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The transient receptor potential vanilloid 1 (TRPV1) channel is the principal detector of noxious heat in the
peripheral nervous system. TRPV1 is expressed in many nociceptors and is involved in heat-induced hyper-
algesia and thermoregulation. The precise mechanism or mechanisms mediating the thermal sensitivity of
TRPV1 are unknown. Here, we have shown that the oxidized linoleic acid metabolites 9- and 13-hydroxyocta-
decadienoic acid (9- and 13-HODE) are formed in mouse and rat skin biopsies by exposure to noxious heat.
9- and 13-HODE and their metabolites, 9- and 13-0x0ODE, activated TRPV1 and therefore constitute a
family of endogenous TRPV1 agonists. Moreover, blocking these substances substantially decreased the
heat sensitivity of TRPV1 in rats and mice and reduced nociception. Collectively, our results indicate that
HODEs contribute to the heat sensitivity of TRPV1 in rodents. Because oxidized linoleic acid metabolites are
released during cell injury, these findings suggest a mechanism for integrating the hyperalgesic and proin-
flammatory roles of TRPV1 and linoleic acid metabolites and may provide the foundation for investigating

new classes of analgesic drugs.

Introduction

The TRP family of ligand-gated ion channels consists of several
subgroups, including the vanilloid subfamily (transient receptor
potential vanilloid [TRPV]). The first member of the subfamily to
be discovered, TRPV1, is an extensively studied channel (1-5) that
is expressed in a substantial proportion of pain-sensing sensory
neurons, termed nociceptors. TRPV1 can be activated by a variety
of endogenous lipids (including lipoxygenase and phospholipase D
metabolites of arachidonic acid) and by exogenous substances such
as capsaicin (the pungent compound in hot chili peppers) (6). We
recently discovered that linoleic acid metabolites are synthesized in
the spinal dorsal horn following the afferent barrage due to stimuli
such as peripheral inflammation and constitute what we believe to be
a novel, physiologically active family of endogenous TRPV1 ligands
that mediates central sensitization to mechanical stimuli (7).

In the periphery, TRPV1 also serves as a detector for noxious heat
(> 43°C) (6), and pharmacological and gene deletion studies have
shown that TRPV1 is important in inflammatory heat hyperalge-
sia and thermoregulation (8-9). However, the precise mechanism
of heat activation of TRPV1 remains unknown. We found that
endogenous TRPV1 agonists are formed on exposure of cell mem-
branes to noxious heat. The released compounds activate TRPV1
and contribute to the thermal responsiveness of this channel.

Results

The hypothesis of heat-evoked generation of endogenous TRPV1
ligand(s) was evaluated by exposing mouse skin biopsies to basal
(37°C, control) or noxious (48°C, heated) temperatures. Aliquots
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of the 2 superfusates were applied at room temperature to cul-
tured trigeminal ganglia (TG) neurons from WT or TRPV1 KO
mice. In contrast to control superfusates, the application of super-
fusates collected from heated skin rapidly increased intracellular
calcium ([Ca?*];) levels, but only in WT neurons that were also
capsaicin sensitive (Figure 1A). Conversely, superfusates collected
from heated skin produced no changes in [Ca?*]; when applied to
neurons from TRPV1 KO animals (Figure 1B; mustard oil [MO]
served as a positive control). These results indicate that heated
skin releases compound(s) that activate TRPV1 (Figure 1C).
Interestingly, the TRPV1-activating property was only observed
in superfusates collected from skin biopsies exposed to noxious
temperatures (243°C; Figure 1D). In addition, samples obtained
from heated plastic culture wells (i.e., no skin biopsies) did not
alter [Ca?']; in TG neurons, demonstrating that these liberated
compounds were of biological origin.

To further characterize the TRPV1 specificity of these endog-
enous, heat-generated compound(s), we evaluated the effect of
pretreatment with the TRPV1 antagonist iodoresiniferatoxin
(I-RTX). I-RTX completely blocked the activation of neurons by
compoundy(s) released from heated skin (Figure 1E). In addition,
application of these compound(s) triggered prompt increases in
[Ca?*]; in CHO cells expressing TRPV1 but not in negative con-
trol CHO cells (Figure 1, F and G). Interestingly, the efficacy of
TRPV1 activation by these heat-generated compounds was great-
er in sensory neurons compared with CHO cells. Heated super-
fusate may contain other messengers (e.g., PGE2) that sensitize
TRPV1 in native cells that endogenously express receptors for
these substances (10-11). Moreover, in neurons cultured in the
presence of nerve growth factor (NGF), TRPV1 is phosphorylated
and in a sensitized state (12). Under whole-cell voltage clamp
conditions, the local application of compound(s) isolated from
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Figure 1

Heated skin evokes endogenous TRPV1 ligand(s). (A) Effect of superfusates, collected from 6 mouse skin biopsies (1.5 x 1.5 cm) after expo-
sure to noxious (48°C for 20 min) or control temperatures (37°C for 20 minutes), to TG neurons from WT mice (positive control: capsaicin [Cap],
100 nM) using single-cell calcium imaging. Superfusates were applied after cooling to room temperature. Results are plotted as the 340/380 ratio.
(B) The effect of same superfusate (1A) on calcium levels in TG neurons from TRPV1 KO mice. Positive control: MO (50 uM). (C) Graph sum-
marizing comparison of heated skin superfusate application to WT or TRPV1 KO neurons (n = 48 for WT and 36 for TRPV1 KO; P = 0.00001).
Mean + SEM. Results are plotted as A ratio 340/380 (A = maximum peak 340/380 — baseline 340/380). (D) Temperature dependence of endog-
enous TRPV1 agonist(s) release (no. of responder/total no. of neurons). (E) Effect of I-RTX (200 nM) pretreatment on superfusate-evoked (mouse
skin, heated at 48°C for 20 minutes) responses in TG neurons from WT mice (n = 44 for vehicle [Veh], 31 for I-RTX; P = 0.0003). (F) Heated skin
superfusate applied to TRPV1 CHO cells. Positive control: capsaicin (100 nM). (G) Graph summarizing comparison of heated skin superfusate
effect on CHO cells expressing TRPV1 (n = 56 for TRPV1, 43 for GFP, negative control; P = 0.00001). (H) Representative inward current in rat
TG neuron by heated mouse skin superfusate and capsaicin. (I) Nocifensive behavior (WT vs. TRPV1 KO mice) evoked by hind paw injection of

compound(s) isolated from previously heated skin biopsies (n = 5-6 per group; P = 0.0003). ***P < 0.001.

heated skin superfusate evoked a profound inward current
(902 + 203 pA, n = 6 cells) that was restricted to the capsaicin-sen-
sitive subpopulation of rat TG neurons (Figure 1H). Finally, the
heat-evoked components isolated from a Cig reversed-phase col-
umn produced significantly greater nocifensive behavior when
injected intraplantar (ipl) into the hind paws of WT mice com-
pared with TRPV1 KO mice (Figure 1I).

The heat-evoked generation of endogenous TRPV1 ligand(s)
was not restricted to mouse skin tissue. The application of nox-
ious heat to nontransfected CHO cells, rat skin biopsies, or even
skin biopsies from TRPV1 KO mice all resulted in the release of
compounds that rapidly activated TRPV1 (Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/JCI41678DS1). These results suggest that the machin-
ery required for the generation of endogenous TRPV1 ligand(s) is
widely expressed and does not require the presence of TRPV1 for
the release of these compounds.

We next sought to identify the endogenous TRPV1 ligand(s).
The only mass spectrometrically measured ion that appeared to
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be unique for the TRPV1-activating HPLC fraction appeared at
m/z 295 (Figure 2A). In some control samples from nonheated
skin, there was a detectable ion at m/z 295 in the aliquot, but
the abundance of this ion was always less than that found in
aliquots from heated skin. To identify the component that gen-
erated this negative ion, we carried out collisional activation of
the m/z 295 ion from a biologically active HPLC fraction (frac-
tion 22). The observed product ions (Figure 2B) were consistent
with 2 oxidized metabolites of octadecadienoic acid, namely
9-hydroxyoctadecadienoic acid (9-HODE) and 13-HODE (13).
Linoleic acid is one of the most abundant fatty acids in the body
and is a major component of the plasma membrane of nearly
all cells. Under conditions such as inflammation, cytotoxicity,
or hypotension, linoleic acid is rapidly oxidized to form bio-
logically active metabolites such as 9-HODE and 13-HODE
(14-16). Both 9-HODE and 13-HODE were released in increas-
ing amounts from mouse skin biopsies exposed to a noxious
temperature range (Figure 2, C and D). Interestingly, the tem-
perature dependence curve for HODE generation was strikingly
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Heating increases oxidized linoleic acid metabolites in skin. (A) HPLC comparison of unique substances in superfusates collected from mouse

skin biopsies (1.5 x 1.5 cm) after exposure to noxious heat (48°C for 20

min) or control temperatures (37°C for 20 min). The TRPV1 activity of

each fraction was evaluated using calcium imaging of TG neurons cultured from rats and CHO cells expressing TRPV1 (data not shown). cps,
counts per second. (B) Evaluation of product ions formed from HPLC fraction 22 following collisional activation of the [M-H]- ion at m/z 295

with tandem quadrupole mass spectrometer monitoring of either m/z 171

(9-HODE) or m/z 195 (13-HODE). (C and D) Temperature-dependent

release of 9-HODE (C) and 13-HODE (D) into mouse skin superfusates collected after 20 minutes exposure to a given temperature. 9- and
13-HODE were detected by HPLC/MS as described (x axis has a logarithmic scale).

similar to that observed with heat activation of TRPV1, with
more shallow slope at lower temperatures and steep slope at
noxious temperature (17).

We then characterized the pharmacological activity of synthetic
9-HODE and related compounds. The application of 9-HODE
activated WT TG neurons (Figure 3A) but not TRPV1 KO neurons
(Figure 3B). The neuronal population that responded to 9-HODE
in WT mice completely coincided with the capsaicin-sensitive pop-
ulation (75/75 neurons). The application of 9-HODE to neurons
cultured from TRPV1 KO mice resulted in a slight response in 4% of
tested neurons (3/66); however, both the magnitude and time course
of [Ca?']; accumulation were substantially reduced (Figure 3C).
In a whole-cell voltage-clamp recording, administration of 9-HODE
(100 uM) evoked an inward current (2286 + 455 pA, n = 6; Figure 3D)
in neurons that also responded to capsaicin. The application of
9-HODE to cultured rat TG neurons triggered the release of immu-
noreactive calcitonin gene-related peptide (ICGRP), with effects evi-
dentat 10 nM and a half-maximal effective concentration (ECsg) of
approximately 300 nM (Figure 3E). Similarly, in CHO cells express-
ing TRPV1, 9-HODE was able to evoke calcium accumulation at
concentrations as low as 10 nM (data not shown). This concentra-
tion range encompasses levels found in the heated skin superfus-
ate in the mass spectrometry (MS) analysis. 13-HODE generated
inward currents in CHO cells transfected with TRPV1, with an ECs
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of approximately 800 nM (Figure 3F). Application of 9-0xoODE,
a metabolite of 9-HODE, also increased [Ca?*]; accumulation
(Figure 3G). Another major metabolic pathway of linoleic acid
leads to formation of 13-HODE and its metabolite, 13-oxoODE.
The relative efficacy of 9-HODE, 13-HODE, 9-0x0ODE, and
13-0x0ODE for evoked [Ca?']; levels was evident when tested
in cultured neurons from WT mice (Figure 3H) and in TRPV1-
expressing CHO cells (Figure 3I). Both 9-HODE and 13-HODE
were inactive in CHO cells expressing TRPV2, -V3, or -V4 (data
not shown). In addition, the ipl hind paw injection of 9-HODE in
rats produced a dose-related increase in spontaneous nocifensive
behavior that was significantly increased when 9-HODE was coin-
jected with a mixture of 13-HODE, 9-0x0ODE, and 13-0xoODE
(Figure 4A). In addition to inducing acute pain in rats, the ipl
injection of 9-HODE in mice produced thermal hyperalgesia in
WT but not TRPV1 KO animals (Figure 4B).

If heat-generated linoleic acid metabolites contribute to the
heat sensitivity of TRPV1, then these compounds should remain
active in TRPV1 mutants that are heat sensitive but capsaicin
insensitive. We transfected CHO cells with Trpv15!! and Trpv1512,
2 mutants that are responsive to heat and pH, but not capsaicin
(18). Application of either the endogenous compounds isolated
from heated skin or synthetic 9-HODE, increased [Ca?*]; in these
Trpvl mutant-transfected CHO cells (Supplemental Figure 2),
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Oxidized linoleic acid metabolites are TRPV1 agonists. (A and B) Synthetic 9-HODE (100 uM) activates TG neurons from WT mice but not from
TRPV1 KO mice as measured using calcium imaging. (C) Graph summarizing comparison of 9-HODE activation of TG neurons from WT versus
TRPV1 KO mice (n =50 for WT and 66 for TRPV1 KO; P = 0.0002). (D) Whole-cell recording demonstrates activation of a rat TG neuron by syn-
thetic 9-HODE (100 uM) and capsaicin. (E) Concentration-response effects of applying synthetic 9-HODE (15 minutes) on iCGRP release from cul-
tured rat TG neurons as measured by radioimmunoassay (n = 8—16 wells/group; P = 0.0001). BL, baseline. (F) Concentration-response curve for
synthetic 13-HODE. Responses (pA/pF) were recorded from TRPV1-expressing CHO cells. (G) Effect of applying synthetic 9-oxoODE (100 uM)
on TG neurons from WT mice (n = 71 for WT and 83 for TRPV1 KO; P = 0.0007). *P < 0.05; **P < 0.01; ***P < 0.001. (H and I) Comparison of
the effects of applying linoleic acid metabolites (all 100 uM; n = 47-75) to TG neurons cultured from WT mice (H) or to CHO cells transfected

with TRPV1 () as measured by calcium imaging.

although the magnitude was somewhat lower than WT TRPV1.
AMGS8562 is a TRPV1 antagonist that does not block heat acti-
vation of TRPV1 but is a highly potent and effective blocker of
capsaicin activation of TRPV1 (19). Pretreatment with a saturat-
ing concentration of AMG8562 had no effect on 9-HODE-evoked
calcium accumulation in rat TG neurons but completely blocked
the effects of capsaicin (Supplemental Figure 2). Collectively,
these data indicate that an endogenous compound or compounds
isolated from heated skin and synthetic 9-HODE activate TRPV1
in a manner that is similar to noxious heat but different from that
of capsaicin. The data suggest that the ligand recognition site on
TRPV1 for these substances is distinct from the capsaicin site,
with at most only a partial overlap.

Next, we evaluated whether heat-evoked activation of rat TG
neurons is inhibited by interventions directed against linoleic
acid metabolites. Since oxidized linoleic acid metabolites can be
formed either enzymatically (via lipoxygenase) or spontaneous-
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ly (via free radicals; ref. 15), we used nordihydroguaiaretic acid
(NDGA), since this compound inhibits both pathways (20, 21).
Pretreatment with NDGA produced approximately 50% reduc-
tion in Ipe (Figure 5, A and B). In addition, heat-evoked (48°C)
iCGRP release was significantly inhibited by pretreatment with
NDGA and I-RTX but not by indomethacin, a cyclooxygenase
inhibitor (Figure 5C). Thus, the heat-evoked release of endog-
enous compounds is independent of a cyclooxygenase pathway.
The effect of NDGA was concentration dependent in both assays
(electrophysiology and CGRP release), with a statistically insig-
nificant effect at 1 uM and minimal inhibition (~23%) at 10 uM.
Higher concentrations of NDGA (>100 uM) evoked inward cur-
rent and iCGRP release, limiting its use to evaluate the effect on
heat activation of neurons. We then directly evaluated whether
intracellular immunoneutralization of 9-HODE and 13-HODE
alters the responsiveness of sensory neurons to noxious heat. The
pipette solution was loaded with both anti-9-HODE and anti-
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Oxidized linoleic acid metabolites trigger acute pain and thermal hyper-
algesia. (A) Effects of an ipl hind paw injection in rats of 9-HODE or
a mixture of 9-HODE, 13-HODE, 9-0x0ODE, and 13-0xoODE (mix,
25 ug each) on spontaneous nocifensive behavior (duration of flinch-
es; n = 4-6/group; *P < 0.05; **P = 0.003 vs. vehicle; ***P = 0.0001
vs. all other groups). Observers were blinded to treatment allocation.
(B) Effects of an ipl injection of 9-HODE in WT or TRPV KO mice on
paw withdrawal latency to a beam of radiant heat (n = 6 per group;
P =0.007 at 15 minutes).

13-HODE antibodies and delivered intracellularly via dialysis.
This treatment combination decreased I, in a dose-dependent
fashion, with the greatest dose achieving a 54% reduction in Ihea
(P <0.01; Figure 5, D and E). Interestingly, dialysis of either anti-
body alone did not significantly reduce Ihe, implicating a redun-
dancy in the signaling properties of these compounds. Moreover,
both antibodies when used alone demonstrated a statistically
insignificant trend toward sensitization of e, (increase of 17%,
P =0.17). Importantly, dialysis with even the highest dose of the
antibody combination did not affect capsaicin-evoked (100 nM)
inward currents (vehicle control: 1.34 + 0.4 nA vs. antibodies:
1.53 + 0.3 nA; n = 6 cells each), suggesting that the inhibitory
effect of the antibodies was specific to heat activation of TRPVI.
Control experiments demonstrated that intracellular delivery
of NDGA or the anti-HODE antibodies had no effect on the
responses by extracellular bath delivery of 9-HODE, suggesting
that the reservoir of 9-HODE in the bath can saturate available
intracellular antibodies (Supplemental Figure 3). Finally, we eval-
uated the behavioral consequences of blockade of linoleic acid
oxidation and neutralization of HODEs on thermal nociception
in rats. The ipl hind paw injection of NDGA evoked significant
thermal antinociception compared with the contralateral paw of
the same animals or with vehicle-injected paws in a separate set
of animals (Figure 5F). Moreover, the ipl injection of a combina-
tion of antibodies against 9- and 13-HODE also evoked signifi-
cant antinociception in the injected paw without any effect on
the contralateral paw (Figure 5G). Demonstration of an effect
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restricted to the ipsilateral (injected) hind paw indicates that
these drugs produced their antinociceptive effect by a peripheral
mechanism of action localized in the injected tissue. Collectively,
these data indicate that compounds that block the synthesis or
actions of linoleic acid metabolites significantly reduce TRPV1
activities in vitro and behavioral responses to heat in vivo.

Next, we compared the latency of TRPV1 activation by heat and
by oxidized linoleic acid metabolites (Figure 6). Control stud-
ies first determined the inherent latencies resulting from the
perfusion system (potassium as positive control; Figure 6B) and
delivery of thermal stimuli (48°C as positive control; Figure 6C),
allowing us to calculate the latencies resulting from application
of 9-HODE and to 43°C heat. The observed mean latencies to
9-HODE was quite similar to that of 43°C (10-13 ms; Figure 6A).
It should be noted that our latency-measurement equipment had
a standard deviation of approximately 5 ms. Under these condi-
tions, there was no significant difference (P > 0.05) between the
latencies of 9-HODE and heat activation of TRPV1.

We next evaluated the direct activity of linoleic acid on TG
neurons and CHO cells using single-channel recording and cal-
cium imaging (Figure 7). The addition of high concentrations
of linoleic acid produced a concentration-dependent increase in
TRPV1 activity/open probability (P,) (Figure 7, A and B). Further-
more, pretreatment with NDGA (30 uM, 15 minutes) blocked the
effects of even the largest concentrations (1 mM) of linoleic acid
on calcium accumulation (340/380 ratios: vehicle/linoleic acid,
0.092 + 0.008, n = 53, versus NDGA/linoleic acid 0.032 + 0.004,
n =358, P <0.001; Figure 7C).

Washing inside-out patches for at least 3 minutes led to the rapid
loss of heat activation of TRPV1 (Figure 8). In contrast, applica-
tion of the TRPV1 ligands 9-HODE (Figure 6A) and capsaicin
(Figure 8D) activated TRPV1 even after a 5- to 10-minute washing
period, indicating that the lost response to heat was not a result
of a loss of TRPV1 responsiveness. The addition of linoleic acid
to the heated solution (at a concentration that did not generate
responses at room temperature, 22-24°C) resulted in a reappear-
ance of the heat response, indicating that linoleic acid rescued the
heat response under these conditions (Figure 8A). Furthermore,
linoleic acid did not sensitize the TRPV1 channel, as application
of linoleic acid and capsaicin did not further increase the TRPV1
P, (Figure 8D). These results can be interpreted to indicate that
the addition of linoleic acid provides the necessary precursor for
formation of HODEs and that generation of HODESs contributes
to restoration of heat sensitivity of TRPV1.

Discussion

Here, we evaluated the hypothesis that the heat sensitivity of
TRPV1 is regulated by the generation of endogenous ligands. We
found that heat-generated linoleic acid metabolites comprise a
family of physiologically relevant TRPV1 agonists that contribute
to the heat responsiveness of this channel. Moreover, our results
also suggest a previously unknown mechanism by which TRPV1
might mediate biological actions of oxidized linoleic acid metabo-
lites in conditions such as inflammation and hypotension.

Heat activation of TRPV1 appears to occur in a membrane-
delimited fashion (during short periods) (4) that is dependent
on its C terminus (1) or voltage gating (5). Notably, TRPV1 heat
sensitivity is mechanistically distinct from capsaicin sensitivity
(18, 19). On the basis of these studies and our own results, we
propose that heating leads to the generation of oxidized linoleic
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Inhibition of oxidized linoleic acid metabolites decreases heat sensitivity of TRPV1. (A) Effect of applying vehicle or NDGA (30 uM, 15 minutes)
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and I-RTX (200 nM) on heat-evoked iCGRP release from cultured rat TG neurons (n = 8—16 wells/group; P = 0.02 for NDGA and 0.00001 for
I-RTX). (D) Effect of an intracellular dialysis (for 5-10 minutes) of either vehicle or a combination of anti-9-HODE and anti—13-HODE antibodies
(0.06 and 0.012 ug, respectively) on lhea in cultured rat TG neurons. (E) Graph summarizing effects of dialysis with antibodies against 9- and
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in a recording pipette). (F and G) Effect of ipl hind paw injection of vehicle, NDGA (F, n = 6/group; P = 0001), or a mixture of anti-9-HODE and
anti-13-HODE antibodies (G, 25 ug each/paw, n = 6/group; P = 0.005) on paw withdrawal latencies to a beam of radiant heat in rats. Observers
were blinded to treatment allocation. *P < 0.05; **P < 0.01; ***P < 0.001.

acid products in the plasma membrane that are important for
TRPV1 responses to noxious thermal stimuli. Since these sub-
stances are formed in the membrane in the vicinity of TRPV1,
substantially high concentrations of these substances could
occur in the local microenvironment. It should be noted that
in inflammatory diseases, relatively high levels of HODEs are
observed even in extracellular compartments (22-23). Our data
indicate that 9-HODE and 13-HODE substantially contribute
to the heat responsiveness of TRPV1 in vitro and in vivo. Other
factors contributing to the heat responsiveness of TRPV1 could
include either the intrinsic heat sensitivity of TRPV1, additional
endogenous ligands, or both. Given the temporal resolution of
our latency experiments (Figure 6), it is possible that heat direct-
ly activates TRPV1, with a subsequent generation of endogenous
ligands that further amplifies the heat response. Although other
substances may be present in the superfusate, the demonstration
that the observed biological actions occur only in WT neurons
and not neurons from TRPV1 KO animals (Figure 1C), that pre-
treatment with I-RTX, a TRVP1 antagonist, blocks the response
(Figure 1E), and that superfusate-evoked nocifensive behavior is
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almost absent in TRPV1 KO animals (Figure 1I) indicate that
dominant biological effects can only be attributed to TRPV1
activation. In addition, the in vitro and in vivo results indicate
that blockade of the endogenous linoleic acid metabolites sub-
stantially decreased responses to thermal stimuli. Notably, the
heat sensitivity of another member of the TRP family, TRPV4, is
mediated via generation of a soluble ligand (24).

Heated skin releases 9-HODE and 13-HODE and the application
of 9-HODE and 13-HODE as well as of their respective metabo-
lites (9- and 13-0xoODE) effectively activates TRPV1. Thus, the
net effect of the heated skin superfusate may be attributed to
the action of several endogenous lipids on TRPV1; indeed, hind
paw injection of 9-HODE has no effect on thermal allodynia in
TRPV1 KO animals (Figure 4B). In addition, there was a substan-
tial increase in spontaneous nocifensive behavior when all 4 sub-
stances were injected together (Figure 4A). This suggests that the
interaction among these linoleic acid metabolites may produce a
super-additive effect on TRPV1 activation and nocifensive behav-
iors. Indeed, such an entourage effect has been proposed for other
bioactive lipid families (25-26). The HODE:s in the superfusate
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can be generated from both neuronal and nonneuronal tissues
(15, 27) (Figure 1 and Supplemental Figure 1) and thus may act
as both intracellular and intercellular mediators. Intracellular
concentrations of these substances in the vicinity of TRPV1 could
easily become very high, as they are formed near the plasma mem-
brane. In the thermal nociception test, ipl injection of antibodies
to 9- and 13-HODE evoked substantial thermal antinociception.
It is unlikely that these antibodies crossed the cell membrane of
the sensory terminals and neutralized the intracellular HODEs,
suggesting that the intercellular component is important for basal
thermal detection. PGE, was recently proposed as another possible
intercellular messenger (10).

Our data demonstrate, for what we believe is the first time,
that oxidized linoleic acid metabolites constitute a family of
endogenous TRPV1 ligands that are released under physiologi-
cal conditions in the periphery. The activation of TRPV1 may
explain the role of these metabolites in inflammatory or degen-
erative diseases such as arthritis, atherosclerosis, and psoriasis
(22-23, 28). In rat and mouse TG neurons, the excitatory effect
of 9-HODE and 9-0xoODE was almost entirely dependent on the
presence of TRPV1. Thus, it is conceivable that oxidized linoleic
acid metabolites may be formed by heat or even other stimuli
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Figure 6

Application of 9-HODE and heat (43°C) demonstrate similar latencies
for activation of TRPV1. (A) The latencies for generation of single-
channel inward currents due to application of either 9-HODE (100 uM)
or 43°C to TRPV1-expressing CHO cells. n = 6-10. Recording was
carried out in cell-attached (C-A) and inside-out (I-O) configurations
(configur.). (B) Representative single-channel inside-out traces illus-
trating the measurement of the latency for 9-HODE. Latency was
calculated as the difference between a and b. A solution containing
potassium (50 mM) was applied via the recording pipette to measure
the inherent latency of the perfusion system (b). Inside-out configura-
tion was established for 3-5 minutes. c is a close state. 1, 2, and 3 are
numbers of channels in the patches. (C) Representative single-chan-
nel inside-out traces illustrating the measurement of the latency for
43°C. Temperature was applied immediately (within 1 minute) after
establishment of the inside-out configuration. Latency was calculated
as a—b, where b is the time to reach 43°C in the vicinity of the cells.
Temperature ramp was recorded by placing a thermistor in the position
of previously recorded cells.

(29) and contribute to ongoing pain or hyperalgesia in inflam-
matory diseases. This hypothesis suggests that agents blocking
either the production or action of these substances could lead to
pharmacological interventions for many inflammatory diseases
or pain disorders. Indeed, our recent studies demonstrate effi-
cacy of such an approach in blocking TRPV1-mediated central
sensitization in the spinal cord (7).

Previous studies have demonstrated that leukotrienes acti-
vate TRPV1, epoxyeicosatrienoic acids activate TRPV4, and
4-hydroxynonenal and 15d-PG]J; activate TRPA1 (30-32). Our
results add HODESs as endogenous ligands for TRPV1. It is note-
worthy that all these TRP ligands are lipid oxidation products. It is
therefore tempting to speculate that one of the major roles of cer-
tain TRP channels in mammals is to act as sensors of membrane
lipid oxidation as a surrogate for cellular damage.

Methods

Animals. Adult male CS6BL/6 mice (both WT and TRPV1 KO; Jackson
Laboratory) and Sprague-Dawley rats (Charles River) were used for all
the studies. All protocols were approved by the Institutional Animal
Care and Use Committee of the University of Texas Health Science Cen-
ter at San Antonio.

Drugs. All drugs were purchased from Cayman Chemicals with the
exception of I-RTX (Tocris) and antibodies to 9-HODE and 13-HODE
(Oxford Biomedical Research). AMG 8562 was donated by Narender
Gavva (Amgen Inc.).

Preparation of skin superfusate and isolation of active component(s). Skin biop-
sies (1.5 x 1.5 cm from 6 mice) were dissected from the back of decapitated
mice, chopped into smaller pieces, and washed for 40 minutes at room
temperature (22-24°C) before being exposed to modified HBSS (2 mM
CaCl,, 4 mM NaHCOj3, and 10 mM HEPES; 6 ml total) at nonnoxious
(22-37°C) or noxious (43-48°C) temperatures for 20 minutes each (each
set of biopsies was only exposed to 1 elevated temperature condition).
The superfusate was collected and allowed to return to room temperature
(22-24°C) before we carried out the calcium imaging, electrophysiological,
or behavioral experiments. A similar protocol was followed in experiments
evaluating the release of substances from CHO cells (donated by Nathan-
iel Jeske, University of Texas Health Science Center at San Antonio) and
rat skin. In subsequent experiments, lipophilic compounds were isolated
from the superfusate via C18 SepPak columns (Waters), washed with 20 ml
0f 0.05% trifluoroacetic acid (v/v), and eluted with 90% acetonitrile/0.05%
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trifluoroacetic acid (TFA) (v/v). The eluate was dried under a flow of nitro-
gen and stored at -80°C until testing, when it was redissolved in the same
volume of modified Hanks buffer. When the superfusate was prepared for
HPLC and MS analysis, it was eluted with 90% acetonitrile without TFA.
The efficacy for activating TRPV1 was the same for freshly collected super-
fusate and the resuspended compounds, indicating that they were stable
after collection under these conditions.

TG culturing, iCGRP release, and calcium imaging. TG culturing, iCGRP
release, and calcium imaging experiments were performed as described
previously (33-34) In calcium-imaging experiments, calcium accumula-
tion ratio change below 0.03 was considered to be noise. This number was
obtained after analysis of more than 10° cells that were exposed to a flow of
buffer or vehicle alone. In the calcium-imaging experiments, all drugs were
applied for 1 minute. The TRPV1 mutants used in the characterization of
superfusate and 9-HODE were donated by David Julius (UCSF).

Electrophysiology. The whole-cell voltage-clamp (V) = -60 mV) recordings
were performed at 22-24°C from the somata of TG neurons (15-45 pF) or
CHO cells. Single-channel recordings were carried out in cell-attached con-
figuration as previously described (35). Data were acquired and analyzed
using an Axopatch 200B amplifier and pCLAMP9.0 software (Axon Instru-
ments). Currents were filtered with an 8-pole, low-pass Bessel filterat 0.1 kHz
(cell attached or inside out) or 0.5 kHz (whole cell) and sampled at 1 or
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Figure 7

Indirect activation of TRPV1 by linoleic acid. (A) Concentration-depen-
dent effect of linoleic acid (LA) on P, of TRPV1 in transfected CHO
cells using inside-out configuration at room temperature. Patches were
washed at least 3 minutes before linoleic acid application at room tem-
perature. (B) Representative single-channel traces demonstrating
the effect of different concentrations of linoleic acid on P, of TRPV1-
expressing CHO cell membrane patches. c is a close state. o is an
open state, in which the patch contained 1 channel. 1, 2, and 3 are the
numbers of channels in the patches. (C) Effect of pretreatment with
either vehicle or NDGA (30 uM, 15 minutes) on linoleic acid—induced
activation of TRPV1 transfected CHO cells as measured using calcium
imaging (n = 25-50; P = 0.0001). **P < 0.01; ***P < 0.001.

2 kHz, respectively. Access resistance (R,) was compensated (40%-80%)
when appropriate to achieve a final R, of 7-10 MQ (whole cell). Data were
rejected when R, changed by more than 20% during recording, leak cur-
rents were greater than 50 pA, or input resistance was less than 300 M.
Currents were considered to be positive when their amplitudes were 5-fold
larger than displayed noise (in root mean square). The equations for the
calculation of cell diameters and concentration-response curves were
described previously. Single-channel unitary current (i) was determined
from the best-fit Gaussian distribution of amplitude histograms. P, was
calculated by normalizing NP, for the total number of estimated channels
(N) in the patch. To increase accuracy in measurement of P,, we only used
patches containing 5 or fewer channels. The solutions for electrophysi-
ological recordings were described previously (33, 36). Briefly, standard
external solution contained 2 mM Ca?*. The standard pipette solution for
the whole-cell configurations contained 140 mM KCI, 1 mM MgCl,, 1 mM
CaCl,, 10 mM EGTA, 10 mM D-glucose, 10 mM HEPES, 0.2 mM Na-GTP,
and 2.5 mM Mg-ATP (pH 7.3). For single channel (cell attached and inside
out), the bath solution consisted of 100 mM potassium gluconate, 4 mM
KCl, 1 mM MgCl,, 1 mM EGTA, 10 mM b-glucose, and 10 mM HEPES
(pH 7.3). The pipette solution contained 100 mM sodium gluconate,
10 mM NaCl, 1 mM MgCl,, 2 mM CacCl,, 10 mM p-glucose, and 10 mM
HEPES (pH 7.3). Drugs were applied using a fast, pressure-driven, com-
puter-controlled 8-channel system (ValveLink8; AutoMate Scientific). For
heat activation, the extracellular solution was heated by a TC-344B placed
inside a SF-28 on-line heater (Warner Instruments) and locally delivered
to the cells. The rate of solution flow controlled the slope of the tempera-
ture ramps. The temperature in the vicinity of the cells was recorded by
a thermistor probe (Harvard Apparatus) positioned in close proximity to
the cell and coupled to an Axopatch 200B amplifier and pClamp 9.0 soft-
ware (Molecular Devices).

HPLC separation, bioactivity confirmation, and MS. All solvents were HPLC
or optima grade and obtained from Fisher Scientific. Aliquots from con-
trol and heated skin superfusates (20 minutes at 37°C and 48°C, respec-
tively) were isolated by C18 Sep Pak columns, dried, and dissolved initially
in acetonitrile (100 ul). An aliquot (25 ul) was taken to dryness, dissolved
in acetonitrile/water (1:9), and injected into a reversed phase HPLC col-
umn where a portion (10%) of the TRPV1-active sample was diverted
into a mass spectrometer for electrospray (negative ion) ionization. The
remaining sample (90%) for each HPLC fraction was used to assess TRPV1
biological activity using calcium imaging of CHO cells transfected with
TRPV1. Separation of the biologically active samples from control and
heated skin was carried out using a Shimadzu LC-10ADVP HPLC system
and a 5 wm Luna 250 x 4.6-mm column from Phenomenex. The flow rate
was 1 ml/min! with a gradient from 10% solvent A to 90% solvent B in
30 minutes, where solvent A was 8.3 mM acetic acid, buffered to pH 5.7
with NH4OH, and solvent B was acetonitrile. Approximately 10% of the

http://www.jci.org



A * k%
0.4
*kk
0.3
Qg2
0.1
0.0 1
Treatment48 | 48 22/LA 40/LA 43/LA 45/LA 48/LA
Configur. C-A -0
B -0 C-A
Ramp to 48°C Ramp to 48°C
1s 1s
2pAr— 1pA™

C 25°C/1 uM LA 40°C/1 uM LA

research article

D
0.4 NS
0.3
0.°0.21
0.14
0.0
100nMcap 10uMLA  Cap/LA
Treatment
[}
% E 100 nM cap
:
05s 2
1pA

™ T T
1 pA'LS
43°C/1 uM LA

N c
1pAT—

48°C/1 uM LA

1pAT—

Figure 8

1s
1 pAl—

TP T T §

100 nM cap/10 uM LA

c
1
055 2

1pAT

Linoleic acid rescues the TRPV1-mediated heat responses in membrane patches. (A) The responsiveness of TRPV1-expressing CHO cells to
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linoleic acid (LA) (1 uM) rescues temperature responses (i.e., P,) in inside-out patches from TRPV1-expressing cells that were washed at least
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3 minutes prior to the recording. (C) Representative traces illustrate the effects of application of 1 uM LA at indicated temperatures. Recordings
were performed from inside-out patches washed at least 3 minutes. (D) Coapplication of 10 uM linoleic acid does not affect capsaicin-gated
(100 nM) responses in TRPV1-expressing patches. Recordings were performed from inside-out patches washed at least 3 minutes. (E) Repre-
sentative traces show single-channel recording for Cap and a mix of Cap and linoleic acid.

HPLC flow was diverted into the electrospray ion source of a triple quad-
rupole mass spectrometer (API 3000; Applied Biosystems), and mass spec-
trometric analysis was performed in a negative ion mode. The remaining
eluate was collected in a fraction collector and used for assessment of
TRPV1 activity using calcium imaging on CHO cells expressing TRPV1.
The liquid chromatography (LC)/MS dataset was then examined for the
elution of specific components in the heated skin fraction compared with
the control skin fraction. The biologically active fraction from a separate
sample preparation (HPLC fraction 22) was analyzed by nanoelectro-
spray, and enhanced product ion scanning was performed on an Applied
Biosystems API 4000 Q-trap, hybrid tandem quadrupole/linear ion trap
mass spectrometer (Applied Biosystems). For this experiment, a sample
corresponding to 25% of the entire biologically active fraction 22 from
heated skin was dissolved in 200 ul methanol/dichloromethane (1:1, v/v)
and placed into a NanoMate 100 (Advion Biosciences). Nanoelectrospray
was initiated by applying -1.32-kV spray voltage and 0.15-psi nitrogen
head pressure to the sample in the pipette tip to initiate the nanospray
(200 nl/min-"). The first quadrupole stage was set to pass the ion at m/z
295, which was collisionally activated, and product ions accumulated in
the linear ion trap for enhanced product ion scanning.

Behavioral studies. Nocifensive behavior and thermal hyperalgesia were
monitored by observers blinded to treatmentallocation as described (37-38).

The Journal of Clinical Investigation

For the nocifensive behavioral assay, compounds isolated from heated skin
superfusates from 12 mouse skins were redissolved in 500 ul of 0.9% saline
(w/v), and 50 ul was injected in each hind paw.

Statistics. Data are presented as mean + SEM. Statistical analyses were per-
formed using 2-tailed Student’s ¢ test or 1-way ANOVA with Bonferroni’s post
hoc testing. A statistically significant difference was defined as P < 0.05.
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