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5,6-EET Is Released upon Neuronal Activity and Induces
Mechanical Pain Hypersensitivity via TRPA1 on Central

Afferent Terminals

Marco Sisignano,' Chul-Kyu Park,’ Carlo Angioni,' Dong Dong Zhang,' Christian von Hehn,? Enrique J. Cobos,
Nader Ghasemlou,> Zhen-Zhong Xu,’ Vigneswara Kumaran,® Ruirui Lu,' Andrew Grant,” Michael J. M. Fischer,
Achim Schmidtko,' Peter Reeh,* Ru-Rong Ji,? Clifford J. Woolf,> Gerd Geisslinger,' Klaus Scholich,’

and Christian Brenneis!-2

'nstitute of Clinical Pharmacology, Pharmazentrum Frankfurt/Center for Drug Research, Development and Safety (ZAFES), University Hospital, Goethe-
University, D-60590 Frankfurt am Main, Germany, 2F. M. Kirby Neurobiology Center, Children’s Hospital Boston, and Department of Neurobiology,
Harvard Medical School, Boston, Massachusetts 02115, *Department of Anesthesiology, Sensory Plasticity Laboratory, Pain Research Center, Brigham and
Women’s Hospital and Harvard Medical School, Boston, Massachusetts 02115, Department of Physiology and Pathophysiology, Friedrich-Alexander-
University Erlangen-Niirnberg, D-91054, Erlangen, Germany, >Wolfson Centre for Age Related Disease, King’s College, London SE1 1UL, United Kingdom,
and Department of Pharmacology, University of Cambridge, Cambridge CB2 1PD, United Kingdom

Epoxyeicosatrienoic acids (EETs) are cytochrome P450-epoxygenase-derived metabolites of arachidonic acid that act as endogenous
signaling molecules in multiple biological systems. Here we have investigated the specific contribution of 5,6-EET to transient receptor
potential (TRP) channel activation in nociceptor neurons and its consequence for nociceptive processing. We found that, during
capsaicin-induced nociception, 5,6-EET levels increased in dorsal root ganglia (DRGs) and the dorsal spinal cord, and 5,6-EET is released
from activated sensory neurons in vitro. 5,6-EET potently induced a calcium flux (100 nm) in cultured DRG neurons that was completely
abolished when TRPA1 was deleted or inhibited. In spinal cord slices, 5,6-EET dose dependently enhanced the frequency, but not the
amplitude, of spontaneous EPSCs (sEPSCs) in lamina II neurons that also responded to mustard oil (allyl isothiocyanate), indicating a
presynaptic action. Furthermore, 5,6-EET-induced enhancement of sEPSC frequency was abolished in TRPA1-null mice, suggesting that
5,6-EET presynaptically facilitated spinal cord synaptic transmission by TRPALI. Finally, in vivo intrathecal injection of 5,6-EET caused
mechanical allodynia in wild-type but not TRPA1-null mice. We conclude that 5,6-EET is synthesized on the acute activation of nocice-

ptors and can produce mechanical hypersensitivity via TRPA1 at central afferent terminals in the spinal cord.

Introduction

Transient receptor potential (TRP) channels are important trans-
ducers of external noxious and thermal stimuli on the peripheral
terminals of sensory neurons (Patapoutian et al., 2009). Sensory-
related TRP channels can be activated by heat (TRPV1-TRPV4),
low pH (TRPV1), mechanical or osmotic stimulation (TRPA1,
TRPV4), cool/cold temperatures (TRPM8, TRPA1), or pungent
compounds with electrophilic properties that covalently bind to
cysteine residues (TRPA1) (Clapham, 2003; Dhaka et al., 2006;
Macpherson et al., 2007). The antinociceptive effects of TRPV1
and TRPA1 gene deletion, or their pharmacologic inhibition in
various pain models, indicate the importance of TRP channel
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activation and sensitization in diverse pain states (Caterina et al.,
2000; Patapoutian et al., 2009).

Several lipid mediators have been identified as endogenous
TRP agonists and are produced during tissue injury inflamma-
tion as a consequence of oxidative stress. The oxidized linoleic
acid metabolites 9- and 13-hydroxyoctadecadienoic acid are
formed in mouse and rat skin by exposure to noxious heat and
contribute to the heat sensitivity of TRPV1 in rodents (Patwardhan
et al. 2009, 2010). Oxidized eicosanoids such as the cyclopen-
tones PGA, and 15d-PGJ, and the endogenous aldehyde
4-hydroxynonenal have been shown to produce acute pain via
TRPA1 during inflammation (del Camino et al. 2010;
Trevisani et al., 2007; Materazzi et al., 2008).

In a search for endogenous lipid mediators released by activity
in nociceptors rather than by inflammation, we found elevated
levels of 5,6-epoxyeicosatrienoic acid (5,6-EET) in dorsal root
ganglia (DRGs) after capsaicin stimulation. 5,6-EET has been
previously identified as an endogenous agonist of TRPV4, and its
role in vascular endothelial cells has been analyzed in detail
(Watanabe et al., 2003; Fleming and Busse, 2006). However, the
functions of 5,6-EET in nociceptive processing are unknown.
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EETs are synthesized from the eicosanoid arachidonic acid
(AA) by cytochrome P450-epoxygenase (CYP450). One of the
four double bonds of AA is oxidized to an epoxide group leading
to four regioisomers—5,6-EET, 8,9-EET, 11,12-EET, and 14,15-
EET—that can be released from cells to act as paracrine signaling
mediators. Members of CYP450 with the highest epoxygenase
activity toward AA belong to the CYP2C and CYP2] families
(Spector and Norris, 2007). EET-synthesizing CYP450 enzymes
are expressed in primary sensory neurons (Iliff et al., 2010). We
found that deletion of soluble epoxide hydrolase, which metabo-
lizes most EETs except 5,6-EET, attenuates inflammatory pain
(Brenneis et al., 2011). We have now aimed to characterize the
specific role of 5,6-EET in nociceptive processing.

We found that 5,6-EET, but not the other EETs, is increased in
L4-L6 DRGs and the dorsal horn of the spinal cord during
capsaicin-induced acute nociception, and selectively activates
TRPALI in a subpopulation of DRG neurons. 5,6-EET increases
the frequency, but not the amplitude, of spontaneous EPSCs
(sEPSCs) in spinal cord slices by TRPA1 activation. Finally, in-
trathecal injection of 5,6-EET induces a mechanical allodynia
dependent on TRPALI. Our results identify 5,6-EET as an endog-
enous activator of TRPA1, the synthesis of which is induced by
the acute activity of DRG neurons and facilitates spinal synaptic
transmission causing mechanical allodynia.

Materials and Methods

Animals

All animal experiments were approved by the local Ethics Committees
for Animal Research. For all behavioral experiments, we used only 6- to
12-week-old male C57BL/6 mice (Charles River or The Jackson Labora-
tory). TRPA1-deficient mice for behavioral studies were originally bred
by Kwan et al. (2006) and were a generous gift from Dr. David Corey
(Howard Hughes Medical Institute and Department of Neurobiology,
Harvard Medical School, Boston, MA). To compare mechanical thresh-
olds, we used age- and sex-matched littermates as control. For calcium-
imaging experiments, TRPA1-deficient and control strain (B6129PF2/])
mice were purchased from The Jackson Laboratory. TRPV4 wild-type
and knock-out mice were a generous gift from Dr. Wolfgang Liedtke
(Duke University, Durham, NC) and were bred in-house at King’s Col-
lege London (Grant et al., 2007).

Plasmids

Plasmids 3CK-human (h)TRPA1 and (h)TRPAI were kindly provided
by Dr. Sven Jordt (Department of Pharmacology, Yale University School
of Medicine, New Haven, CT).

Behavioral tests

To test acute nociceptive behavior, the licking time was monitored for 45
min in 10 min intervals starting directly after injection. For the determi-
nation of mechanical allodynia, mice were kept in test cages on an
elevated grid for at least 1.5 h to allow accommodation. Baseline
measurements were performed using a Dynamic Plantar Aesthesiometer
(Ugo Basile) to detect withdrawal latencies of the hindpaws after me-
chanical stimulation. The steel rod was pushed against the mid-plantar
hindpaw with linear ascending force (0-5 g over 10 s, increasing 0.5 g/s)
until a fast withdrawal response occurred. Slow movements of the paw
were not counted. Paw withdrawal latencies were determined in sec-
onds = 0.1 with a cutoff time of 20 s. The noninjected and injected paws
were measured alternately in intervals of 5-10 min. For determination of
thermal thresholds, mice were kept in test cages on a warmed glass plate
(32°C) for at least 2 h on the first day to allow accommodation. Then the
mid-plantar region of the paws was stimulated with a radiant heat device,
consisting of a high-intensity projector lamp, until withdrawal occurred.
The noninjected and injected paws were measured alternately in intervals
of 5-10 min. For all behavioral tests, the investigator was blinded for
treatment or genotype of the mice.
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Treatments

For peripheral injections, 20 ul of 5,6-EET (5 um) (Cayman) was injected
subcutaneously in the mid-plantar area of the hindpaw. Control animals
received the corresponding volumes of acetonitrile [Sigma; 1.6% (v/v) in
PBS]. For intrathecal injections, the solvent of the 5,6-EET stock solution
was changed to dimethylsulfoxide (DMSO). Five microliters of 5,6-EET
(10 pMm) in 3.2% DMSO/saline (v/v) were injected by direct lumbar punc-
ture in awake, conscious mice. Briefly, a 10 ul Hamilton syringe con-
nected to a 30 gauge, 0.5 inch needle was inserted in a 70—80° angle at the
midline between the hip bones. After contact with the bone of the spinal
column was sensed, the needle angle was reduced to ~30°, and the needle
was slipped in between the vertebrae. Drugs were injected immediately
after a reflexive tail flick or an “S,” shape indicating puncture of the dura
mater.

Primary DRG cultures

Murine DRGs were dissected from spinal segments and directly trans-
ferred to ice-cold HBSS with CaCl, and MgCl, (Invitrogen). Next, iso-
lated DRGs were incubated with collagenase/dispase (500 U/ml
collagenase; 2.5 U/ml dispase) in Neurobasal Medium containing
L-glutamine (2 mm), penicillin (100 U/ml), streptomycin (100 ug/ml),
B-27, and gentamicin (50 ug/ml) (all from Invitrogen) at 37°C for 75
min. After removal of the collagenase/dispase-solution, cells were
washed twice with Neurobasal Medium containing 10% fetal calf serum
and were incubated for 10 min with 0.05% trypsin (Invitrogen). The
washing steps were repeated, and the cells were mechanically dissociated
with a 1 ml Gilson pipette. Finally, the neurons were plated on poly-L-
lysine (Sigma)-coated glass coverslips and incubated with Neurobasal
Medium containing L-glutamine (2 mm), penicillin (100 U/ml), strepto-
mycin (100 ug/ml), B-27, and gentamicin (50 ug/ml) overnight until
assessment by calcium imaging.

Calcium-imaging experiments

Calcium-imaging experiments were performed with two different set-
ups. First, we used an Axioscope 2 upright microscope (Zeiss) witha 10X
Achroplan water-immersion objective (Zeiss). The microscope was
equipped with an Imago charge-coupled device (CCD) camera and a
Polychrome IV monochromator (all TILL Photonics). Images were ac-
quired every 2 s at both wavelengths (340 and 380 nm) and were pro-
cessed using the Tillvision software (Coste et al., 2008). Later, a Leica
calcium-imaging setup, consisting of a Leica DMI 4000 b inverted mi-
croscope equipped with a DFC360 FX (CCD) camera, Fura-2 filters, and
an N-Plan 10X/0.25 Phl objective (all from Leica), was used. Images
were taken every 2 s and were processed with the LAS AF-software
(Leica). For each experiment, we chose an area with large cell numbers
and monitored 40110 cells simultaneously. Calcium-imaging experi-
ments were performed using DRG neurons 2448 h after preparation.
Cells were loaded with 5 um fura-2-AM-ester and 0.02% Pluronic F-127
(both from Biotium) and were incubated for 30—60 min at 37°C. Then
the cells were washed with an external solution containing the following
(in mm): 145 NaCl, 1.25 CaCl,, 1 MgCl,, 5 KCl, 10 D-glucose, and 10
HEPES, adjusted to pH 7.3. Baseline measurements were performed in
external solution at a flow rate of 1-2 ml/min. For EET stimulation,
10-500 nm 5,6-EET (Cayman) was dissolved in external solution (di-
rectly before experiments) and applied by bath perfusion at room
temperature. For control stimulations, the corresponding volume of
acetonitrile (Sigma) was mixed in external solution and applied with
the same flow rate. At the end of each measurement, cells were stim-
ulated for 30 s with external solution, including an additional 36 mm
KCl to identify viable neurons for the statistical evaluation. Calcium-
free solutions were generated by the removal of CaCl, and the addi-
tion of 2 mm EGTA, and osmotically controlled by increasing NaCl
concentrations to 150 mM. Stock solutions of HC-030031 (Sigma),
AMG 9810 (Tocris Bioscience), and ruthenium red (RR) (Sigma)
were diluted in external solution to their final concentrations (20 um
HC-030031, 1 um AMG 9810, 5 um RR).
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Determination of EETs by liquid chromatography-tandem

mass spectrometry

Tissue sampling. At the indicated time points after intraplantar injection
of 20 ul of complete Freund’s adjuvant (CFA), 25 ul of capsaicin (2 ug),
or the corresponding volumes of PBS, tissue was dissected, weighted, and
directly transferred to ethyl acetate (J.T. Baker), including 20 ul of inter-
nal standards (5.6 EET-d11, 8.9 EET-d8, 11.12 EET-d8, and 14.15 EET-
d8, all with a concentration of 200 ng/ml in methanol, all from Cayman
Chemical), and was stored at —80°C. The next day, tissue samples were
homogenized in extraction solvents using a Retsch Mixer-Mill MM 200.

Sample extraction and standards. Stock solutions with 2500 ng/ml all
analytes were prepared in methanol. Working standards were obtained
by further dilution with a concentration range of 0.1-250 ng/ml for EETs.
Sample extraction was performed with liquid-liquid extraction. There-
fore, tissue or cell culture medium was extracted twice with 600 ul of
ethyl acetate. The combined organic phases were removed at a tempera-
ture of 45°C under a gentle stream of nitrogen. The residues were recon-
stituted with 50 ul of methanol/water (50:50, v/v), centrifuged for 2 min
at 10,000 X g, and transferred to glass vials (Macherey-Nagel) before
injection into the liquid chromatography-tandem mass spectrometry
(LC-MS/MS) system.

Instrumentation for measuring 5.6-EET, 8.9-EET, 11.12-EET, and
14.15-EET. The LC-MS/MS system consisted of an AP14000 triple quad-
rupole mass spectrometer (Applied Biosystems) equipped with a
Turbo-V source operating in negative electrospray ionization mode, an
Agilent 1100 binary HPLC pump and degasser, and an HTC Pal au-
tosampler (Chromtech) fitted with a 25 ul LEAP syringe (Axel Semrau).
High-purity nitrogen for the mass spectrometer was produced by a NGM
22-LC-MS nitrogen generator (cmc Instruments). For the chromato-
graphic separation, a Gemini NX C18 column and precolumn were used
(150 X 2 mm inner diameter, 5 wm particle size, and 110 A pore size;
Phenomenex). A linear gradient was used at a flow rate of 0.5 ml/min in
mobile phase with a total run time of 17.5 min. Mobile phase A was
water/ammonia (100:0.05, v/v), and mobile phase B was acetonitrile/
ammonia (100:0.05, v/v). The gradient started from 85% in phase A to
10% within 12 min. This was held for 1 min at 10% in phase A. Within 0.5
min, the mobile phase shifted back to 85% in phase A and was held for 3.5
min to equilibrate the column for the next sample. The injection volume
of samples was 20 ul. Quantification was performed with Analyst soft-
ware version 1.4.2 (Applied Biosystems) using the internal standard
method (isotope-dilution mass spectrometry). Ratios of analyte peak
area and internal standard area ( y-axis) were plotted against concentra-
tion (x-axis), and calibration curves were calculated by least-squares re-
gression with 1/square concentration weighting.

Spinal cord slice preparation and patch-clamp recordings

As recently reported (Park et al., 2011), a portion of the lumbar spinal
cord (L4-L5) was removed from mice (4—6 weeks old) under urethane
anesthesia (1.5-2.0 g/kg, i.p.) and kept in preoxygenated ice-cold Krebs’
solution. Transverse slices (600 wm) were cut on a vibrating microslicer.
The slices were perfused with Krebs’ solution (8—10 ml/min) that was
saturated with 95% O, and 5% CO, at 36 £ 1°C for at least 1-3 h before
the experiment. The Krebs’ solution contained the following (in mm):
117 NaCl, 3.6 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2 NaH,PO,, 25 NaHCO,, and
11 glucose.

The whole-cell patch-clamp recordings were made from lamina II
neurons in voltage-clamp mode. Patch pipettes were fabricated from
thin-walled, borosilicate, glass-capillary tubing (1.5 mm outer diameter;
World Precision Instruments). After establishing the whole-cell config-
uration, neurons were held at the potential of —70 mV to record sEPSCs.
The resistance of a typical patch pipette was 5-10 M{). The internal
solution contained the following (in mm): 135 potassium gluconate, 5
KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, 5 HEPES, and 5 ATP-Mg. Membrane
currents were amplified with an Axopatch 200B amplifier (Molecular
Devices) in voltage-clamp mode. Signals were filtered at 2 kHz and dig-
itized at 5 kHz. Data were stored with a personal computer using
pCLAMP 10 software and analyzed with Mini Analysis (Synaptosoft).
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Figure 1. 5,6-EET concentrations in DRG tissue and release from sensory neurons upon ac-

tivation. 4, EET synthesis after nociceptive activation. 5,6-EET concentrationsin the paw, L4 L6
DRGs, and the dorsal horn of L4 L6 spinal cords were measured 30 min after intraplantar
injection of capsaicin (2 jug/25 wul) or vehicle. EET levels were determined from tissue extracts
by LC-MS/MS. Shown is the average == SEM form tissues of 10 animals per group. B, €, Levels of
AA and 5,6-EET from cell lysates and supernatants of cultured DRG neurons. Neuron-enriched
cultures from DRGs were incubated with A23187 (2 um) for 2 h. Then EETs and AA were ex-
tracted from cell lysates (B) or supernatants (€) and quantified by LC-MS/MS analysis. Data
shown represent the average = SEM from five culture dishes. D, E, Tissues from the plantar side
of the paw (D), and L4 — 6 DRGs (E) were dissected 30 min or 6 h after intraplantarinjection of 20
I of CFA or vehicle. EET levels were determined by LC-MS/MS. Shown is the average = SEM
form tissues of six animals per group. *p =< 0.05, **p =< 0.01; Student’s ¢ test.

Data analysis and statistics

All data are presented as mean * SEM. To determine statistically signif-
icant differences in all behavioral experiments, ANOVA for repeated
measures was used, followed by post hoc Bonferroni’s correction using
SigmaStat. For in vitro experiments comparing only two groups, Stu-
dent’s f test was carried out. A p value of < 0.05 was considered statisti-
cally significant.

Results

Noxious stimulation increases 5,6-EET synthesis in DRGs

To analyze whether EET synthesis is regulated during nocicep-
tion, we quantified EET levels in the paw, L4-L6 DRGs, and the
dorsal horn of the spinal cord after an acute stimulus or during
CFA-induced inflammation. TRPVI1-expressing nociceptors
were activated by intraplantar injection of capsaicin (2 ug/25 ul).
LC-MS/MS analysis of tissue extracts revealed that 30 min after
capsaicin injection, 5,6-EET levels significantly increased in the
DRGs and in the dorsal spinal cord but not in the paw (Fig. 1A).
Notably, basal 5,6-EET levels were high in the DRGs but almost
not detectable in the paw, suggesting that neuronal cells are a
major source of 5,6-EET. Next, we investigated whether 5,6-EET
is released from sensory neurons upon activation in vitro. Stim-
ulation of primary neuronal cultures from DRGs of adult mice
with the calcium ionophore A23187 (1 uM; 2 h) caused a signif-
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Figure 2.  5,6-EET induces calcium influx in sensory neurons. A, In vitro stability of 5,6-EET

was tested under all buffer conditions (pH, temperature) used in this study. 5,6-EET (1 um) was
dissolved in each buffer and was incubated for up to 6 h. 5,6-EET concentrations were measured
from extracted buffers by LC-MS/MS. B, Stimulation of adult DRG neurons with 5,6-EET (100 nw,
10's), but not its metabolite 5,6-DHET (1 wm, 10's), induced a transient and reversible calcium
flux. Neurons were identified by responses to KCI (40 mm, 10s). Shown is a representative trace.
C, 5,6-EET dose dependently activates a maximal of 11% of DRG neurons. Cells were stimulated
with different 5,6-EET concentrations or acetonitrile (ACN) as vehicle control (n = 5— 6 exper-
iments). D, Effects of COX inhibitors on 5,6-EET-mediated calcium flux in wild-type DRGs. Cul-
tured DRG neurons were treated with 1 wm indomethacin, 1 wum celecoxib, or vehicle (0.1%
DMSO0, v/v) 1 h before stimulation with 5,6-EET (250 nw) and KCI (40 mm, 30 s each). Shown are
representative traces. E, Statistical analysis of peak amplitudes from DRG neurons stimulated
with 5,6-EET, asin D (n = 6 experiments each). NB, Neurobasal; RT, room temperature.

icant increase in 5,6-EET concentrations in the cell culture me-
dium but not in cell lysates, suggesting that DRG neurons can
synthesize and release 5,6-EET upon activation (Fig. 1 B,C). Ad-
ditionally, we determined AA levels in the DRG lysate and the
supernatant after stimulation with A23187, and we observed el-
evated AA levels in the cells but not in the supernatant (Fig. 1C).
The in vitro data indicated that upon activation, neurons produce
AA, which is, in part, oxidized to 5,6-EET and can be released
extracellularly. Although the DRG cultures consist primarily of
neurons, they still contain small numbers of glia and fibroblasts,
and a contribution of these cell types cannot be excluded.

To investigate the regulation of 5,6-EET synthesis in an in-
flammatory pain model, we measured 5,6-EET tissue levels after
intraplantar injection of 20 ul of CFA 30 min and 6 h after injec-
tion. At 30 min after CFA injection, an early point when animals
show acute pain-like behavior (Ferreira et al., 2001), low levels of
5,6-EET with no significant difference to the vehicle-injected
paws were detected (Fig. 1D). At 6 h, when hyperalgesia and
edematous tissue have developed in the paw (Gao et al.,, 2010),
EET levels were still low. However, in DRGs from L4-L6 seg-
ments, 5,6-EET levels were markedly increased after 30 min. In-
terestingly, this effect was not seen at the 6 h time point (Fig. 1 E).
Levels of other EET regioisomers (8,9-EET, 11,12-EET, and
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Figure 3.  5,6-EET induces calcium influx in DRG neurons by activation of TRP channels. 4,

5,6-EET-induced calcium influx is blocked by Ca 2 _free EGTA buffer. Ca® ™ -free EGTA buffer
was washed in 5 min before a second 5,6-EET stimulation (100 nm, 10 s). Shown are represen-
tative traces of control (black) and Ca > -free treated DRG neurons (gray). B, Average values of
peak amplitudes normalized to the control (first 5,6-EET stimulation) peaks of traces from cells
as stimulated in 4 (n = 5— 6 experiments). €, 5,6-EET-induced calcium influx is blocked by RR.
Five micrometers of RR were washed in for 5 min before DRG neurons were again stimulated
with 5,6-EET (100 nw, 10 s). Shown are representative traces of control (black) and RR (5 pum;
gray) treated DRG neurons. D, Average values of peak amplitudes normalized to the control
(first 5,6-EET stimulation) peaks of traces asin € (n = 6 -7 experiments). **p << 0.01; Student’s
ttest.

14,15-EET) were not altered in any model and tissue (data not
shown), thus indicating that acute nociceptive stimulation selec-
tively induces the synthesis of 5,6-EET in sensory neurons during
acute pain. We conclude that 5,6-EET production is triggered by
neural activity rather than by the infiltration and activation of
immune cells.

5,6-EET induces a TRPA1-mediated calcium influx in

DRG neurons

To investigate whether 5,6-EET has direct effects on sensory neu-
rons, we performed calcium-imaging experiments with neurons
from DRGs of adult mice in vitro.

Given that 5,6-EET may be unstable because of degradation by
auto-hydrolyzation (Niising et al., 2007), the relative stability of
5,6-EET in extracellular solution was tested in all buffers and
under all temperature and pH conditions used in this study. There
was no significant difference between the stability of 5,6-EET com-
paring the buffers (Fig. 2A). In contrast, temperature-related 5,6-
EET stability differed. However, at room temperature, >40% of
5,6-EET remained after 2 h (Fig. 2A), indicating sufficient stability
for short-term in vitro experiments.

In calcium-imaging experiments, we observed a fast and tran-
sient response to a 10 s stimulation with 100 nm 5,6-EET but not
to its metabolite 1 uM 5,6-dihydroxyeicosatrienoic acid (DHET)
in a subset of neurons (Fig. 2 B). Next, we determined the per-
centage of 5,6-EET-responding cells (in a concentration range of
10-500 nM) among all neurons (40 mm KCl-responding cells)
and found that 11% of the DRG neurons were activated by 100
nM 5,6-EET (Fig. 2C). Higher concentrations of 5,6 EET (up to
500 nm) did not further increase the number of responding neu-
rons. To investigate the contribution of putative cyclooxygenase
(COX)-metabolites of 5,6-EET, we incubated DRG cultures with
indomethacin (1 uM), celecoxib (1 uMm), or vehicle (0.1% DMSO,
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v/v) 1 h before stimulation with 250 nMm 5,6-EET and 40 mm KCl
(Fig. 2D). However, we could not detect any differences in the
response amplitudes to 5,6-EET (Fig. 2 E), suggesting that COX
metabolites of 5,6-EET are not responsible for the observed
effects.

To test whether the calcium flux arises because of entry of
extracellular calcium or release from internal stores, we depleted
calcium from the external solution with EGTA (2 mm). In Ca®*-
free external solution, 5,6-EET-induced responses were abol-
ished, indicating that calcium flux results from the extracellular
solution (Fig. 3A, B). Next, we determined which calcium chan-
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nels are involved in the 5,6-EET-induced calcium influx in the
sensory neurons and tested the effect of the nonspecific TRP
channel blocker RR. Five micrometers of RR completely abol-
ished the 5,6-EET responses, suggesting that TRP channels may
mediate the calcium influx (Fig. 3C,D).
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0.05, compared with pretreatment baseline (1 = 5-10 cells). KO, Knock-out; wt, wild-type.

To identify which TRP channels are involved, we used specific
inhibitors of TRP channels and primary neurons from mice with
targeted deletions. Because 5,6-EET activates TRPV4 in endothelial
cells or when expressed heterologously (Watanabe et al., 2003; Vr-
iens et al., 2005), we investigated DRG neurons from TRPV4 -/
mice. Interestingly, there was no difference in the response to 300 nm
5,6-EET between DRG neurons from wild-type or TRPV4 '~ mice
(Fig. 4A, B). Next, we determined whether the 5,6-EET response was
blocked by the selective TRPV1 or TRPA1 antagonists AMG 9810 or
HC-030031, respectively (Gavva et al., 2005; Eid et al., 2008). Al-
though AMG 9810 had no effect, the selective TRPA1 antagonist
HC-030031 completely blocked the 5,6-EET responses, leaving KCI-
induced calcium flux unaffected (Fig. 4C,D). Finally, we investigated
5,6-EET responses in DRG neurons of TRPA1 ~/~ mice. TRPAI-
deficient DRG neurons responded normally to capsaicin (250 nm,
30 s) and KCI (40 mpm, 30 s) (Fig. 4E,G). However, 5,6-EET (250
nM, 30 s) did not induce any calcium flux, and the number of allyl
isothiocyanate (AITC)-responsive neurons was markedly re-
duced (100 uM, 30 s) (Fig. 4 F,G). The data suggest that 5,6-EET
responders are TRPA1/TRPV1-positive DRG neurons and that
the 5,6-EET-induced calcium influx is mediated by TRPAL.

5,6-EET-induced activation of TRPA1 requires intracellular
cysteine residues

Most chemical irritants or endogenous molecules that activate
TRPA1 are a,B-unsaturated electrophilic aldehydes that regulate

5,6-EET enhances sEPSCfrequency in lamina Il neurons of spinal cord slices through TRPA1. 4, B, sEPSC traces recorded
in spinal cord slices of wild-type (A) and TRPA1-KO (B) mice. 1, Trace before EET treatment; 2, trace after EET treatment; 3, trace
after AITC treatment (300 wm). Note that EET- and AlITC-induced sEPSC increases are abolished in TRPA1-KO mice. €, SEPSC
frequency (top) and amplitude (bottom). Note that EET and AITCincrease only the frequency but not the amplitude of SEPSCs. *p <

same way as pungent electrophiles such as
AITC through an interaction with intracel-
lular cysteine residues.

Peripheral 5,6-EET injections produce
acute pain and mechanical allodynia
TRPA1 agonists directly induce and sen-
sitize nociceptive behavior when injected
into the paw (Bautista et al., 2006; McNa-
mara et al., 2007). To test whether 5,6-
EET has a similar effect, we injected 5 um
5,6-EET into the plantar surface of a hindpaw and determined the
acute nociceptive response in mice. 5,6-EET induced a signifi-
cantly elevated acute licking response in the first 10 min after
injection compared with vehicle control (1.6% acetonitrile/PBS,
v/v) (Fig. 6A). Then the effect of intraplantar 5,6-EET on me-
chanical threshold was assessed with a dynamic plantar aesthesi-
ometer (0.5 until 6 h after injection). We found that 5 um 5,6-
EET but not its vehicle significantly reduced mechanical
thresholds at 0.5 and 1 h (Fig. 6 B), which implies mechanical
allodynia. Interestingly, this effect could not be observed in
TRPA1-deficient mice, thus indicating a role for TRPA1 in 5,6-
EET-mediated reduced mechanical thresholds (Fig. 6C). More-
over, no differences in heat-evoked responses in the radiant heat
test were detected when comparing 5 uM 5,6-EET or vehicle-
injected groups (Fig. 6 D). In conclusion, intraplantar adminis-
tration of 5,6-EET in mice induces acute pain behavior and
mechanical allodynia but not thermal hyperalgesia that is depen-
dent on TRPALI. This effect indicates that 5,6-EET has the capac-
ity to activate TRPA1 at peripheral nerve endings of nociceptors
in vivo.

5,6-EET increases the frequency of sEPSC in spinal cord slices
through TRPA1

To determine whether 5,6-EET could enhance spinal cord syn-
aptic transmission by TRPALI activation, we performed patch-
clamp recordings in spinal cord slices. Superfusion of spinal cord
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slices with 5,6-EET elicited a dose-dependent increase in the fre-
quency, but not the amplitude, of sSEPSC (Fig. 7A—C) in lamina II
neurons, suggesting a presynaptic mechanism, likely through
glutamate release from primary afferent central terminals (Park
etal., 2011). Notably, all the lamina IT neurons that responded to
5,6-EET also showed a profound increase in sEPSC frequency
after AITC perfusion (300 um), suggesting that 5,6-EET could act
on TRPAI-expressing central terminals (Fig. 7A). Neither 5,6-
EET nor AITC increased the amplitude of sEPSC (Fig. 7A-C),
arguing against a postsynaptic mechanism. Importantly, both
5,6-EET and AITC-induced sEPSC frequency increases were
completely lost in spinal cord slices prepared from TRPAI1-null
mice (Fig. 7C), suggesting that TRPA1 is required for 5,6-EET-
evoked enhancement of sSEPSC frequency.

Intrathecal injection of 5,6-EET causes mechanical allodynia
through activation of TRPA1

To further investigate the role of 5,6-EET as a putative pain me-
diator in the spinal cord, we injected 5 ul of 10 um 5,6-EET
intrathecally and determined its effects on mechanical pain
thresholds. Immediately after intrathecal injection of 5,6-EET or
vehicle, we did not observe any spontaneous nocifensive behavior
(data not shown). However, 5,6-EET, but not vehicle, induced
mechanical allodynia for up to 60 min after injection (Fig. 8A).
To investigate the contribution of TRPAI, we compared me-
chanical thresholds after intrathecal injection of 10 uM 5,6-EET
between wild-type and TRPA1-deficient mice and found me-
chanical allodynia after intrathecal 5,6-EET injection in wild-
type but not in TRPA1-deficient mice, indicating that the central
pronociceptive effect of 5,6-EET is mediated by TRPA1 (Fig. 8 B).
Additionally, we investigated whether heat hyperalgesia occurs
after intrathecal injection of 10 uMm 5,6-EET injection and could
not observe any differences in thermal thresholds compared with
the vehicle controls (Fig. 8C), indicating that 5,6-EET-induced
TRPALI activation in the spinal cord does not affect thermal
thresholds.

Discussion

Activation of TRPALI, expressed in a subset of TRPV1-expressing
nociceptor fibers, contributes to mechanical pain hypersensitiv-
ity during several inflammatory and neuropathic pain states (da
Costa et al., 2010; Wei et al., 2010, 2011; Kwan et al., 2009).
Interestingly, in addition to systemic administration, intrathecal
delivery of TRPAL1 blockers is sufficient to reduce pain hypersen-
sitivity (e.g., capsaicin-induced secondary mechanical hypersen-
sitivity), indicating that centrally produced endogenous TRPA1
activators must be involved. We have now identified the CYP450
metabolite 5,6-EET as a potent endogenous TRPA1 agonist, in
addition to its previously described action on TRPV4 (Watanabe
etal.,, 2003), and have shown that it acts centrally.

Most pungent chemicals or endogenous molecules target
TRPALI by an electrophilic interaction on its intracellular cysteine
residues. 5,6-EET also has electrophilic properties, carrying par-
tially positive charges at the 5" and 6" carbons at the epoxide ring.
A lipid—epoxide cysteine interaction has been described in vari-
ous biological pathways, such as for leukotriene C4 (LTC4) bio-
synthesis, where LTA4 is converted to LTC4 by a glutathione
transferase (Murphy and Gijon, 2007). Interaction between the
epoxide carbons of LTA4 and the free electron pair of the cysteine
sulfur leads to opening of the epoxide ring and promotes conver-
sion of LTA4 to LTC4. By using a TRPA1 mutant that lacks the
critical intracellular cysteine residues, we show that cysteine
modification is critical for TRPAI activation by 5,6-EET.
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Figure 8. Intrathecal injections of 5,6-EET cause mechanical allodynia through the activa-
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Whether 5,6-EET binds directly to TRPA1 or an intermediate
factor is necessary requires further investigation.

Other endogenous molecules, such as 4-HNE and cyclopen-
tones, also exhibit TRPA1-activating properties, but at consider-
ably higher concentrations (>30 uM) (Trevisani et al., 2007;
Materazzi et al., 2008). Because of their generation by COX or
reactive oxygen species, these lipid mediators are likely a conse-
quence of invading immune cells and oxidative stress at the site of
inflammation. We found that 5,6-EET is produced in the DRG
and the dorsal spinal cord in response to nociceptive activation
but not in inflamed tissues. Our data do support 5,6-EET as an
inflammatory mediator, even though it can activate peripheral
terminals, but its site of action appears to be on TRPA1 channels
located in DRGs and on the central terminals of primary afferent
fibers (da Costa et al., 2010; Wei et al. 2010), where the resultant
calcium influx will increase transmitter release, and this synaptic
facilitation or central sensitization will manifest as mechanical
pain hypersensitivity. It is interesting that 5,6-EET is synthesized
in the DRGs and in the dorsal spinal cord in response to nocice-
ptor activity, and therefore the central activation of TRPA1 will
be activity dependent. The comparison of EET concentrations in
cell lysates and culture media indicates that after PLA, activation,
EETs are released extracellularly or are quickly hydrolyzed to
their biologically inactive and more hydrophilic DHET metabo-
lites (Brenneis et al., 2011). It is not clear yet whether TRPA1
activation by 5,6-EET represents an autocrine or a paracrine
effect.

Nociceptive input induces spinal bradykinin production, which
facilitates synaptic transmission and mediates capsaicin-induced
secondary mechanical hyperalgesia (Wang et al., 2005). TRPA1-
deficient mice exhibit pronounced deficits in bradykinin-evoked
pain hypersensitivity, and bradykinin induces EET release in several
biological systems (Rastaldo et al., 2001; Bautista et al., 2006). We
found a significant increase in EET synthesis in the dorsal spinal cord
during acute pain when bradykinin is produced. Bradykinin might
thereby induce secondary mechanical hyperalgesia by inducing EET
release leading to TRPA1 activation on central afferent endings.

CYP2] isoforms, which exhibit strong epoxygenase activity
toward AA and thus form EETSs, are present in trigeminal sensory
neurons and promote neuropeptide release (Iliff et al., 2010). Iliff
et al. (2010) concluded that EETs are sensory neuron-derived
activators that induce peripheral calcitonin gene-related peptide
release causing vasodilatation, with a possible role in migraine.
We argue that EETs may enhance transmitter release from noci-
ceptor presynaptic terminals by the activation of TRPALI to facil-
itate synaptic transmission and to produce mechanical allodynia.
As a consequence, we found the frequency of spontaneous EPSPs
(sEPSPs) increased in spinal cord slices. Given that the ampli-
tudes of SEPSPs were not altered, we conclude that the 5,6-EET
acts presynaptically to facilitate spinal transmission.

Mechanical hyperalgesia occurs during Taxol- and diabetes-
induced neuropathy, in which an important contribution of en-
dogenous TRPA1 or TRPV4 activation has been demonstrated
(Quasthoff and Hartung, 2002; Alessandri-Haber et al., 2004;
Wei et al.,, 2010). Interestingly, CYP2C enzyme activity, expres-
sion, or both are upregulated in these models (Gustafson et al.,
2005; Elmi et al., 2008). Specific blocking of CYP450 signaling,
therefore, may provide analgesia in chronic pain conditions and
prevent painful side effects of cancer chemotherapy drugs.

Our data are compatible with the activity-dependent central
synthesis of 5,6-EET and the activation of TRPA1 channels on the
central terminals of nociceptors to facilitate synaptic transmis-
sion and to produce central sensitization. We suggest that 5,6-
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EET is a centrally acting endogenous TRPA1 activator with a role
in producing mechanical pain hypersensitivity.
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