031, 0.001 ±
0.02; ***P < = 0.001, n = 16 cells, 4 rats) and
AMG 9810 (1 μM) (VEH, 0.159 ± 0.03 vs.
AMG9810 0.061 ± 0.03; *P < 0.05, n = 5
cells, 3 rats). (D) HXA3 (1 μM) also increased
calcium mobilization in HEK-TRPA1-tet
[TRPA1(+) Induced, 0.077 ± 0.008 vs.
TRPA1(−) Uninduced control, 0.020 ±
0.004; ***P < 0.001, n = 4 cells] and in
CHO-TRPV1 cells [TRPV1(+) 0.070 ± 0.001
vs. TRPV1(−) CHO control, 0.012 ± 0.001;
*P < 0.05, n = 3–5 cells]. (E) Representative
traces of HXA3-evoked calcium responses
in mouse sensory neurons from WT (Top)
and attenuation in TRPA1 (Middle), or
TRPV1 knockout (KO) (Bottom). (F) Per-
cent of WT, TRPA1, or TRPV1 KO neurons
in which 1 μM HXA3 increased free in-
tracellular Ca2+ levels. (WT, 15.2 ± 4.9%
n = 42 cells; TRPA1 KO, 0.0 ± 0.0%, n = 34
cells; TRPV1 KO, 1.1 ± 1.1%; n = 51 cells;
*P< = 0.05, 3mice per group). Cell viability
was confirmed using 50mMK+; functional
TRPV1 or TRPA1 receptors were verified
with 500 nM capsaicin or 5 μM icilin, re-
spectively. VEH, artificial CSF.

Fig. 4. HXA3-evoked tactile allodynia is mediated by spinal TRPV1 and
TRPA1. (A) Timecourse and (B) corresponding AUC reveals significant at-
tenuation of tactile allodynia following IT HXA3 (1 μg) by IT pretreatment
with antihyperalgesic doses (10 μg) of antagonists of TRPA1 (HC030031) or
TRPV1 (AMG9810). *P < 0.05, **P < 0.01 vs. VEH 3; n = 5–7.
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We demonstrate here that low micromolar concentrations of
HXA3 produce potent activation of TRPV1 and TRPA1 receptors
on sensory neurons and increased spinal SP release concurrent with
the development of tactile allodynia. Our observations of HXA3-
mediated activation of TRPV1 or TRPA1 in heterologous over-
expression systems indicate a direct interaction with these channels.
However, HXA3may also exert effects via direct binding and gating
of TRPV1/TRPA1 multimeric complexes, binding to TRPV1 and
transactivation of TRPA1, or binding to a G protein-coupled re-
ceptor and signaling via second messenger systems to increase
membrane trafficking of TRPV1/TRPA1. Recent studies demon-
strate functional interaction of these receptors in sensory neurons
(48, 49). Similar to HXA3, bradykinin, nitric oxide, and BH4 all
require both TRPV1 and TRPA1 receptor function for hyper-
algesia (12, 50). Phospholipase C-dependent sensitization and in-
creased plasmamembrane trafficking of TRPA1has been described
for bradykinin and mustard oil, respectively (51, 52). Accordingly, it
has been shown in neutrophils that HXA3 produces a biphasic in-
crease in levels of intracellular calcium through G protein-coupled
receptor-mediated signaling via phospholipase C (20, 53).
Ultimately, although the local concentration of individual 12-

LOX products may be subthreshold for activation of TRP chan-
nels, it is possible that several metabolites could function in con-
cert to produce hyperalgesia, as suggested previously (17). The
identities, temporal profiles, concentrations, and targets of these
mediators also may vary with different pain states. In summary,
this work is unique in providing evidence of hepoxilin receptors in
the CNS and that HXA3-mediated activation of TRPA1 and
TRPV1 contributes to hyperesthesia at the spinal level. These
findings highlight the importance of developing novel anti-in-
flammatory therapeutics targeting this pathway. Furthermore,
these findings advance our understanding of distinct mechanisms
contributing to tactile allodynia versus heat hyperalgesia.

Materials and Methods
Animals. Male Sprague-Dawley rats (300–350 g; Harlan) or mice (25–30 g;
C57BL/6 and TRPV1 knockout, Jackson Laboratories, or TRPA1 knockout,
University of Kentucky) were used in accordance with protocols approved by
the Institutional Animal Care and Use Committies of the University of

California at San Diego and the University of Kentucky. All testing was
performed by a blinded observer. IT catheter implantation of rats and drug
delivery was performed as described previously (54).

Drugs. NDGA, Baicalein, 12(S)-HpETE, and 12(S)-HETE (Cayman); CDC, hepox-
ilins HXA3 and HXB3 (Enzo); Zileuton, HC-030031, and AMG9810 (Tocris) were
prepared in vehicles (VEH): NDGA in 20% (wt/vol) β-cyclodextrin/saline; Bai-
calein, CDC, and Zileuton in 3% (vol/vol) DMSO/3% Cremaphor-EL/saline;
HC030031 and AMG9810 in 3% (vol/vol) DMSO/3% Tween-80/saline.

Behavioral Testing. Peripheral inflammation and hyperalgesia were assessed
as previously described (4) after IT delivery of drugs 30 min before or 90 min
after 2% (wt/vol) carrageenan injected IPLT into the left hind paw. The 12-
LOX metabolites were prepared fresh before use (16) and IT injections were
performed immediately after dilution followed by measurement of noci-
ceptive behaviors. Vehicle or antagonists of TRPA1 or TRPV1 were given IT
30 min before HXA3. Data were expressed as response latency vs. time and as
AUC, or hyperalgesic index (percent change from baseline × minute).

Immunohistochemistry. At 10 or 30 min after IT delivery of saline or HXA3

(1 μg), rats were perfused and the lumbar spinal cord was processed for NK1
receptor internalization (55, 56).

Heterologous Overexpression Systems, DRG Cell Preparation, and Ca2+ Imaging.
Inducible HEK293 cells stably overexpressing TRPA1 (HEK-TRPA1-tet) and CHO
cells stably overexpressing TRPV1 (CHO-TRPV1) were maintained as previously
described (15, 17). L4 and L5 DRGs were dissected from male Sprague-Dawley
rats at 4–5 wk old or mice (WT, TRPV1, or TRPA1 knockout) at 8 wk old, dis-
sociated and used within 24 h of culture, as previously described (57), with
modifications by S.D. and B.K.T. (SI Materials and Methods).

LC-MS/MS. LC-MS/MS of L4/L5 rat spinal cord was conducted using a tandem
quadrupole mass spectrometer (ABI 4000 Q-Trap) as previously described (4,
58, 59).

Statistics. Normalized raw data of spinal eicosanoids were filtered using the
Grubbs’ test (4). Data were expressed as the mean ± SEM, with P < 0.05 as
significant. P values were determined using SPSS software (PASW version 18,
SPSS) as follows: t test for two-group analysis, standard or repeated-meas-
ures ANOVA for multiple group analysis with Bonferroni or Dunnett’s post
hoc for behavioral or biochemical data, respectively.

Fig. 5. Model of HXA3-mediated hyperalgesic
effects at the spinal level. HXA3 is produced
through 12-LOX either from arachidonic acid or via
12-HpETE. Cellular sources of HXA3 may represent
DRG neurons or satellite cells, spinal neurons, or
glia, and circulating leukocytes or platelets. Spinally
generated HXA3 activates TRPV1 and TRPA1,
resulting in calcium mobilization and release of SP
from nociceptive afferents, internalization of NK1
receptors in dorsal horn, and ultimately tactile
allodynia.

Gregus et al. PNAS | April 24, 2012 | vol. 109 | no. 17 | 6725

PH
A
RM

A
CO

LO
G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1110460109/-/DCSupplemental/pnas.201110460SI.pdf?targetid=nameddest=STXT


ACKNOWLEDGMENTS. We thank Drs. David Julius and Ardem Patapoutian for
the generous gifts of HEK-TRPA1-tet cells and CHO-TRPV1 cells; Alex Chesler
and Adrienne Dubin for excellent technical expertise; Gregory Frolenkov for

TRPA1 knockout mice; and Camilla I. Svensson for helpful discussions. This work
was supported by National Institutes of Health Grants NS16541 and DA02110
(to T.L.Y.), GM064611 (to E.A.D.), and NS62306 (to B.K.T.).

1. Buczynski MW, Dumlao DS, Dennis EA (2009) Thematic Review Series: Proteomics. An
integrated omics analysis of eicosanoid biology. J Lipid Res 50:1015–1038.

2. Dirig DM, Isakson PC, Yaksh TL (1998) Effect of COX-1 and COX-2 inhibition on in-
duction and maintenance of carrageenan-evoked thermal hyperalgesia in rats.
J Pharmacol Exp Ther 285:1031–1038.

3. Malmberg AB, Yaksh TL (1992) Hyperalgesia mediated by spinal glutamate or sub-
stance P receptor blocked by spinal cyclooxygenase inhibition. Science 257:1276–1279.

4. Buczynski MW, et al. (2010) Inflammatory hyperalgesia induces essential bioactive
lipid production in the spinal cord. J Neurochem 114:981–993.

5. Jain NK, Kulkarni SK, Singh A (2001) Role of cysteinyl leukotrienes in nociceptive and
inflammatory conditions in experimental animals. Eur J Pharmacol 423:85–92.

6. Shin J, et al. (2002) Bradykinin-12-lipoxygenase-VR1 signaling pathway for in-
flammatory hyperalgesia. Proc Natl Acad Sci USA 99:10150–10155.

7. Yoo S, et al. (2009) Lipoxygenase inhibitors suppressed carrageenan-induced Fos-ex-
pression and inflammatory pain responses in the rat. Mol Cells 27:417–422.

8. Cortes-Burgos LA, et al. (2009) CJ-13610, an orally active inhibitor of 5-lipoxygenase is
efficacious in preclinical models of pain. Eur J Pharmacol 617:59–67.

9. Szabó A, et al. (2005) Role of transient receptor potential vanilloid 1 receptors in
adjuvant-induced chronic arthritis: In vivo study using gene-deficient mice. J Phar-
macol Exp Ther 314:111–119.

10. Trang T, Sutak M, Quirion R, Jhamandas K (2003) Spinal administration of lip-
oxygenase inhibitors suppresses behavioural and neurochemical manifestations of
naloxone-precipitated opioid withdrawal. Br J Pharmacol 140:295–304.

11. Patapoutian A, Tate S, Woolf CJ (2009) Transient receptor potential channels: Tar-
geting pain at the source. Nat Rev Drug Discov 8:55–68.

12. Bautista DM, et al. (2006) TRPA1 mediates the inflammatory actions of environmental
irritants and proalgesic agents. Cell 124:1269–1282.

13. Kwan KY, et al. (2006) TRPA1 contributes to cold, mechanical, and chemical noci-
ception but is not essential for hair-cell transduction. Neuron 50:277–289.

14. da Costa DS, et al. (2010) The involvement of the transient receptor potential A1
(TRPA1) in the maintenance of mechanical and cold hyperalgesia in persistent in-
flammation. Pain 148:431–437.

15. Trevisani M, et al. (2007) 4-Hydroxynonenal, an endogenous aldehyde, causes pain
and neurogenic inflammation through activation of the irritant receptor TRPA1. Proc
Natl Acad Sci USA 104:13519–13524.

16. Hwang SW, et al. (2000) Direct activation of capsaicin receptors by products of lip-
oxygenases: Endogenous capsaicin-like substances. Proc Natl Acad Sci USA 97:
6155–6160.

17. Patwardhan AM, Scotland PE, Akopian AN, Hargreaves KM (2009) Activation of
TRPV1 in the spinal cord by oxidized linoleic acid metabolites contributes to in-
flammatory hyperalgesia. Proc Natl Acad Sci USA 106:18820–18824.

18. Patwardhan AM, et al. (2010) Heat generates oxidized linoleic acid metabolites that
activate TRPV1 and produce pain in rodents. J Clin Invest 120:1617–1626.

19. Dho S, Grinstein S, Corey EJ, Su WG, Pace-Asciak CR (1990) Hepoxilin A3 induces
changes in cytosolic calcium, intracellular pH and membrane potential in human
neutrophils. Biochem J 266:63–68.

20. Mrsny RJ, et al. (2004) Identification of hepoxilin A3 in inflammatory events: A re-
quired role in neutrophil migration across intestinal epithelia. Proc Natl Acad Sci USA
101:7421–7426.

21. Amer RK, Pace-Asciak CR, Mills LR (2003) A lipoxygenase product, hepoxilin A(3),
enhances nerve growth factor-dependent neurite regeneration post-axotomy in rat
superior cervical ganglion neurons in vitro. Neuroscience 116:935–946.

22. Wang MM, Reynaud D, Pace-Asciak CR (1999) In vivo stimulation of 12(S)-lip-
oxygenase in the rat skin by bradykinin and platelet activating factor: Formation of
12(S)-HETE and hepoxilins, and actions on vascular permeability. Biochim Biophys
Acta 1436:354–362.

23. Wang MM, Demin PM, Pace-Asciak CR (1999) Stereoselective actions of hepoxilins A3
and B3 and their cyclopropane analogs (HxdeltaA3 and HxdeltaB3) on bradykinin and
PAF-evoked potentiation of vascular leakage in rat skin. Gen Pharmacol 33:377–382.

24. Sutherland M, Schewe T, Nigam S (2000) Biological actions of the free acid of he-
poxilin A3 on human neutrophils. Biochem Pharmacol 59:435–440.

25. McNamara CR, et al. (2007) TRPA1 mediates formalin-induced pain. Proc Natl Acad Sci
USA 104:13525–13530.

26. Eid SR, et al. (2008) HC-030031, a TRPA1 selective antagonist, attenuates inflammatory-
and neuropathy-induced mechanical hypersensitivity. Mol Pain 4:48.

27. Vilceanu D, Stucky CL (2010) TRPA1 mediates mechanical currents in the plasma
membrane of mouse sensory neurons. PLoS ONE 5:e12177.

28. Gavva NR, et al. (2005) AMG 9810 [(E)-3-(4-t-butylphenyl)-N-(2,3-dihydrobenzo[b][1,4]
dioxin-6-yl)acrylamide], a novel vanilloid receptor 1 (TRPV1) antagonist with anti-
hyperalgesic properties. J Pharmacol Exp Ther 313:474–484.

29. Yu L, et al. (2008) The role of TRPV1 in different subtypes of dorsal root ganglion
neurons in rat chronic inflammatory nociception induced by complete Freund’s ad-
juvant. Mol Pain 4:61.

30. Wei H, et al. (2010) Roles of cutaneous versus spinal TRPA1 channels in mechanical
hypersensitivity in the diabetic or mustard oil-treated non-diabetic rat. Neurophar-
macology 58:578–584.

31. Murphy RC, Gijón MA (2007) Biosynthesis and metabolism of leukotrienes. Biochem J
405:379–395.

32. Singh VP, Patil CS, Kulkarni SK (2005) Differential effect of zileuton, a 5-lipoxygenase
inhibitor, against nociceptive paradigms in mice and rats. Pharmacol Biochem Behav
81:433–439.

33. Levine JD, Lau W, Kwiat G, Goetzl EJ (1984) Leukotriene B4 produces hyperalgesia
that is dependent on polymorphonuclear leukocytes. Science 225:743–745.

34. Trang T, McNaull B, Quirion R, Jhamandas K (2004) Involvement of spinal lipoxygenase
metabolites in hyperalgesia and opioid tolerance. Eur J Pharmacol 491:21–30.

35. Turnbach ME, Spraggins DS, Randich A (2002) Spinal administration of prostaglandin
E(2) or prostaglandin F(2alpha) primarily produces mechanical hyperalgesia that is
mediated by nociceptive specific spinal dorsal horn neurons. Pain 97:33–45.

36. Aley O, Levine JD (2003) Contribution of 5- and 12-lipoxygenase products to me-
chanical hyperalgesia induced by prostaglandin E(2) and epinephrine in the rat. Exp
Brain Res 148:482–487.

37. Bölcskei K, et al. (2005) Investigation of the role of TRPV1 receptors in acute and
chronic nociceptive processes using gene-deficient mice. Pain 117:368–376.

38. McGaraughty S, et al. (2008) Contributions of central and peripheral TRPV1 receptors
to mechanically evoked and spontaneous firing of spinal neurons in inflamed rats.
J Neurophysiol 100:3158–3166.

39. Kanai Y, Hara T, Imai A, Sakakibara A (2007) Differential involvement of TRPV1 re-
ceptors at the central and peripheral nerves in CFA-induced mechanical and thermal
hyperalgesia. J Pharm Pharmacol 59:733–738.

40. Tsagareli MG, et al. (2010) Behavioral evidence of thermal hyperalgesia and me-
chanical allodynia induced by intradermal cinnamaldehyde in rats. Neurosci Lett 473:
233–236.

41. Christianson CA, et al. (2010) Characterization of the acute and persistent pain state
present in K/BxN serum transfer arthritis. Pain 151:394–403.

42. Scherrer G, et al. (2010) VGLUT2 expression in primary afferent neurons is essential
for normal acute pain and injury-induced heat hypersensitivity. Proc Natl Acad Sci
USA 107:22296–22301.

43. Pace-Asciak CR, Asotra S (1989) Biosynthesis, catabolism, and biological properties of
HPETEs, hydroperoxide derivatives of arachidonic acid. Free Radic Biol Med 7:409–433.

44. Hamberg M, Herman CA, Herman RP (1986) Novel biological transformations of 15-Ls-
hydroperoxy-5,8,11,13-eicosatetraenoic acid. Biochim Biophys Acta 877:447–457.

45. Bautista DM, et al. (2005) Pungent products from garlic activate the sensory ion
channel TRPA1. Proc Natl Acad Sci USA 102:12248–12252.

46. Gibson HE, Edwards JG, Page RS, Van Hook MJ, Kauer JA (2008) TRPV1 channels
mediate long-term depression at synapses on hippocampal interneurons. Neuron 57:
746–759.

47. Caterina MJ, et al. (2000) Impaired nociception and pain sensation in mice lacking the
capsaicin receptor. Science 288:306–313.

48. Salas MM, Hargreaves KM, Akopian AN (2009) TRPA1-mediated responses in tri-
geminal sensory neurons: interaction between TRPA1 and TRPV1. Eur J Neurosci 29:
1568–1578.

49. Staruschenko A, Jeske NA, Akopian AN (2010) Contribution of TRPV1-TRPA1 in-
teraction to the single channel properties of the TRPA1 channel. J Biol Chem 285:
15167–15177.

50. Miyamoto T, Dubin AE, Petrus MJ, Patapoutian A (2009) TRPV1 and TRPA1 mediate
peripheral nitric oxide-induced nociception in mice. PLoS ONE 4:e7596.

51. Bandell M, et al. (2004) Noxious cold ion channel TRPA1 is activated by pungent
compounds and bradykinin. Neuron 41:849–857.

52. Schmidt M, Dubin AE, Petrus MJ, Earley TJ, Patapoutian A (2009) Nociceptive signals
induce trafficking of TRPA1 to the plasma membrane. Neuron 64:498–509.

53. Nigam S, Nodes S, Cichon G, Corey EJ, Pace-Asciak CR (1990) Receptor-mediated ac-
tion of hepoxilin A3 releases diacylglycerol and arachidonic acid from human neu-
trophils. Biochem Biophys Res Commun 171:944–948.

54. Malkmus SA, Yaksh TL (2004) Intrathecal catheterization and drug delivery in the rat.
Methods Mol Med 99:109–121.

55. Abbadie C, Trafton J, Liu H, Mantyh PW, Basbaum AI (1997) Inflammation increases
the distribution of dorsal horn neurons that internalize the neurokinin-1 receptor in
response to noxious and non-noxious stimulation. J Neurosci 17:8049–8060.

56. Mantyh PW, et al. (1995) Rapid endocytosis of a G protein-coupled receptor: sub-
stance P evoked internalization of its receptor in the rat striatum in vivo. Proc Natl
Acad Sci USA 92:2622–2626.

57. Lu SG, Zhang X, Gold MS (2006) Intracellular calcium regulation among sub-
populations of rat dorsal root ganglion neurons. J Physiol 577:169–190.

58. Harmon GS, et al. (2010) Pharmacological correction of a defect in PPAR-gamma
signaling ameliorates disease severity in Cftr-deficient mice. Nat Med 16:313–318.

59. Blaho VA, Buczynski MW, Brown CR, Dennis EA (2009) Lipidomic analysis of dynamic
eicosanoid responses during the induction and resolution of Lyme arthritis.
J Biol Chem 284:21599–21612.

6726 | www.pnas.org/cgi/doi/10.1073/pnas.1110460109 Gregus et al.

www.pnas.org/cgi/doi/10.1073/pnas.1110460109



