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ABSTRACT

Severe pain remains a major area of unmet medical need. Here
we report that agonists of the nuclear receptor PPAR-« (per-
oxisome proliferator-activated receptor-«) suppress pain be-
haviors induced in mice by chemical tissue injury, nerve dam-
age, or inflammation. The PPAR-«a agonists GW7647 [2-(4-(2-
(1-cyclohexanebutyl)-3-cyclohexylureido)ethyl)phenylthio)-2-
methylpropionic acid], Wy-14643 [4-chloro-6-(2,3-xylidino)-2-
pyrimidinylthioacetic acid], and palmitoylethanolamide (PEA)
reduced nocifensive behaviors elicited in mice by intraplantar
(i.pl.) injection of formalin or i.p. injection of magnesium sulfate.
These effects were absent in PPAR-«-null mice yet occurred
within minutes of agonist administration in wild-type mice, sug-
gesting that they were mediated through a transcription-
independent mechanism. Consistent with this hypothesis,
blockade of calcium-operated IK_, (Ks,3.1) and BK_, (Kga1.1)
potassium channels prevented the effects of GW7647 and PEA

in the formalin test. Three observations suggest that PPAR-«
agonists may inhibit nocifensive responses by acting on pe-
ripheral PPAR-«. (i) PEA reduced formalin-induced pain at i.pl.
doses that produced no increase in systemic PEA levels; (ii)
PPAR-a was expressed in dorsal root ganglia neurons of wild-
type but not PPAR-a-null mice; and (ii) GW7647 and PEA
prevented formalin-induced firing of spinal cord nociceptive
neurons in rats. In addition to modulating nociception, GW7647
and PEA reduced hyperalgesic responses in the chronic con-
striction injury model of neuropathic pain; these effects were also
contingent on PPAR-«a expression and were observed following
either acute or subchronic PPAR-« agonist administration. Finally,
acute administration of GW7647 and PEA reduced hyperalgesic
responses in the complete Freund’s adjuvant and carrageenan
models of inflammatory pain. Our results suggest that PPAR-«
agonists may represent a novel class of analgesics.

Current therapies do not control safely and effectively se-
vere pain states—a broad spectrum of debilitating conditions
that comprises acute, persistent inflammatory, and neuro-
pathic pain. Even widely used drugs, such as opiates (e.g.,
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morphine) or anticonvulsants (e.g., gabapentin), are only ac-
tive in a fraction of the patient population and produce mul-
tiple, often serious, side effects. Thus, despite continuing
progress in analgesic drug discovery, the need for therapeutic
agents capable of blocking abnormal pain sensation without
impairing normal abilities remains largely unmet.

PPAR-« is a nuclear receptor that serves important func-
tions in lipid nutrient utilization and inflammation (Taylor et
al., 2002; Kostadinova et al., 2005). Like other members of
the nuclear receptor superfamily, PPAR-a is activated

ABBREVIATIONS: PPAR-«, peroxisome proliferator-activated receptor-«; PEA, palmitoylethanolamide; DRG, dorsal root ganglia; K., calcium-
activated K* channels; i.pl., intraplantar; BK,, large-conductance K, channels (K ,1.1); IK,,, intermediate-conductance K, channels (K.,3.1);
OEA, oleoylethanolamide; FAE, fatty-acid ethanolamide; CB,, cannabinoid receptor type Il; WDR, wide dynamic range; PKA, protein kinase A;
GW7647, 2-(4-(2-(1-cyclohexanebutyl)-3-cyclohexylureido)ethyl)phenylthio)-2-methylpropionic acid; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; Wy-14643, 4-chloro-6-(2,3-xylidino)-2-pyrimidinylthioacetic acid; GW501516, 2-methyl-4-((4-methyl-2-(4-trifluoromethylphenyl)-1,3-
thiazol-5-yl) methylsulfanyl)phenoxy-acetic acid; PEG, polyethylene glycol; SR144528, N-[(1S)-endo-1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl]-5-
(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)pyrazole-3-carboxamide; MS, mass spectrometry; TRAM-34, 1-[(2-chlorophenyl)diphenylmethyl]-
1H-pyrazole; TRAM-7, 1-tritylpyrrolidine; luc, luciferase; PBS, phosphate-buffered saline; CFA, complete Freund’s adjuvant; DMEM, Dulbecco’s
modified Eagle’s medium; WIN-55212-2, (R)-(+)-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo-[1,2,3-d,e]-1,4-benzoxazin-6-yl]-1-naph-
thalenyl-methanone mesylate; AM630, [6-iodo-2-methyl-1-(2-morpholin-4-ylethyl)indol-3-yl]-(4-methoxyphenyl)methanone.
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through ligand binding, which causes changes in receptor
conformation, heterodimer formation with the 9-cis-retinoic
acid receptor, recruitment of coactivators into a multiprotein
complex, and regulated transcription of responsive genes.
Consistent with known roles of PPAR-«, downstream genes
engaged by this receptor encode for proteins involved in key
aspects of lipid metabolism and inflammation (Kostadinova
et al., 2005).

The large multifunctional ligand-binding pocket of PPAR-«
allows it to recognize a number of structurally heterogenous
molecules, both synthetic and natural. Synthetic PPAR-«a
agonists comprise low-affinity ligands of moderate selectivity
such as the fibrates, which are used in the clinic to treat blood
lipid abnormalities (Willson et al., 2000), and high-affinity
ligands, which are potent at reducing hyperlipidemia, ath-
erosclerosis, and inflammation in animal models (Kostadi-
nova et al., 2005; Singh et al., 2005). Among natural PPAR-«
agonists are nonesterified fatty acids (Willson et al., 2000),
oxygenated fatty acids, and fatty-acid ethanolamides (FAE)
(Fu et al., 2003).

Palmitoylethanolamide (PEA), a member of the FAE fam-
ily of PPAR-« ligands, was first identified 50 years ago as a
naturally occurring antiinflammatory constituent of plant
and animal tissues (LoVerme et al., 2005b). The antiinflam-
matory effects of this compound result from its ability to
activate PPAR-a-dependent gene transcription (LoVerme et
al., 2005a) and occur with a time lag of hours (Mazzari et al.,
1996). These slow-onset actions are preceded, however, by
rapid antinociceptive responses whose time course is incom-
patible with a transcription-dependent process (Calignano et
al., 1998; Jaggar et al., 1998). Despite its potential signifi-
cance as an analgesic drug target, the molecular mechanism
underlying such responses remains unknown.

Materials and Methods

Chemicals

PEA and OEA were prepared as described previously (Astarita et
al., 2006). SR144528 was provided by RBI (Natick, MA) as part of the
Chemical Synthesis Program of the National Institutes of Health
(NIH, Bethesda, MD). All other chemicals were from Tocris (Avon-
mouth, UK) or Sigma-Aldrich (St. Louis, MO). Fresh drug solutions
were prepared immediately before use in a vehicle of 0.9% sterile
saline/5% polyethylene glycol (PEG) 400/5% Tween 80, with the
exception that glibenclamide was dissolved in 100% dimethyl sulfox-
ide and apamin, charybdotoxin, and iberiotoxin were dissolved in
distilled water.

Animals

All procedures met the NIH guidelines for the care and use of
laboratory animals and those of the Italian Ministry of Health (D.L.
116/92). Male Swiss mice were obtained from Charles River (Wil-
mington, MA), and male Sprague-Dawley rats were obtained from
Harlan (Indianapolis, IN). Male wild-type C57BL6 and PPAR-a ™/~
(B6.129S4-SvJae-Ppara®™!¢°"?) mice, previously backcrossed to
C57BL6 mice for 12 generations by the vendor, were from Taconic
(Germantown, NY), and male Trpv, /™ mice (B6.129 X 1-Trpv1¥u/
J), previously backcrossed to C57BL6 mice for 10 generations by the
vendor, were from Jackson Laboratories (Bar Harbor, ME). Het-
erozygous CB, /" mice were kindly provided by Drs. Nancy Buckley
and George Kunos. A CB, /" colony was established in-house and
maintained by heterozygous crossing. All animals were maintained
on a 12-h light/12-h dark cycle with free access to water and chow
(RMH 2500; Prolab, Framingham, MA).

Surgeries and Treatments

Sciatic nerve ligation was performed essentially following the
method of Bennett and Xie (1988). In brief, male Swiss mice were
anesthetized with sodium pentobarbital, and the left sciatic nerve
was exposed at mid-thigh level through a small incision and ligated
at two distinct sites (spaced at a 2-mm interval) with a silk thread.
The wound was closed with a single muscle suture and skin clips and
dusted with streptomycin powder. In sham-operated animals, the
nerve was exposed but not ligated.

Adjuvant-induced arthritis was done by intradermally injecting
0.1 ml of complete Freund’s adjuvant (CFA) (Mycobacterium tuber-
culosis; Sigma-Aldrich) into the base of the tail of male Swiss mice.
This procedure resulted in significant inflammation of both hind-
paws, which was monitored with a mouse plethysmometer (Ugo
Basile, Varese, Italy). Carrageenan-induced paw edema was induced
by injecting A-carrageenan (i.pl., 1% weight vol ! in sterile water, 20
wl) into the left hindpaw of Swiss mice. Paw edema was measured by
weighing paws excised at the tarsal joints.

Ex Vivo Analyses

RNA Isolation and Complementary DNA Synthesis. We
stored lumbar dorsal root ganglion (DRG) (L,—Lg, excised and com-
bined together for each mouse) tissues in RNALater (Ambion, Aus-
tin, TX), extracted total RNA with TRIzol Reagent (Invitrogen,
Carlsbad, CA), and quantified it by UV spectroscopy (A = 260 nm).
We synthesized ¢cDNA using oligo(dT) primers (Ambion) and Super-
scriptll RNase H-reverse transcriptase (Invitrogen).

Polymerase chain reaction. We performed reverse transcription of
total RNA (2 pg) using Oligo(dT),,_ ;5 primers (0.2 ug) for 50 min at
42°C and real-time quantitative polymerase chain reaction using an
ABI PRISM 7700 sequence detection system (Applied Biosystems,
Foster City, CA). We designed primer/probe sets using Primer Ex-
press software (Applied Biosystems) and gene sequences obtained
from the GenBank database. Primers and fluorogenic probes were
synthesized at TibMolbiol (Berlin, Germany). The primer/probe se-
quences for PPAR-a were forward (F), 5'-CTTCCCAAAGCTCCT-
TCAAAAA-3'; reverse (R), 5'-CTGCGCATGCTCCGTG-3'; and probe
(P), 5'-TGGTGGACCTTCGGCAGCTGG-3'. The primer/probe se-
quences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were forward (F), 5'-TCACTGGCATGGCCTTCC-3'; reverse (R),
5'-GGCGGCAC-GTCACATCC-3'; and probe (P), 5-TTCCTAC-
CCCCAATGTGTCCGTCG-3'. RNA levels were normalized by using
GAPDH as an internal standard, and measurements were conducted
as described previously (Fu et al., 2003).

Liquid chromatography-MS analysis. Liquid chromatography-MS
analysis of PEA levels were measured using synthetic [2H,JPEA as
an internal standard as described previously (Astarita et al., 2006).
In brief, tissue samples were subjected to lipid extraction in chloro-
form/methanol/water (2:1:1), and [2H,]PEA was added as an internal
standard. PEA was separated on an 1100-LC system coupled to a
1946A-MS detector (Agilent Technologies, Palo Alto, CA) equipped
with an electrospray ionization interface. We used a XDB Eclipse C, g
column (50 X 4.6 mm i.d., 1.8 um; Zorbax; Agilent Technologies)
eluted with a rapid gradient of methanol in water (from 85 to 90%
methanol in 2.5 min) at a flow rate of 1.5 ml/min. Column tempera-
ture was kept at 40°C. MS detection was in the positive ionization
mode, capillary voltage was set at 3 kV, and fragmentor voltage was
varied from 120 to 140 V. N, was used as drying gas at a flow rate of
13 /min and a temperature of 350°C. Nebulizer pressure was set at
60 psi. We quantified the test compounds monitoring sodium adducts
of the molecular ions [M + Na] " in the selected ion-monitoring mode.

Immunohistochemistry. Mice were anesthetized with halothane
and perfused through the left ventricle with saline (300 ml) followed
by 4% paraformaldehyde dissolved in 0.1 M PBS (300 ml). The
lumbar DRG (L;—Lg) was excised under a surgical microscope and
sliced with a cryostat (Microm, San Diego, CA) into 18-um-thick
sections. The sections were blocked in 4% normal goat serum and
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incubated with antibodies for PPAR-«a (1:500; Fitzgerald, Concord,
MA) or NeuN (1:1000; Chemicon, Temecula, CA) for 24 h at 4°C. The
sections were washed with 0.1 M phosphate-buffered saline (PBS)
and incubated with secondary antibodies, anti-rabbit IgG Alexa
Fluor 488 or anti-mouse IgG Alexa Fluor 546 (1:1000; Molecular
Probes, San Diego, CA), for 1 h at room temperature. After additional
washing with 0.1 M PBS, the sections were mounted using ProLong
Gold anti-fade reagent (Molecular Probes). Images were obtained
using a fluorescent microscope.

Receptor Assays

PPAR-a Transactivation Assays. We cultured HeLa cells in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
fetal bovine serum (10%), and transfected them using FuGENE 6
reagent (3 ul; Roche, Indianapolis, IN) with 1 pg of the luciferase
reporter plasmid pFR-luc containing a hygromycin resistance gene
(Stratagene, La Jolla, CA). We replaced the medium after 18 h with
DMEM containing hygromycin (0.1 mg ml~*; Calbiochem, San Di-
ego, CA) to select for cells expressing the pFR-luc plasmid. After 4
weeks, we isolated the surviving clones and selected a cell line that
showed the highest luciferase activity. We generated plasmids con-
taining the ligand-binding domain of human PPAR-a (nucleotides
499-1407), PPAR-B/56 (412-1323), or PPAR-vy (610-1518) fused to the
DNA-binding domain of the yeast regulatory protein GAL4 and a
neomycin resistance gene under the control of the human cytomeg-
alovirus promoter. We transfected HeLa cells expressing the pFR-luc
plasmid with our plasmid constructs using FuGENE 6 (3 ul) reagent.
We selected for stably transfected cells using G418 sulfate (0.2 mg
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ml~!; Calbiochem). These cells were maintained in DMEM contain-
ing hygromycin and G418. For transactivation assays, we seeded
cells in six-well plates and incubated them for 7 h in DMEM con-
taining appropriate concentrations of test compounds. We used a
dual-luciferase reporter assay system (Promega, Madison, WI) and a
MIX Microtiter plate luminometer (Dynex, Chantilly, VA) to deter-
mine luciferase activity in cell lysates.

Receptor binding. CB, receptor binding assays were conducted in
membranes of CB,-overexpressing Chinese hamster ovary cells
(PerkinElmer Life and Analytical Sciences, Boston, MA) using
[*H]Win-55212-2 (40—60 Ci/mmol, 10 nM; PerkinElmer Life and
Analytical Sciences) as ligand binding studies were performed at
25°C with 20 pg of receptor protein in a 20 mM HEPES/1 mM MgCl
(pH 7.4) buffer along with [PH]WIN-55212-2 at a concentration of 10
nM. Final assay volume was 500 ul, and the incubation time was 20
min. Receptor-bound [PHJWIN-55212-2 was separated from free
[PHIWIN-55212-2 by filtration. The filter paper was washed twice
with 200 ul of ice-cold assay buffer and counted by liquid scintilla-
tion.

Biochemical Analyses

Immunoblot Analysis. Lumbar spinal cord tissue was weighed
and homogenized in Tris-HCI1 (20 mM, pH 7.5), 10 mM NaF, 150 mM
NacCl, 1% Nonidet P-40, 1 mM PMSF, 1 mM Na;VO,, leupeptin, and
trypsin inhibitor (10 ug/ml). After 1 h, the tissue lysates were sub-
jected to centrifugation ay 100,000g for 15 min at 4°C. Protein
concentrations were estimated using a Bradford protein assay (Bio-
Rad, Hercules, CA) and bovine serum albumin as a standard. Equal
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"II

Fig. 1. PPAR-a agonists inhibit tonic
2254
TUN V GW P

nociception in mice. A and B, effects of
i.pl. administration of PEA (circles),
GW7647 (squares), or Wy-14643 (tri-
angles) on early- (Phase I, 0—15 min)
(A) or late-phase (Phase II, 15-45
min) (B) formalin-evoked pain behav-
ior in Swiss mice. Vehicle formalin re-
sponses were as follows: Phase I:
PEA, 161 = 19s; GW7647,176 = 12's;
Wy-14643, 137 + 8 s; Phase II: PEA,
148 = 21 s; GW7647, 197 = 18 s;
Wy-14643, 154 = 13 (n = 6-10). C,
paw weights measured 45 min after

formalin injection in Swiss mice
F mAn treated with vehicle (V), GW7647 (50
pgipl), or PEA (50 pgi.pl). UN, paw
weight in animals not treated with
formalin (n = 5). D to F, effects of
vehicle (open bars), GW7647 (closed
bars; 50 pg i.pl.) (D), PEA (shaded
bars; 50 pg i.pl.) (E), or methanand-
amide (mAn; closed bars; 50 pg i.pl.)
(F) on formalin-evoked nocifensive be-
havior in wild-type C57BL6 (+/+) or
PPAR-a /" (—/—) mice (n = 6-19). G
and H, effects of i.pl. administration
of vehicle (open bars), GW501516 (B)
(G), or ciglitazone (y) (H) (each at 50
pg i.pl.) on formalin-evoked pain be-
havior in wild-type C57BL6 mice (n =
6-10). I, dose-dependent effects of s.c.
administration of PEA (circles),
GW7647 (squares), or Wy-14643 (tri-
angles) on magnesium sulfate-evoked
writhing in Swiss mice (n = 8). J, ef-
54 fects of vehicle (V) or PEA (P, 20 mg
% kg™ s.c.) on magnesium sulfate
writhing in wild-type C57BL6 (+/+)
and PPAR-a /" (—/—) mice (n = 10).
(x, P < 0.05; #*, P < 0.01; 5%, P <

150+

75+

Paw weight (mg)

++ -l-

Nocifensive behavior (s)
N
[}
o
1
¥
-

-

Number of writhings

i DI 10O_Di
o o 0=

T
| Il | I 1 10
Phase

100 VP VP 0.000versus V.

Agent (mg-kg™)



1054 LoVerme et al.

amounts of protein (20 ug) were dissolved in Laemmli sample buffer,
boiled for 5 min, subjected to SDS-polyacrylamide gel electrophoresis
(8% polyacrylamide), and transferred onto nitrocellulose membranes
at 240 mA for 40 min at room temperature. The filter was blocked
with PBS, 5% nonfat dried milk for 40 min at room temperature and
incubated overnight at 4°C with rabbit primary antibodies to phos-
phorylated Ser®® protein kinase A (PKA) regulatory subunit (1:300;
Upstate Biotechnology, Lake Placid, NY), PKA-« catalytic subunit
(1:20,0000; Santa Cruz Biotechnology, Santa Cruz, CA), or a-tubulin
(1:8000; Sigma-Aldrich) at a dilution of 1:500 for 1 h at room tem-
perature in PBS, 5% nonfat dried milk, and 0.1% Tween 80. After
washing and incubation with peroxidase conjugate secondary anti-
body (anti-rabbit IgG-horseradish, 1:2000 dilution) for 1 h at room
temperature, the blots were developed using enhanced chemilumi-
nescence detection reagents (Amersham, Buckinghamshire, UK) ac-
cording to the manufacturer’s instructions and exposed to Kodak
X-OMAT films (Eastman Kodak Co, Rochester, NY). The films were
scanned and densitometrically analyzed with a model GS-700 imag-
ing densitometer.

Behavioral Assays

Tonic Nociception. We injected formalin (5% formaldehyde in
sterile saline, 10 pl) into the plantar surface of mice using a 27-gauge
needle fitted to a microsyringe. Vehicle or drugs were dissolved in the
formalin solution. Potassium channel inhibitors were administered
by i.pl. injection in 5 ul of the appropriate vehicle 10 min before
formalin. In other experiments, we injected capsaicin, OEA, or other
drugs without formalin in a vehicle of 0.9% sterile saline/5% PEG
400/5% Tween 80 (10 ul). After injections, animals were immediately
transferred to a transparent observation chamber where pain behav-
ior (time spent licking and biting the injected paw) was continuously
monitored for 45 min (phase I: 0—15 min; phase II: 15-45 min) in the
formalin experiments and for 15 min in other experiments.

Writhing test. We injected magnesium sulfate (120 mg kg™ in 0.5
ml of saline i.p.) into 12-h food-deprived mice and measured writhing

TABLE 1
Effects of fenofibric acid in the formalin test

Nocifensive Behavior

Agent
Phase I Phase II
S
Vehicle 166 = 19 164 = 30
Fenofibric acid (100 pg) 121 = 22 196 =+ 27
Fenofibric acid (400 ug) 105 + 26 144 + 35
Fenofibric acid (1000 pg) 129 + 13 153 = 37

ANOVA, followed by a Dunnett’s post hoc test (n = 7-8).
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episodes for 30 min. Mechanical hyperalgesia was determined by
measuring the latency in seconds to withdraw the paw away from a
constant mechanical pressure exerted onto the dorsal surface. A 15-g
calibrated glass cylindrical rod (diameter = 10 mm) chambered to a
conical point (diameter = 3 mm) was used to exert the mechanical
force. The weight was suspended vertically between two rings at-
tached to a stand and was free to move vertically. A cutoff time of
180 s was used. Withdrawal thresholds were measured on both the
ipsilateral paw (inflamed or ligated) and contralateral paw (unin-
flamed or unligated) 30 min after i.p. drug administration for acute
experiments or 30 min after s.c. drug administration for chronic
experiments. Thermal hyperalgesia was assessed by the method of
Hargreaves et al. (1988) by measuring the latency to withdraw the
hindpaw from a focused beam of radiant heat (thermal intensity:
infrared 3.0) applied to the plantar surface using a plantar test
apparatus (Ugo Basile). The cutoff time was set at 30 s. Locomotor
performance was assessed using an accelerating rotarod (model
7750; Ugo Basile), which consisted of a base platform and a rotating
horizontal rod (7 cm in diameter, 50 cm in length) with a nonskid
surface, divided into four sections of equal length to allow for the
simultaneous analyses of four mice. A V-shaped counter-trip plate
was positioned under each drum section, 26 cm below the rod on the
platform. Animals were acclimatized to the revolving drum and
habituated to handling to avoid stress during testing. The rod was
set to accelerate from 4 to 40 rpm in a 5-min period. The integrity of
motor coordination was assessed as the performance time on the rod
measured from the start of acceleration until the animal fell from the
drum onto the counter-trip plate. Mice were acclimatized to acceler-
ation by three training runs before testing. GW7647 and PEA (each
at 30 mg kg ! i.p.) were administrated in a vehicle of 5% PEG, 5%
Tween 80, and saline. Rotarod performance was measured at times
0 (basal) and 30 or 60 min after injection of vehicle or GW7647 or
PEA. Cutoff was 120 s.

Electrophysiology. Male Sprague-Dawley rats (250-325 g) were
anesthetized with urethane (25%, 1.2 g kg~ !i.p.), and a laminectomy
was performed (Hohmann et al., 1999). Extracellular recordings
were made from isolated wide dynamic range (WDR) neurons using
tungsten microelectrodes (3 M(); FHC Inc., Brunswick, ME). One cell
was recorded per animal. WDR neurons were characterized by their
responses to mechanical stimulation of the cutaneous receptive field
at intensities ranging from non-noxious to noxious levels. An innoc-
uous brush stimulus was applied using an artist brush, and pressure
was applied using hemostats. Noxious pinch was applied using an
arterial clamp at a fixed intensity deemed noxious by the experi-
menter. After isolating a single WDR neuron and mapping its recep-
tive field on the plantar surface of the hind paw, each mechanical
stimulus was presented for 10 s with a 50-s interstimulus interval.
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Fig. 2. OEA elicits nocifensive behavior in mice through activation of vanilloid TRPV-1 receptors. A, dose-dependent effects of capsaicin (0.4-3.2 ug
i.pl.) or OEA (5-50 pug i.pl.) on nocifensive behaviors in Swiss mice. V, vehicle. B, I.pl. administration of capsaicin (CPS, 1.6 ug) or OEA (50 ug) produces
pain behavior in wild-type (+/+), but not TRPV-1""~ (—/—) mice. C, effects of vehicle, capsaicin (CPS, 1.6 ug), OEA (50 ug), PEA (50 ug), and GW7647
(GW, 50 ug) on nocifensive behavior after i.pl injection into the mouse hind paw (n = 4-10). *, P < 0.05; **, P < 0.01 versus V.



Broad-Spectrum Analgesia through Activation of PPAR-«

>

1055

__ 2509 Phase | Phase II __ 250~ Phase | Phase Il
w o)
8 8
= =
[u] @
T e L
b 2
S 125 S 125
= =
w w dek
[= c *%
S B3
'g ok *% 'g
=z Z
0_ -
V. PSR/ VP E‘;}Rf V GW SR/ vew g\::lr Fig. 3. PPAR-« antinociception does not require CB, re-
P Gw ceptors. A-D, effects of two structurally unrelated CB,
C receptor antagonists, SR144528 and AM630, on PPAR-a-
induced antinociception. A-C, effects of vehicle (V), PEA
2504 Phase | Phase || . 400+ Phase | Phase Il (P, 50 ng i.pl) (A), GW7647 (GW, 50 pg i.pl.) (B), or Wy-
w {'  [veh 14643 (WY, 100 pg i.pl.) (C), alone or in combination with
8 'CS) H mPEA SR144528 (SR, 1 mg kg™ ' i.v., 30 min before formalin), on
% & # formalin-evoked pain behavior in Swiss mice. SR144528
S - i o alone had no effect. D, effects of PEA (50 ug i.pl.), alone or
2 125+ o 200+ in combination with AM630 (2 mg kg ! i.p., 30 min before
2 % . o formalin), on formalin-evoked pain behavior in Swiss mice.
S ) E, effects of vehicle (open bars) or PEA (closed bars, 50 ug
5 g % * i.pl.) on formalin-evoked pain behavior in CB, ™/~ (—/—)
= z - i mice or their wild-type (+/+) littermates (A-E, n = 6-10).
o~ p- F, effects of vehicle (open bars) or PEA (closed bars, 10 uM)
V WYSR/  V WYSR/ Veh AM630 Veh  AMB30 on PPAR-« activation in the presence or absence of the CB,
wy Wy antagonist SR144528 (0-5 uM). Data are expressed as
E -fold induction of luciferase activity (n = 4). %, P < 0.05; s,
++ af= P < 0.01; #xx, P < 0.001 versus V.
o ] Oveh
E = o o HEFPEA
= ==y ok
£ 150-] 8S 2
© ®© 5
=] @ 3
d>.) *k *HE @ g
‘B e FrTy £ E=
3 ™ EER
[%] -
[=]
2
0- o0~
| Il | 1l 0 1 5
Phase Phase

SR144528 [M]

Spontaneous activity was measured over 1 s immediately before
presentation of mechanical stimuli. The oscilloscope and data
acquisition system were not in view of the experimenter during
application of mechanical stimuli (brush, pressure, and pinch).
This procedure served to minimize possible feedback that could
otherwise contribute to differences in manual presentation of
stimuli and evoked responses. After establishing stable baseline
responsiveness to mechanical stimulation, PEA (50 pg; n = 5),
GW7647 (100 pg; n = 5), or vehicle (50 ul; 5% Tween 80:5% PEG
400:90% saline; n = 9) was administered into the plantar surface
of the hind paw. Responses to mechanical stimulation were reas-
sessed 5 min after injection of drug or vehicle just before i.pl.
administration of formalin. In all cases, spontaneous firing re-
turned to preinjection levels before formalin administration or
presentation of mechanical stimuli. Responsiveness of WDR neu-
rons to a unilateral i.pl. injection of formalin solution (5% form-
aldehyde) was subsequently monitored over 60 min. Before termi-
nation of recording, responsiveness to cutaneous stimulation was
reassessed (~60 min postformalin). Data were collected using a
CED 1401 interface and Spike2 software (CED, Cambridge, UK).
Action potential waveforms were continuously monitored for size
and shape, enabling us to confirm that the same cell was recorded
pre- and postformalin. Analyses of electrophysiological data were
conducted by repeated measures ANOVA, ANOVA, and Bonferro-
ni’s test. The Greenhouse-Geisser correction was applied to all
repeated factors to avoid spurious significance due to lack of
homogeneity of variance and covariance in repeated factors.

Statistical Analyses

Results are expressed as the mean = S.E.M. of n experiments.

Analyses of data were conducted using Prism software (GraphPad
Software, San Diego, CA). The significance of differences between
groups was determined by one- or two-way ANOVA followed by a
Dunnett’s or Bonferroni’s test for multiple comparisons, as appropri-
ate. Within-group analysis was conducted with a Student’s ¢ test.

Results

PPAR-a Modulates Acute Nociception. We first tested
a series of structurally diverse PPAR-a agonists for their
ability to reduce the nocifensive behavior caused in mice by
i.pl. injection of the chemical irritant formalin. When admin-
istered together with formalin, the synthetic PPAR-a ago-
nists GW7647 (reported in vitro human receptor transacti-
vation EC;, value: 0.006 uM) (Brown et al., 2001) and Wy-
14643 (reported in vitro human receptor transactivation
EC;, value: 5 uM) (Willson et al., 2000; Brown et al., 2001)
reduced both early and late phases of irritant-induced noci-
ception (Fig. 1, A and B). In 10 experiments, the median
effective dose (EDy,) to prevent early-phase pain behavior
was 9.9 pg for GW7647 and 97.0 ug for Wy-14643. As re-
ported previously (Calignano et al., 1998; Jaggar et al., 1998),
the natural PPAR-« ligand PEA (reported in vitro human
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receptor transactivation EC,, value: 3 uM) (LoVerme et al.,
2005b) exerted a similar effect (Fig. 1, A and B) (ED,, = 7.4
ng), whereas the low-affinity PPAR-« ligand fenofibric acid
(reported in vitro human receptor activation ECy, value: 30
uM) (Willson et al., 2000; Brown et al., 2001) produced a
trend in the reduction of phase I nocifensive behaviors that
did not reach statistical significance (Table 1). Notably,
GW7647 and PEA did not significantly affect formalin-in-
duced edema formation within the 45-min time frame of the
test (Fig. 1C), underscoring the temporal dissociation be-
tween the antinociceptive and antiinflammatory effects of
these compounds. Marked antinociception was also observed
after s.c. administration of GW7647, PEA, or Wy-14643 in a
mouse model of acute visceral pain (magnesium sulfate-in-
duced writhing) (Fig. 1I).

The obligatory role of PPAR-« in the antinociceptive effects
of PPAR-« agonists was demonstrated by two findings. First,

TABLE 2
Binding of PPAR-« agonists to human CB, receptor

Agent Concentration [*H]WIN-55212-2 Binding

M % of control

Vehicle 100.0 = 1.9

GW7647 1 102.1 = 4.0

10 916 4.1

PEA 1 106.2 = 2.5

10 98.5 = 4.2

Wy-14643 1 104.2 = 3.6

10 105.6 = 1.5

WIN-55212-2 1 4.2 + 2.2%%*

## P < 0.01, ANOVA, followed by Dunnett’s post hoc test (n = 8-9).

A B
Paw Brain Spinal cord
40004 B0 1600+
*hk %
@3000— :a 600 g.} 1200+ g
= =] =] =
B = | 2 e
£ 2000+ 8 4004 2  B00H €
<L <L <L =]
wi w wi &
o o o x
1000+ 200+ 400+ o
o
=V PEA O PEA %Y PeA

(arbitrary units)

mutant mice lacking the receptor failed to respond to either
GW7647 (Fig. 1D) or PEA (Fig. 1, E and J), although they
responded normally to the cannabinoid analgesic (R)-meth-
anandamide (Fig. 1F). Second, the selective PPAR-6 agonist
GW501516 and PPAR-y agonist ciglitazone did not alter no-
cifensive behavior in the formalin test (Fig. 1, G and H). The
endogenous PPAR-a agonist OEA (Fu et al., 2003) was also
inactive (data not shown). However, the lack of PPAR-a-
mediated antinociceptive activity of this compound is proba-
bly accounted for by its concomitant pronociceptive actions
that are mediated by vanilloid TRPV-1 receptors (Ahern,
2003). Indeed, i.pl. administration of OEA, without formalin,
elicited marked TRPV-1-dependent nocifensive behavior in
mice (Fig. 2, A and B), whereas GW7647 and PEA had no
such effect (Fig. 2C).

Even though PEA does not bind to CB, cannabinoid recep-
tors, its antinociceptive actions are prevented by the CB,
antagonist SR144528 (Calignano et al., 1998). We confirmed
this finding (Fig. 3A; Table 2) and further noted that
SR144528 also reversed the effects of GW7647 and Wy-14643
(Fig. 3, B and C), which like PEA exhibited no significant
binding to CB,, (Table 2). Moreover, we found that (i) a CB,
antagonist chemically unrelated to SR144528, the compound
AMG630 (Malan et al., 2001; Ibrahim et al., 2003; Quartilho et
al., 2003), did not affect the response to PEA (Fig. 3D) and
that (ii) PEA retained its full antinociceptive properties in
CBy-null mice (Fig. 3E). These results demonstrate that
SR144528 blocks the antinociceptive effects of PPAR-«a ago-
nists by interacting with a site distinct from CB,. This site
remains unidentified but might be located downstream of

80+
60
40+

20

++

Fig. 4. PPAR-« agonists inhibit nociception through a pe-
ripheral mechanism. A, distribution of PEA in paw, brain,
and lumbar spinal cord 15 min after a single i.pl. injection
of vehicle (V; open bars) or PEA (closed bars; 50 ug) in
Swiss mice (n = 5). ##%, P < 0.001 versus V. B-F, PPAR-«
expression in mouse DRG neurons. B, PPAR-a mRNA lev-
els, normalized to GAPDH mRNA levels, in DRG from
wild-type (open bars) or PPAR-a /" mice (closed bars) (n =
5). #=#k, P < 0.001 versus WT. C-F, PPAR-a immunoreac-
tivity (green) in sections of DRG from wild-type C57BL6
mice (C) and PPAR-a /" mice (D). E, presence of NeuN
immunoreactivity (red) in DRG from wild-type C57BL6
mice. F, colocalization of PPAR-a and NeulN immunoreac-
tivity in C57BL6 mice. Scale bars: C-F, 50 um. The stain-
ing shown is representative of multiple sections from five
mice.
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Fig. 5. PPAR-« agonists suppress formalin-induced firing in rat spinal cord nociceptive neurons. A, responses of rat-spinal WDR neurons to cutaneous
(brush, pressure, or noxious pinch) stimulation before intraplantar injections for the corresponding treatment groups. B, I.pl. administration of vehicle
(open bars, 50 ul), GW7647 (closed bars, 100 ug), or PEA (shaded bars; 50 ug) does not affect neuron firing rate (Hertz) in response to skin stimulation
(brush, pressure, and noxious pinch). Baseline levels of spontaneous activity, measured immediately before presentation of mechanical stimuli, are
also shown. C, time course of formalin-evoked firing, measured as total number of action potentials per 5-min time bin, in groups of rats after injection
of vehicle (open squares), GW7647 (closed squares, 100 ug i.pl.), or PEA (shaded circles, 50 ug i.pl.). Inset, magnification of the first 10 min of the
formalin response. D, responses of rat-spinal WDR neurons to cutaneous (brush, pressure, or noxious pinch) stimulation approximately 60 min after
formalin injection. For comparison, baseline levels of spontaneous activity before presentation of mechanical stimuli are shown (n = 5-9). *, P < 0.05;
#%, P < 0.01 versus all other groups; X, P < 0.05 versus PEA; #, P < 0.05 versus baseline.

PPAR-a because SR144528 did not significantly antagonize
PEA-induced PPAR-« activation in vitro (Fig. 3F).

PPAR-«a Agonists Inhibit Nociception through a Pe-
ripheral Mechanism. After i.pl. administration of PEA in
mice, tissue levels of the drug were markedly elevated in the
injected paw but remained unchanged in the brain and lum-
bar spinal cord (Fig. 4A), indicating that PPAR-a agonists
may inhibit pain behavior through a peripheral mechanism.
Two observations support this idea. First, mouse DRG (L ,—
L) were found to contain both PPAR-a mRNA (Fig. 4B) and
PPAR-«a immunoreactivity (Fig. 4C). The latter was detected
in a majority of small and large cells within L,-Lgs DRG,
which were identified as neurons by the presence of the
neuronal-specific nuclear protein NeuN (Fig. 4, E and F). As
expected, both PPAR-a mRNA and PPAR-« immunoreactiv-
ity were detectable in DRG from wild type but not PPAR-a-
null mice (Fig. 4, B-D). Second, administration of PPAR-«a
agonists strongly attenuated the electrophysiological re-
sponse of spinal nociceptive neurons to peripheral noxious
stimuli. We recorded from WDR neurons in the rat spinal
cord, whose receptive fields were localized on the plantar
surface of the hindpaw ipsilateral to the recording site (Nack-
ley et al., 2004). All recorded neurons were located at similar
tissue depths (526.6 = 81.7, 750.4 * 40.0, and 543.6 * 65.33
um for groups receiving PEA, GW7647 (50 ug), or vehicle,
respectively) and exhibited comparable firing rates in re-
sponse to mechanical stimulation of their cutaneous recep-
tive fields (Fig. 5A). L.pl. administration of PEA or GW7647

did not affect the response to mechanical stimulation before
formalin injection (Fig. 5B), indicating a lack of local anes-
thetic activity, but rapidly suppressed the increase in neuro-
nal firing produced by formalin (Fig. 5C), suggesting that
peripheral activation of PPAR-a preferentially suppresses
sensitization of spinal WDR neurons. After formalin-induced
firing had ceased, all tested cells exhibited similar responses
to mechanical stimulation, irrespective of previous treatment
(Fig. 5D). These findings indicate that PPAR-« agonists mod-
ulate pain through a mechanism that involves peripheral
nociceptive neurons.

Calcium-Activated K* Channels Mediate PPAR-«
Antinociception. The antinociceptive effects of PPAR-«
agonists, although dependent on PPAR-«, are too rapid to be
mediated by gene expression. Therefore, we considered the
alternative possibility that ligand-activated PPAR-a modu-
lates nociception through a nongenomic mechanism. To begin
to elucidate this mechanism, we focused first on K* channels
because of their role in the regulation of sensory neuron
excitability and pain sensitivity (Sachs et al., 2004), as well
as their involvement in the modulatory effects of PEA in
airway hyperreactivity (Yoshihara et al., 2005). Charybdo-
toxin and clotrimazole, two inhibitors of large-conductance
K., channels (BK,,, K.,1.1) and intermediate-conductance
K., channels (IK_,, K.,3.1) (Faber and Sah, 2003), prevented
the antinociceptive actions of GW7647 and PEA in the for-
malin test (Fig. 6, A and C) without affecting those of the
cannabinoid analgesic (R)-methanandamide (Fig. 6, B and
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D). By contrast, apamin (Faber and Sah, 2003), an inhibitor
of small-conductance K_, channels (SK_,, K_.,2.1-2.3), and
glibenclamide, an inhibitor of ATP-sensitive K" channels
(Karp), exerted no such effect (Fig. 6, A and C).

To further delineate the involvement of K_, channels in
PPAR-a-mediated antinociception, we used the selective IK,
inhibitor TRAM-34 (Wulff et al., 2000) and the selective BK_,
inhibitor iberiotoxin (Faber and Sah, 2003). I.pl. administra-
tion of TRAM-34, but not its inactive analog TRAM-7, sup-
pressed the antinociceptive effects of GW7647 and PEA (Fig.
6, E and F). By contrast, iberiotoxin reduced these effects
only during the early phase of formalin-induced nociception
(Fig. 6, G and H). We interpret the results to indicate that
IK_, and BK_, cooperate in mediating different components
of the rapid antinociceptive response to PPAR-« agonists.

PPAR-a Agonists Reduce Neuropathic Hyperalgesia.
To examine whether PPAR-« agonists attenuate the persis-
tent hyperalgesia associated with nerve injury, we produced
peripheral neuropathy in mice by loosely ligating the left
sciatic nerve, a surgical procedure that results in the devel-
opment of mechanical and thermal hyperalgesia in the oper-

\

Phase |
[1veh
HEmAn
ChTX
Phase Il
[veh
W mAn
Fig. 6. PPAR-a-induced antinociception requires calci-
s um-activated K" channels IK_, and BK_,. A-H, effects
of vehicle (V), charybdotoxin (ChTX, 0.5 ug i.pl.) (A-D),
clotrimazole (CLT, 5 pg i.pl.), apamin (APA, 1 pgi.pl.),
and glibenclamide (GLI, 5 pg i.pl.) (A and C), TRAM-34
v ChTX (0.5 pg i.pl.) and TRAM-7 (0.5 pg i.pl.) (E and F), or
iberiotoxin (IbTX, 0.5 ug i.pl.) (G and H) administered
10 min before vehicle (open bars), GW7647 (closed bars,
Oveh 50 pg i.pl.), PEA (shaded bars, 50 pg i.pl.) (A, C, E-H),
WGW or methanandamide (B and D) on early- (Phase I) (A, B,
M PEA E, and G) or late-phase (Phase II) (C, D, F, and H)
formalin pain in Swiss mice (n = 8-10). **, P < 0.01
versus V; ##, P < 0.01 versus PEA or GW7647.
TRAM!

ated limb (Bennett and Xie, 1988). On days 7 and 14 after
surgery, when nocifensive behavior had reached maximal
levels, we administered a single i.p. dose of GW7647 or ve-
hicle and, 30 min later, measured their acute effects on pain
behavior (Randall and Selitto, 1957; Hargreaves et al., 1988).
Administration of GW7647 caused a rapid reversal of both
mechanical (Fig. 7A) and thermal (Fig. 7B) hyperalgesia,
whereas injections of vehicle were ineffective (Fig. 7, A and
B). This antihyperalgesic action was absent in neuropathic
PPAR-a-null mice (Fig. 7C). PEA elicited a response similar
to that of GW7647 (Fig. 7, D and E), which was also dose-
dependent (Fig. 7F) and contingent on PPAR-a expression
(Fig. 7G). The antihyperalgesic effects of PPAR-« agonists in
this model were comparable to those elicited by gabapentin
(Fig. 7, H and I) and were not accompanied by changes in
locomotor activity (Table 3) or withdrawal latencies in the
noninjected limbs (data not shown).

PPAR-a Agonists Reduce Inflammatory Hyperalge-
sia. We further explored the ability of PPAR-a agonists to
alleviate hyperalgesia in two mouse models of chronic inflam-
mation: (i) experimental arthritis elicited by intradermal in-
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Fig. 7. PPAR-a agonists suppress neuropathic hy-
peralgesia in mice. A to C, effects of vehicle (open
bars) or GW7647 (closed bars) (shaded bars, 30 mg
kg™ ! i.p.) on mechanical (A and C) or thermal
withdrawal latencies (B) at days 7 and 14 after
sciatic nerve ligation in Swiss mice (A and B) or
wild-type C57BL6 (+/+) or PPAR-a/~ (—/—) mice
(C). Day 0, baseline responses before surgery (n =
8). D to E, effects of vehicle (open bars) or PEA
(closed bars) (shaded bars, 30 mg kg ' i.p.) on
mechanical (D) or thermal withdrawal latencies
(E) at days 7 and 14 after sciatic nerve ligation in
Swiss mice. Day 0, baseline responses before sur-
F . gery (n = 8). F, dose-dependent effects of PEA
administration (5-30 mg kg—' i.p.) on mechanical
withdrawal latencies on day 14 after sciatic nerve
ligation in Swiss mice. BL, day 0 baseline re-
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TABLE 3

Effects of PPAR-« agonists on rotarod performance 30 or 60 min after
vehicle, PEA, or GW7647 (each at 30 mg kg™ ' i.p.) in Swiss mice
(n=28)

Latency
30 min 60 min
s
Veh 109.3 = 4.6 1109 £ 4.5
GW17647 109.3 = 9.9 115.5 = 3.7
PEA 111.3 = 5.2 1125 £ 4.3

jection of CFA into the base of the tail (Whiteley and Dal-
rymple, 2001) and (ii) paw edema induced by i.pl. injection of
carrageenan (Morris, 2003). On days 7 and 14 after CFA
injection, when arthritis in both hind limbs was fully devel-
oped, we administered a single i.p. dose of GW7647 or PEA
and measured pain behavior 30 min later. Either drug, but
not their vehicle, suppressed mechanical (Fig. 8, A and C)
and thermal (Fig. 8, B and D) hyperalgesia. Likewise, single
injections of GW7647 or PEA reduced mechanical and ther-
mal hyperalgesia in the inflamed paws of carrageenan-

treated mice (Fig. 8, E-H). Consistent with previous results
(Fig. 1C), neither compound affected carrageenan-induced
edema within the 30-min test period (Fig. 8I). These results
further support the conclusion that ligand-activated PPAR-«
suppresses hyperalgesia before alleviating inflammation.
PPAR-a Agonists Do Not Induce Tolerance. The pro-
longed use of opiate analgesics is often associated with the
development of tolerance—the progressive loss of efficacy of a
constant dose of drug. To assess whether tolerance develops
to the antihyperalgesic effects of PPAR-a agonists, we ad-
ministered PEA by s.c. injection once a day for 14 consecutive
days and measured mechanical and thermal hyperalgesia at
days 7 and 14. Neuropathic mice receiving PEA injections
exhibited significant mechanical hyperalgesia compared with
vehicle-treated mice (Fig. 7J). Paw-withdrawal latency val-
ues in the group of mice, subchronically treated with PEA,
were similar to those that had received a single PEA injection
and remained significantly higher than those of vehicle-
treated mice throughout the treatment (Fig. 7J). Immunoblot
analyses of lumbar spinal cord extracts revealed that phos-
phorylation of PKA-IIa regulatory subunit at Ser®®, which is
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Fig. 8. PPAR-« agonists suppress inflammatory hyperalgesia in mice. A to C, effects of a 30-min pretreatment of vehicle (open bars), GW7647 (closed
bars, 30 mg kg~ 'i.p.) (A and B) or PEA (shaded bars, 30 mg kg~' i.p.) (C and D) on mechanical (A and C) or thermal withdrawal latencies (B and D)
on days 7 and 14 after CFA injection in Swiss mice. Day 0, baseline response before CFA injection (n = 8). E-I, effects of a 30-min pretreatment of
vehicle (open bars), GW7647 (closed bars, 30 mg kg™ ' i.p.) (E and F), or PEA (shaded bars, 30 mg kg™ ' i.p.) (G and H) on mechanical (E and G) or

thermal withdrawal latencies (F and H) on day 3 after carrageenan injection

in Swiss mice. Day 0, baseline response before carrageenan injection (n =

8). I, paw edema in carrageenan-treated mice; UN, paw weight in animals not treated with carrageenan (n = 5). *, P < 0.05; #*, P < 0.01; ##%, P <

0.001) versus V; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 versus day 0.

enhanced in neuropathic mice and may contribute to central
sensitization (Kawasaki et al., 2004), was reduced in animals
treated with PEA compared with vehicle-treated controls
(Fig. 7K). Spinal tissue levels of PKA-a catalytic subunit
were also slightly decreased by PEA, but this change did not
reach statistical significance (Fig. 7K).

Discussion

We have shown that PPAR-a agonists exert rapid and
profound antinociceptive effects in animal models of acute,
persistent inflammatory, and neuropathic pain, which are
contingent on PPAR-«a expression. These effects are compa-
rable in time course and magnitude to those elicited by the
clinically used analgesic gabapentin and are not associated
with the development of tolerance. Thus, our results reveal a
previously unsuspected role of PPAR-« in pain modulation
and suggest that this nuclear receptor may provide a novel
target for broad-spectrum analgesic drugs.

PPAR-«a regulates systemic inflammation by inducing the
expression of anti-inflammatory proteins, such as IkB-a, re-
pressing the expression of proinflammatory proteins, such as
tumor necrosis factor-«, and limiting the recruitment of im-
mune cells to inflammation sites (Kostadinova et al., 2005).
This array of effects is mediated through two separate but
converging mechanisms—the induction of responsive target
genes and the inhibition of transcription factor activities—
both of which ultimately involve changes in gene expression.
Because these changes unfold over a period of hours or even
days, they cannot account for the fast inhibitory actions of

PPAR-«a agonists on nocifensive behavior and WDR neuron
firing, which occur within minutes of drug administration.
An alternative possibility, suggested by work with estrogen
and vitamin D receptors (Zanello and Norman, 2004; Cham-
bliss et al., 2005), is that ligand-activated PPAR-a modulates
nociception by engaging a signal transduction pathway that
is independent of transcription. Our pharmacological exper-
iments with K™ channel inhibitors support this possibility
and identify IK., and BK., as downstream components of
the nongenomic PPAR-«a signaling pathway implicated in
nociceptive regulation. Although the molecular steps that
link PPAR-« activation to the gating of IK,, and BK, chan-
nels remain undefined, our results raise the possibility that
PPAR-a might regulate two complementary aspects of the
adaptive response to tissue injury: 1) behavioral avoidance by
inhibiting nociception through a fast-onset nongenomic
mechanism and 2) tissue repair by dampening inflammation
through a slow-onset genomic mechanism.

When they are injected into the paw, PPAR-a agonists do
not enter the central nervous system but strongly suppress
nocifensive behavior, which suggests that they modulate
pain responses by acting at a peripheral site. This conclusion
is supported by the presence of PPAR-a in neurons of the
DRG, the first relay station for pain signals traveling to the
central nervous system, and by the ability of peripherally
administered PPAR-«a agonists to suppress formalin-evoked
sensitization of spinal nociceptive neurons. It is noteworthy,
in this regard, that IK, and BK, channels are also broadly
expressed in DRG and other peripheral neurons (Mongan et
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al., 2005) where they are thought to control excitability and
transmitter release by influencing action potential afterhy-
perpolarization (Scholz et al., 1998; Zhang et al., 2003; Raf-
faelli et al., 2004; Davies et al., 2006). Thus, it is tempting to
speculate that ligand-activated PPAR-a may suppress pain
responses by altering the gating properties of IK, and BK,
channels in DRG neurons. However, the available informa-
tion does not allow us to exclude additional sites of action of
PPAR-q, for example, keratinocytes or other non-neuronal
cells involved in pain initiation (Koegel and Alzheimer, 2001,
Ibrahim et al., 2003; Marchand et al., 2005).

The broad effectiveness of PPAR-« agonists in animal mod-
els of pain suggests a previously unexpected therapeutic
action for these drugs. Although fenobric acid (Willson et al.,
2000) does not demonstrate analgesic efficacy after acute
administration (Table 1), other fibrates as well as new
classes of high-affinity PPAR-«a ligands have become avail-
able (Xu et al., 2003; Singh et al., 2005). These include dual
PPAR-o/PPAR-y modulators (Fagerberg et al., 2005) that, by
combining the analgesic and antiinflammatory activity of
PPAR-a with the glucose-lowering properties of PPAR-v,
might offer an innovative therapeutic approach to painful
diabetic neuropathies, a condition that afflicts more than 30
million people worldwide.
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