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Abstract
Systemic administration of thiazolidinediones reduces peripheral inflammation in vivo, presumably
by acting at peroxisome proliferator-activated receptor γ (PPARγ) in peripheral tissues. Based on a
rapidly growing body of literature indicating the CNS as a functional target of PPARγ actions, we
postulated that brain PPARγ modulates peripheral edema and the processing of inflammatory pain
signals in the dorsal horn of the spinal cord. To test this in the plantar carrageenan model of
inflammatory pain, we measured paw edema, heat hyperalgesia, and dorsal horn expression of the
immediate-early gene c-fos after intracerebroventricular (ICV) administration of PPARγ ligands or
vehicle. We found that ICV rosiglitazone (0.5–50 µg) or 15d-PGJ2 (50–200 µg), but not vehicle,
dose-dependently reduced paw thickness, paw volume and behavioral withdrawal responses to
noxious heat. These anti-inflammatory and anti-hyperalgesia effects result from direct actions in the
brain and not diffusion to other sites, because intraperitoneal and intrathecal administration of
rosiglitazone (50 µg) and 15d-PGJ2 (200 µg) had no effect. PPARγ agonists changed neither overt
behavior nor motor coordination, indicating that non-specific behavioral effects do not contribute to
PPAR ligand-induced anti-hyperalgesia. ICV administration of structurally dissimilar PPARγ
antagonists (either GW9662 or BADGE) reversed the anti-inflammatory and anti-hyperalgesic
actions of both rosiglitazone and 15d-PGJ2. To evaluate the effects of PPARγ agonists on a classic
marker of noxious stimulus-evoked gene expression, we quantified Fos protein expression in the
dorsal horn. The number of carrageenan-induced Fos-like immunoreactive profiles was less in
rosiglitazone-treated rats as compared to vehicle controls. We conclude that pharmacological
activation of PPARγ in the brain rapidly inhibits local edema and the spinal transmission of noxious
inflammatory signals.
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INTRODUCTION
Peroxisome proliferator-activated receptors (PPARs) are transcription factors belonging to the
nuclear receptor superfamily (Kota BP, 2005). The α, β/δ, and γ isoforms of PPAR receptors
(Berger et al., 2005; Michalik and Wahli, 2006) are activated by fatty acids, eicosanoids, and
synthetic ligands. Activated PPARs form functional heterodimers with retinoid X receptors
(RXR). This complex interacts with various co-activators and a specific peroxisome
proliferator response element (PPRE) on the promoter region of target genes to alter
transcription (Tan et al., 2005).

The PPARγ isotope has received considerable attention for its role as a lipid sensor. PPARγ
activation leads to adipocyte differentiation and induces gene expression of enzymes that
facilitate lipid uptake and synthesis (Lehrke M, 2005). Synthetic PPARγ agonists of the
thiazolidinedione (TZD) class, such as rosiglitazone, act as insulin sensitizers and have become
important in the treatment of type 2 diabetes.

In addition to diabetes, PPAR ligands represent a promising therapeutic strategy for other
diseases including those associated with inflammation (Abdelrahman et al., 2005; Moraes et
al., 2006). For example, systemic administration of PPARα or PPARγ ligands reduce peripheral
inflammation in vivo (Cuzzocrea et al., 2004; Oliveira et al., 2007; Taylor et al., 2002), in part
by acting at PPARs located in liver or at the site of inflammation (Devchand et al., 1996;
Napimoga et al., 2008). While most attention has been paid to PPAR function in peripheral
tissues, it is becoming increasingly clear that pharmacological activation of PPARγ may
alleviate certain CNS pathology (Abdelrahman et al., 2005). CNS sites of action of PPARγ
ligands are supported by recent reports of PPARγ expression in brain (Moreno et al., 2004)
and spinal cord (Shibata et al., 2008). Also, we and others have recently reported that
supraspinal (intracerebroventricular) administration of PPARα ligands (perfluoroctanoic acid)
reduced peripheral edema and/or inflammatory hyperalgesia (D'Agostino et al., 2009;
D'Agostino et al., 2007; Taylor et al., 2005), and that intrathecal administration of PPARγ
ligands, rosiglitazone and 15d-PGJ2, reduced behavioral signs of neuropathic pain (Churi et
al., 2008). Whether supraspinal administration of PPARγ ligands reduces inflammatory pain
and edema remains unclear. To address this question, the present studies evaluated the effects
of intracerebroventricular administration of PPARγ agonists on edema, pain-like behavior, and
noxious stimulus-evoked gene expression in a key site of spinal nociceptive transmission.
Specifically, we quantified the dorsal horn expression of the immediate-early gene c-fos, a
classic neural marker of pain (Harris, 1998).

METHODS
Animals

Male Sprague-Dawley rats weighing 250–350g were used in this study. All animals were cared
for in accordance to the guidelines set forth by the National Institutes of Health regarding the
proper treatment and use of laboratory animals. All experiments involving animals were
approved by the Tulane University Institutional Animal Care and Use Committees.

Intracerebroventricular cannulae implantation
Guide cannulae (Plastics one, Roanoke, VA) for intracerebroventricular (ICV) injection were
placed one wk before experimentation. Surgical anesthesia was achieved with isoflurane (5%
for induction; 1.5–2% for maintenance). Rats were placed in a stereotaxic apparatus fitted with
blunt ear bars (Stoelting, Kiel, WI). After an incision to expose the cranium, the dorsal surface
of the skull was leveled by zeroing the dorso-ventral coordinate at lambda and bregma. A 26-
G stainless steel guide cannula (Plastics One, Roanoke, VA) was lowered to the right lateral
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brain ventricle using the following stereotaxic coordinates: 0.7 posterior to bregma, 1.5 mm
lateral from midline and 3.3–4.0 below the skull surface (Paxinos and Watson, 1997). Initial
placement of the cannula was verified by slow downward movement of saline when the tubing
was opened and raised (Taylor et al., 1994). The cannula was fixed to the skull with 2–3 small
screws and dental cement. After hardening of the cement and suturing of the incision, a 30G
stylet (Plastics One, Roanoke, VA) was secured within the guide.

Carrageenan-Induced Paw Inflammation
100 µl of 1% (behavioral studies) or 3% (immunohistochemical studies) carrageenan (type IV,
lambda, Fluka, Milwaukee, WI) was prepared in saline and subcutaneously injected into the
mid-plantar region of the right hindpaw. 3% carrageenan was used to maximize spinal Fos
expression. Paw edema was assessed in all animals with two methods. First, while gently
restraining the rat, dorsal-to-ventral paw thickness was measured with a Mitutoyo Pocket
Gauge micro-caliper (Western Tool, Oakland, CA). Second, while gently restraining the rat,
each hind limb was submerged to the ankle hairline within a plethysmometer, yielding a
measure of paw volume (Ugo Basile, Italy). The average of 3 measurements at each time point
was calculated.

Thermal Paw Withdrawal Test
Rats were acclimated to an 8” × 8” clear plexiglass box on a plexiglass floor (Ugo Basile, Italy)
for at least 1 hr. Absorbent paper towels, initially placed under the animal, were removed at
least 30 min before testing. To facilitate acclimation and response reliability, fluctuations in
room noise and vibrations and temperature were minimized. The thermal stimulus consisted
of a radiant heat source (8V, 50W lamp, Ugo Basile, Italy) positioned under the glass floor
directly beneath the hind paw. When triggered, a timer was activated, and light passed through
a small aperture at the top of a movable case. At specified time-points, the stimulus was applied
to the right paw and the latency to paw withdrawal was recorded. The average of 3
measurements was calculated. If the rat did not respond within 30 sec, the heat was discontinued
to prevent tissue damage. One day before testing, voltage intensity was adjusted to standardize
the average latency to paw withdrawal ± 1 sec from one day to the next.

Drug Injection and Experimental Timeline
Prior to injection of rosiglitazone (Cayman Chemical, Ann Arbor, MI), 15d-PGJ2 (Cayman
Chemical, Ann Arbor, MI), GW9662 (Sigma, St. Louis, MO), and/or BADGE (Sigma, St.
Louis, MO), we evaluated paw thickness, paw volume, and/or paw withdrawal latency to heat
stimulation. Next, with gentle restraint we attached drug-loaded polyethylene tubing to the
cannula. Receptor agonists were administered 30 min prior to induction of inflammation, while
receptor antagonists were administered 45 min prior to inflammation. For the paw volume
studies, vehicle controls did not differ from one experiment to the next, and were therefore
combined into a group of 12 for data presentation and analysis. Intrathecal injections were
administered under light isoflurane anesthesia (5% induction, then 2–2.5% maintenance in
oxygen). Rosiglitazone or vehicle was administered in a volume of 10 µL using a 25 µL
Hamilton microsyringe fitted with a 27-gauge needle. The needle was inserted into the
subarachnoid space through the intervertebral foramen. A tail or foot flick response was used
as verification of correct placement of the needle. ICV injections were delivered in a 5 µl
volume via a 25 µl Hamilton syringe fitted with a 27-G needle attached to approximately 10cm
of 20-G polyethylene tubing, which was connected to the 26-G guide cannula. Progress of the
remote injection was visually confirmed by observation of movement of a small air bubble
within the PE-20 tubing. Injectors were left in place an additional min to minimize backflow
within the catheter. The animal was returned to its testing box. At t=0, carrageenan was injected
and inflammation and paw withdrawal latency was evaluated at t=1, 2, 3, and 4 hr.

Morgenweck et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunohistochemistry for Fos Protein
Three hours after carrageenan injection carrageenan-induced inflammation was measured via
changes in paw thickness as described previously. Rats were then deeply anesthetized
(Pentobarbital, 60mg/kg i.p. Sigma, St Louis, MO) and perfused intracardially with 200 ml of
ice-cold phosphate buffered saline 0.1M (PBS) followed by 300 ml of fixative (10% formalin
in 0.1M PBS). The cord was then removed and post-fixed for 3 hr in 10% formalin and then
cryoprotected (30% sucrose in 0.1M PBS). Transverse sections were cut at 40 µm on a freezing
microtome and collected in 0.1M PBS. The sections were washed three times in 0.1M PBS
and immersed in 0.3% H2O2 for 30 min. Sections were pretreated with 1% normal goat serum
to block non-specific binding and then incubated in rabbit polyclonal Fos protein antibody
(1:20,000, Calbiochem, San Diego, CA) overnight at room temperature on a slow rocker. The
tissue was then washed three times in 0.1M PBS, again blocked in 1% normal goat serum, and
incubated in biotinylated goat anti-rabbit 2° antibody (1:1000; Jackson ImmunoResearch
Laboratories, West Grove, PA) for 2 hrs at room temperature. Next, the sections were washed
and exposed to avidin-biotin-peroxidase complex for 1hr at room temperature. The chromogen
was developed with 0.01% hydrogen peroxide and visualized with 0.05% diaminobenzidine.
The tissue was washed with PB, mounted onto Superfrost/Plus slides, air dried, dehydrated in
a series of graded alcohols, cleared in xylene and cover-slipped.

Quantification and Analysis of Fos-Positive Profiles
Sections were captured under bright-field illumination with a 10× objective using Meta
Imaging Series software (Metamorph 4.500). Blinded to treatment, Fos-immunoreactive (Fos-
IR)-positive profiles were counted using NIH Image J software (Abramoff et al., 2004;
Rasband, 1997–2007). Images were first transformed into 16-bit grayscale and then relative
size (µm2) and circularity of Fos-IR positive profiles were determined from a random subset
of images using the wand tool. Next, the region of interest (ROI) was outlined and each image
thresholded manually to the beginning of the upward slope of the density histogram using the
image-adjust-threshold command. Three separate regions were analyzed in the ipsilateral and
contralateral portions of the spinal cord: lamina I–II, lamina III–IV and lamina V. In both the
ipsilateral and contralateral sections of the spinal cord, highlighted profiles in the ROI were
automatically counted using the analyze-analyze particles command. This automated method
provides essential identical counts to those obtained manually (Brightwell and Taylor, 2009).

Data Analysis and Statistics
Behavioral studies—To determine dose-response relationships, data were analyzed by two-
way ANOVA with Dose as the between-subjects factor and Time as the repeated measure, and
the F-values reported in the text of the Results. If the resulting F-value was significant (p<0.05),
then post-hoc t-tests with Bonferroni correction were performed to obtain individual
comparisons at each time point, and significant differences of each drug dose as compared to
vehicle control are denoted in the Figures. Fos quantification. Data were analyzed by two-way
ANOVA. If the effects of an individual variable proved significant, these analyses were
followed by post-hoc t-tests with Bonferroni correction. P<0.05 was considered significant.

RESULTS
Supraspinal administration of PPAR γ agonists dose-dependently decrease edema

We previously reported that systemic administration of PPARγ agonists robustly reduce the
peripheral edema associated with the intraplantar injection of carrageenan (Taylor et al.,
2002), but the site of action was not determined. To test the hypothesis that activation of
PPARγ in the brain reduces peripheral edema, we used the intracerebroventricular (ICV) route
to administer two compounds known to selectively activate the PPARγ isoforms: rosiglitazone
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(Lehmann et al., 1995) and 15d-PGJ2 (Forman et al., 1995; Kliewer et al., 1995). As illustrated
in Figure 1, both rosiglitazone (F[3,100]=15.40, p<0.0001) and 15d-PGJ2 (F[3,84]=37.51,
p<0.0001) dose-dependently inhibited carrageenan-induced increase in paw thickness. Table
1 illustrates that rosiglitazone (F[3,100]=4.706, p<0.01) and 15d-PGJ2 (F[4,88]=14.90,
p<0.0001) dose-dependently inhibited carrageenan-induced increase in paw volume.

PPARγ receptors mediate the anti-inflammatory actions of rosiglitazone and 15d-PGJ2
To test the hypothesis that PPARγ receptors mediate the anti-inflammatory actions of
rosiglitazone and 15d-PGJ2, we used two compounds thought to selectively antagonize the
PPARγ isoforms: GW9662 (Miyahara et al., 2000) and BADGE. While the selectivity of
BADGE is controversial (Bishop-Bailey et al., 2000; Fehlberg et al., 2002; Wright et al.,
2000), the advantages of testing our hypothesis with two structurally dissimilar compounds
outweighs this uncertainty. As illustrated in Fig 2, neither BADGE nor GW9662 changed
edema when administered alone. However, BADGE dose-dependently reversed the decrease
in paw thickness produced by either rosiglitazone (F[4,120]=16.7, p<0.0001) or 15d-PGJ2 (F
[4,92]=31.2, p<0.0001), respectively. Similarly, GW9662 dose-dependently reversed the anti-
edema effects of either rosiglitazone (F[4,100]=11.2, p<0.0001) or 15d-PGJ2 (F[4,92]=30.0,
p<0.0001). Furthermore, as illustrated by the paw volume data of Table 1, pre-treatment with
either antagonist reduced the anti-inflammatory effects of rosiglitazone and 15d-PGJ2
(P<0.005 in every case).

PPARγ mediates the anti-hyperalgesic effects of supraspinal rosiglitazone and 15d-PGJ2
We next evaluated paw withdrawal threshold to noxious heat. As illustrated in Fig 3, ICV
rosiglitazone and 15d-PGJ2 significantly reduced thermal hyperalgesia (F[3,68]=8.905,
p<0.001) and (F[3,52]=6.093, p<0.01), respectively, following the intraplantar injection of
carrageenan. Rosiglitazone had no effect in Sham controls (intraplantar injection of saline
instead of carrageenan). To test the hypothesis that PPARγ receptors mediate the anti-
hyperalgesic actions of rosiglitazone and 15d-PGJ2, we pre-administrated two PPARγ selective
antagonists. Fig 3A shows that either BADGE (F[2,70]=37.43, p<0.0001) or GW9662 (F[2,65]
=28.00, p<0.0001) reversed the anti-hyperalgesic actions of 50 µg rosiglitazone. Fig 3B shows
that BADGE (F[2,50]=27.32, p<0.0001) and GW9662 (F[2,50]=17.50, p<0.0001) also
reversed anti-hyperalgesic actions of 200 µg 15d-PGJ2.

Intrathecal or systemic delivery of microgram doses of PPARγ agonists do not change
inflammatory hyperalgesia or edema

PPARγ agonists could diffuse from or leak out of the ICV space and into the spinal cord or the
peripheral circulation, respectively, thus acting at PPAR receptors outside of the brain. To test
this, we administered the highest ICV dose of rosiglitazone (50 µg/rat) or 15d-PGJ2 (200 µg/
rat) via the intraperitoneal and intrathecal routes. As illustrated in Fig 4A–B, intrathecal high-
dose rosiglitazone reduced neither carrageenan-induced edema nor hyperalgesia. Furthermore,
systemic administration of these doses of rosiglitazone or 15d-PGJ2 did not change (p>0.05)
edema as assessed by paw thickness (Fig 4C), heat hypersensitivity (Fig 4D), nor edema as
assessed by paw volume (Table 1). As expected from previous studies, only at a thousand-fold
higher dose (100 mg/kg = 30 mg/rat) did systemic delivery of rosiglitazone decrease paw
thickness (F[2,45]=21.71, p<0.0001, Fig 4E) and paw volume (F[2,45]=22.43, p<0.0001,
Table 1). These data indicate that supraspinal sites mediate the anti-edema and anti-
hyperalgesic effects of ICV PPARγ agonists.

PPARγ agonists inhibit the noxious stimulus-evoked activity of dorsal horn neurons
To test the hypothesis that PPARγ agonists increase supraspinal inhibition of spinal nociceptive
processing, we evaluated the dorsal horn expression of Fos, a marker of spinal neuron
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activation. As reported previously by numerous laboratories, the intraplantar injection of
carrageenan increased the number of Fos-IR profiles in the ipsilateral but not contralateral
dorsal horn, with greatest numbers observed in lamina I–II (Fig 5). Pretreatment with i.c.v.
rosiglitazone reduced Fos-IR by roughly 75% throughout the ipsilateral dorsal horn (F[1,30]
=60, p<0.0001), including lamina I–II (Fig 5E), but had no effect at the contralateral dorsal
horn [p>0.05, not shown].

ICV PPARγ agonists do not produce behavioral side effects
Neither of the receptor agonists or antagonists produced overt signs of sedation, hyperactivity,
or illness. To determine whether 15d-PGJ2 or rosiglitazone altered more subtle systems such
as motor coordination, we assessed duration spent on an accelerating rotarod. As illustrated in
Figure 6, neither 15d-PGJ2 nor rosiglitazone produced ataxia when delivered at the maximal
ICV dose used in the previous studies (p>0.05).

DISCUSSION
Our studies demonstrate for the first time that ICV rosiglitazone or 15d-PGJ2 act directly in
the brain to reduce behavioral withdrawal responses to noxious heat and paw edema. The
number of carrageenan-induced Fos-like immunoreactive profiles in dorsal horn (a classic
marker of noxious stimulus-evoked gene expression) was less in rosiglitazone-treated rats as
compared to vehicle controls. ICV administration of structurally dissimilar PPARγ antagonists
(either GW9662 or BADGE) reversed the anti-inflammatory and anti-hyperalgesic actions of
both rosiglitazone and 15d-PGJ2. We conclude that pharmacological activation of PPARγ in
the brain rapidly inhibits the spinal transmission of noxious inflammatory signals and local
edema.

Supraspinal sites mediate the actions of ICV administration of PPARγ agonists
Neither intrathecal nor intraperitoneal injection of 50–200 µg of PPARγ agonists mimicked
the effects of identical ICV doses. Only at much higher doses (~1000× higher) did systemic
administration of rosiglitazone decrease edema, as described previously (Cuzzocrea et al.,
2004; Taylor et al., 2002). We conclude that diffusion of PPARγ agonists out of the cerebral
ventricles is insufficient to explain our results, and that PPAR receptors within the brain (rather
than spinal cord or periphery) mediate the anti-edema and anti-hyperalgesic effects observed
after ICV administration of rosiglitazone (0.5–50 µg) or 15d-PGJ2 (50–200 µg).

PPARγ immunoreactivity and mRNA transcripts are distributed in multiple regions of the
brain, including the dorsal horn and supraspinal pain modulatory centers such as the
periaqueductal gray, rostral ventral medulla and amygdala (Churi et al., 2008; Cullingford et
al., 1998; Moreno et al., 2004). Intracerebroventricular injection of rosiglitazone and 15d-
PGJ2 may act at one or more of these regions to modulate inflammatory pain. Indeed, recent
studies indicate that PPARγ agonists alter CNS function. For example, the in vivo
administration of pioglitazone exerts neuroprotective effects in the brain in animal models of
Alzheimer’s disease, Parkinson’s disease, stroke and multiple sclerosis (Bernardo A, 2006;
Sundararajan et al., 2006). As with peripheral nerve injury, brain ischemia increases PPARγ
expression in neurons, supporting the idea that injury alters neuronal PPARγ signaling (Victor
et al., 2006).

Supraspinal PPARγ suppresses inflammation-evoked neuronal activity at the dorsal horn
It is unlikely that non-specific side effects contribute to the PPARγ ligand-induced reduction
of behavioral hypersensitivity to sensory stimuli. First, the anti-allodynic effects of 15d-
PGJ2 and rosiglitazone returned to pre-injection baseline within 4 hr; the reversible nature of
this action argues against drug-induced injury to the nervous system. Second, rotarod testing
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demonstrated no effect of anti-allodynic doses of rosiglitazone or 15d-PGJ2 on motor
coordination. And third, the anti-edema actions of rosiglitazone were reversible, largely
resolving within 24 hr.

Rather than non-specific effects, we believe that ICV administration of PPARγ agonists inhibit
the development of inflammatory pain by reducing nociceptive transmission at the spinal cord.
Numerous studies indicate that the hindpaw injection of carrageenan induces Fos protein
expression, a marker of neuronal activity, at the dorsal horn of the L4–L5 spinal cord (Buritova
et al., 1996; Coggeshall, 2005; Nackley et al., 2003). Although there is general (but not
universal) agreement that increased Fos expression is a marker of increased neuronal activity
(Coggeshall, 2005; Harris, 1998), it remains to be determined whether these neurons contribute
to pain excitation or inhibition. Our results demonstrate that rosiglitazone dramatically reduced
Fos expression, indicating that ICV PPARγ agonists either enhance descending inhibition,
reduce descending facilitation, or induce hormonal modulation of spinal pain transmission
(Ren and Dubner, 2002; Urban and Gebhart, 1999). Clues from ICV studies with PPARα
agonists raise the additional possibility of supraspinal inhibition of pain signaling in dorsal
root ganglion (D'Agostino et al., 2009). Further studies are required to evaluate the effects of
PPARγ agonists on the activity of CNS neurons at specific brain regions that contribute to
descending pain modulation.

Supraspinal inhibition of peripheral inflammation
Our current and previous studies demonstrated that systemic administration of the PPARγ
ligands troglitazone and rosiglitazone reduced peripheral inflammation in vivo (Taylor et al.,
2002). Further studies will be required to determine whether these or other TZDs cross the
blood brain barrier into the central nervous system. If they cross the blood brain barrier at
sufficient concentrations, our results would suggest that actions in the brain might facilitate or
synergize with the well-documented peripheral anti-inflammatory actions of PPARγ ligands.

The idea that the brain can modulate peripheral inflammation has been reviewed (Lotti et al.,
2002). For example, ICV administration of PPARα agonists, salicylates, acetaminophen, or
α-melanocyte-stimulating hormone reduce peripheral inflammation, possibly by triggering
descending inhibitory signals (Catania et al., 1991; D'Agostino et al., 2007; Lotti et al., 2002;
Taylor et al., 2005). Descending signals traveling through the spinal cord, dorsal root ganglion
and/or sympathetic chain may inhibit the release of inflammatory mediators such as histamine
and substance P (Catania et al., 1991). Alternatively, descending signals to the spinal cord may
lead to inhibition of dorsal root reflexes associated with neurogenic inflammation, ultimately
leading to decreased substance P-mediated plasma extravasation and decreased CGRP-
mediated increases in blood flow (Brain and Cambridge, 1996; Lembeck and Holzer, 1979;
Sluka, 2002). Further studies are required to determine whether PPARγ receptors in the brain
act via similar mechanisms to reduce cutaneous inflammation.

Transcription-independent mechanism of steroid receptor action
Steroid receptor ligands are well-known to exert numerous actions via long-term, transcription-
dependent, genomic mechanisms. However, there is a growing recognition for the importance
of transcription-independent (non-genomic) mechanisms to the actions of PPAR ligands
(Gardner et al., 2005). For example, PPARγ acts in a non-genomic manner to suppress NF-
κB, STAT-1, and AP-1 signaling pathways (Moraes et al., 2006). Also, Loverme et al.
demonstrated in mice that systemic administration of PPARα agonists rapidly (within 30 min)
reduced behavioral signs of nociception after the intraplantar injection of dilute formalin
(LoVerme J, 2006). Similarly, the present studies show that both 15d-PGJ2 and rosiglitazone
rapidly reduce edema and inflammatory pain, often within 60 min of administration. Because
this relatively short time course may be insufficient for altered transcription and translation of
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pain-related proteins, we suggest that non-genomic mechanisms in the brain may contribute
to the anti-allodynic actions of PPARγ ligands.

Summary
Maeda et al recently reported that systemic administration of pioglitazone reduced behavioral
signs of neuropathic pain (Maeda et al., 2008), raising the possibility that this FDA-approved
drug can be effective as an analgesic agent. Previous studies indicate that peripheral sites
contribute to the anti-hyperalgesic actions of 15d-PGJ2 in models of inflammatory pain
(Napimoga et al., 2008; Pena-dos-Santos et al., 2009), while PPARγ sites in the spinal cord
contribute to the anti-allodynic actions of 15d-PGJ2 and rosiglitazone in models of neuropathic
pain (Churi et al., 2008; Maeda et al., 2008). Here we show that supraspinal PPARγ sites can
also contribute to the pain-reducing actions of 15d-PGJ2 and rosiglitazone. Our results add
supraspinal sites to the list of targets considered for future studies designed to evaluate the
mechanism of analgesic action of PPARγ agonists. Indeed, unlike rosiglitazone or 15d-PGJ2,
pioglitazone is known to cross the blood-brain-barrier (BBB), and thus its systemic
administration can theoretically act upon PPARγ receptors in the CNS as well as the periphery,
perhaps to exert the anti-hyperalgesic effects reported by Maeda et al (Maeda et al., 2008).

Abbreviations

ICV intracerebroventricular

15d-PGJ2 15-deoxy-Δ12,14-Prostaglandin J2

BADGE Bisphenol A diglycidyl ether

GW9662 2-Chloro-5-nitrobenzanilide

PPAR peroxisome proliferator-activated receptor

CNS central nervous system

RXR retinoid X receptor

PPRE peroxisome proliferator response element;

TZD thiazolidinedione

ANOVA analysis of variance

CGRP Calcitonin gene related peptide

NF-κB nuclear factor-kappa B

STAT-1 signal transducer and activator of transcription-1

AP-1 activator protein-1
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Figure 1. PPAR γ agonists dose-dependently decrease edema
Vehicle or drugs were injected ICV after the baseline measurement of paw thickness. Thirty
min later, carrageenan was subcutaneously injected into the hind paw. Panels A and C display
the time-course data, while Panels B and D display the data as the difference between baseline
and the mean of the 240 min time point. Either rosiglitazone (A–B) or 15d-PGJ2 (C–D) reduced
the development of edema. n=6–11 per group. Values represent mean ± SEM. (+), (*), and
(★)represent significant difference (P<0.05 vs vehicle by Bonferroni post-tests following two-
way ANOVA) from low, medium and high dose, respectively.
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Figure 2. PPARγ receptors mediate the anti-inflammatory actions of rosiglitazone and 15d-PGJ2
The PPARγ antagonist BADGE attenuated the anti-inflammatory actions of either
rosiglitazone (R, panels A–B) or 15d-PGJ2 (PGJ2, panels C–D). Similarly, GW9667 attenuated
the actions of rosiglitazone (panels E–F) or 15d-PGJ2 (panels G–H). Antagonists were injected
ICV, followed 15 min later by vehicle, rosiglitazone (Rosi) or 15d-PGJ2 (PGJ2), and then 30
min later by carrageenan was injected into the hindpaw. n= 6–11 per group. Values represent
mean ± SEM. (★) and (*) represent significant difference (P<0.05 vs vehicle by Bonferroni
post-tests following two-way ANOVA) from agonist alone and agonist + low dose antagonist,
respectively.
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Figure 3. PPARγ receptors mediate the anti-hyperalgesic actions of rosiglitazone and 15d-PGJ2
The intraplantar injection of carrageenan but not saline (SHAM) decreased paw withdrawal
latency to heat. Either rosiglitazone (Rosi, panel A) or 15d-PGJ2 (PGJ2, panel B) decreased
this hyperalgesia. Rosi did not change latency in SHAM. Pretreatment with the PPARγ
antagonists GW9662 (GW) or BADGE (B) prevented the anti-hyperalgesic effects of the
agonists. n= 4–7 per group. Values represent mean ± SEM. ★P<0.05 agonist alone vs. vehicle
by Bonferroni post-tests following two-way ANOVA.
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Figure 4. Microgram doses of neither rosiglitazone nor 15d-PGJ2 change inflammatory
hyperalgesia or edema
Intrathecal (i.t.) administration of microgram doses of rosiglitazone did not reduce
carrageenan-induced edema (A) or hyperalgesia (B). Systemic administration of these doses
did not change (p>0.05) paw thickness (C) or heat latency (D). Only at hundreds-fold higher
doses did systemic delivery of rosiglitazone decrease paw thickness (E). These data indicate
that the anti-edema and anti-hyperalgesic effects of microgram doses of ICV PPARγ agonists
do not result from diffusion to peripheral or spinal sites.
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Figure 5. Rosiglitazone reduces carrageenan-induced Fos expression in the dorsal horn
Representative photomicrographs of the L4–L5 dorsal horn showing Fos-like
immunoreactivity of control animals (A, C) or rats treated 100µg of rosiglitazone i.c.v. (B,
D) following the intraplantar injection of carrageenan. Panel D depicts average number of Fos-
positive profiles at each laminar region of the L4–L5 dorsal horn on the side ipsilateral to the
carrageenan injection. n = 6. Values represent mean ± SEM. *p<0.0001 vs vehicle by
Bonferroni post-tests following two-way ANOVA.
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Figure 6. PPARγ agonists delivered centrally do not affect motor coordination
Motor coordination was assessed by evaluating time spent on an accelerating rotarod (4–40
rpm, over 10 min). Drug was administered after baseline measurement at t=0, measurements
were repeated at 120 and 240 min later. n= 3 per group. Values represent mean ± SEM.
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