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A multi-target approach for pain treatment: dual
inhibition of fatty acid amide hydrolase and TRPV1
in a rat model of osteoarthritis
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Abstract
The pharmacological inhibition of anandamide (AEA) hydrolysis by fatty acid amide hydrolase (FAAH) attenuates pain in animal
models of osteoarthritis (OA) but has failed in clinical trials. This may have occurred because AEA also activates transient receptor
potential vanilloid type 1 (TRPV1), which contributes to pain development. Therefore, we investigated the effectiveness of the dual
FAAH–TRPV1 blocker OMDM-198 in an MIA-model of osteoarthritic pain. We first investigated the MIA-induced model of OA by (1)
characterizing the pain phenotype and degenerative changes within the joint using X-ray microtomography and (2) evaluating nerve
injury and inflammation marker (ATF-3 and IL-6) expression in the lumbar dorsal root ganglia of osteoarthritic rats and differences in
gene and protein expression of the cannabinoid CB1 receptors FAAH and TRPV1. Furthermore, we compared OMDM-198 with
compounds acting exclusively on FAAH or TRPV1. Osteoarthritis was accompanied by the fragmentation of bone microstructure
and destroyed cartilage. An increase of the mRNA levels of ATF3 and IL-6 and an upregulation of AEA receptors and FAAH in the
dorsal root ganglia were observed. OMDM-198 showed antihyperalgesic effects in the OA model, which were comparable with
those of a selective TRPV1 antagonist, SB-366,791, and a selective FAAH inhibitor, URB-597. The effect of OMDM-198 was
attenuated by the CB1 receptor antagonist, AM-251, and by the nonpungent TRPV1 agonist, olvanil, suggesting its action as an
“indirect” CB1 agonist and TRPV1 antagonist. These results suggest an innovative strategy for the treatment of OA, which may yield
more satisfactory results than those obtained so far with selective FAAH inhibitors in human OA.
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1. Introduction

Osteoarthritis (OA) is a joint disease that primarily affects middle-
aged to elderly individuals and is one of the main reasons for
undergoing arthroplasty.34,72 Its key pathological feature is pain
caused by the loss of articular cartilage25 and bone remodel-
ing.10,28,44 Although numerous drugs have been approved to
treat OA symptoms, a meta-analysis indicated that the clinical
effects of pharmacological interventions on OA pain are limited to

the first weeks of treatment.8 Therefore, there is a strong need for
novel pharmacological approaches in the treatment of OA.

As progress continues in the understanding of pain path-
ways, several new targets are being identified: the transient
receptor potential vanilloid type 1 (TRPV1)12,31,61 and the
cannabinoid receptors of type 1 and 2 (CB1 and CB2) with their
endogenous agonists (endocannabinoids).2,66 TRPV1 antago-
nists block pain sensitivity,12,16,31,32 and TRPV1 polymorphisms
are associated with an increased risk of symptomatic knee
OA,74 whereas the inhibition of endocannabinoid inactivation
by, eg, fatty acid amide hydrolase (FAAH) is effective for chronic
and inflammatory pain.1,41,65,66 Therefore, both might be
attractive pharmacological targets for the treatment of OA pain.
Despite the claimed therapeutic potential of TRPV1 antagonists,
only a few candidates have progressed through clinical trials
because of unpredicted secondary effects such as hyperther-
mia.24 Regardless of the analgesic properties of selective FAAH
inhibitors in rodent pain models,11,37,38,53 one such compound
failed in an OA pain clinical trial,33,68 most likely because of the
redundancy of the endocannabinoid system.18,57 Indeed, it has
been postulated that TRPV1 activation by the endocannabinoid
anandamide and/or other FAAH substrates may reduce the
analgesic efficacy of FAAH inhibition.18 Emerging studies
highlight how compounds that inhibit both FAAH and TRPV1
may be more efficacious in pain relief than those targeting only
one such protein. A prototype molecule, N-arachidonoylser-
otonin (AA-5-HT), has been characterized7,22 and reported to
be more efficacious than a selective FAAH inhibitor in an animal
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model of inflammatory pain.14,46 The chemical unstability of
AA-5-HT led to the synthesis of potentially more chemically stable
piperazinyl carbamates,51,55 of which OMDM-198 displayed
satisfactory dual FAAH and TRPV1 blocking activities and a similar
efficacy as AA-5-HT. Recently, Maione et al.45 reported that
OMDM-198 exhibits antinociceptive, antihyperalgesic, and anti-
oedemic actions in acute and inflammatory pain. Thus, a multi-
target strategy for chronic pain treatment appears to increase the
benefit-to-risk ratio of endocannabinoid-based therapeutics.68

On the basis of the unsatisfactory outcome of current OA
therapies, we tested the analgesic activity of OMDM-198 in an
MIA-induced animal model of OA in comparison with com-
pounds acting selectively on either FAAH or TRPV1. We
evaluated the model by characterizing pain phenotype and
degenerative changes within the joint using X-ray microtomog-
raphy (XMT). We then assessed the expression of ATF-3,
a sensitive marker for peripheral neuron injury, and the
proinflammatory cytokine, IL-6, which plays a role in OA
pathophysiology. Finally, we studied differences in the expres-
sion of proteins of the endocannabinoid system in the lumbar
dorsal root ganglia (DRGs) of OA rats using quantitative
polymerase chain reaction (qPCR) and immunohistochemistry.

2. Materials and methods

2.1. Animals

Male Wistar rats (Charles River, Hamburg, Germany) initially
weighing between 225 and 250 g were used for all the
experiments. The rats were housed in groups of 5 animals per
cage under a 12:12-hour light/dark cycle and had free access to
food and water. All of the animals were allowed to acclimatize to
their holding cages for 3 to 4 days before any behavioral or
surgical procedures were conducted. All the experiments were
conducted between 9:00 AM and 12:00 AM. The experiments
were performed following the guidelines of the IASP75 and with
the approval number 938/2012 of the Local Bioethics Committee
of the Institute of Pharmacology (Krakow, Poland). Care was
taken to reduce both the number of animals used and the
suffering during the experiments.

2.2. Drugs and reagents

MIA, URB-597, AM-251, olvanil, and SB-366,791 were
obtained from Tocris Bioscience (Bristol, United Kingdom);
dimethyl sulfoxide (DMSO), Cremophor and Tween 80 were
obtained from Sigma-Aldrich (Poznan, Poland). The OMDM-
198 was synthesized, purified, and characterized as de-
scribed previously.50 All the reagents were dissolved in
a vehicle solution. The vehicle for URB-597 was 2% DMSO,
1% Tween 80, and 1% carboxymethyl cellulose in 0.9% saline.
The vehicle for OMDM-198 was 9% DMSO in 0.9% saline. The
vehicle for AM-251 and SB-366,791 was 18% DMSO, 1%
ethanol, and 1% Tween 80 in 0.9% saline. The vehicle for MIA
was 0.9% saline.

2.3. Induction of osteoarthritis and assessment of
pain-related behaviors

2.3.1. Induction of osteoarthritis

The rats were deeply anesthetized with 2% isoflurane in 100%O2

(1.5 L/min) until the flexor withdrawal reflex was abolished. The
skin overlying the right knee joint was shaved and swabbed with
100% ethanol. A 27-gauge needle was introduced into the joint

cavity through the patellar ligament, and 50 mL of 0.3 or 3 mg of
MIA, which is an irreversible NADPH inhibitor, in 0.9% saline was
injected into the joint (intra-articular) to induce OA-like lesions.
MIA inhibits chondrocyte glycolysis and produces histological
alterations with similarities to clinical histopathology.20,36

2.3.2. Dynamic weight bearing

Pain was measured in the MIA-induced model of OA using
dynamic weight bearing ([DWB], Bioseb, France) for incapaci-
tance testing in freely moving rats. This system is based on an
instrumented floor cage and a combined video acquisition. The
rats were placed on a Plexiglas enclosure with a floor composed
of sensors (details described in Ref. 63,71). A camera was placed
to the side of the enclosure. The rat was allowed to move freely
within the apparatus for 5minuteswhile the pressure data and live
recording were transmitted to a personal computer through
a USB interface. Raw pressure and visual data were colligated
with the DWB software v1.3. A zone was considered valid when
the following parameters were detected: $4 g on one sensors
with a minimum of 2 adjacent sensors recording $1 g. For each
time segment in which the weight distribution was stable for more
than 0.5 seconds, zones that met the minimal criteria were then
validated and assigned as either right or left hind paw or right or
left front paw by an observer according to the video and the
scaled map of the activated sensors. Other detected zones (tail,
testicles, etc.) were also validated but were excluded from
analysis. Finally, a mean value for the weight borne by the hind
limb and surface area of the hind paw were calculated for the
entire testing period based on the length of time of each validated
segment. These values were used to calculate the ratio of
ipsilateral to contralateral hind paw weight (in grams) and hind
paw print area (in square millimeters). The animals were not
acclimatized to the enclosure before the initial testing period to
maximize exploration behavior.

2.3.3. Pressure application measurement

The pressure application measurement (PAM) device (PAM; Ugo
Basile, Italy) has been used for the mechanical stimulation and
assessment of joint pain. A quantifiable force was applied for
direct stimulation of the joint, and the automatic readout of the
response was recorded.3,42 The animals were held lightly, and
the operator placed a thumb with a force transducer mounted
unit (circular contact 8mm, joint surface area of 50.3mm2) on one
side of the animal’s knee joint and a forefinger on the other. A
gradually increasing squeeze force was applied across the joint at
a rate of approximately 300 g/s with a maximum test duration of
15 seconds. Using calibrated instrumentation, the force in grams
applied was displayed on a digital screen and was recorded. The
test end point was the point at which the animal withdrew its limb
or showed any behavioral signs of discomfort or distress, such as
freezing of whiskermovement or wriggling. Anymotion to attempt
to withdraw from the device was transferred from the rat limb to
the operator’s fingers and forearm and was considered an
indication of the test end point. On rare occasions, the first sign of
distress was shown as the animal vocalizing before limb
withdrawal, and on these occasions, this was considered the
test end point. The peak gram force (gf) applied immediately
before the limb base unit recorded withdrawal, and this value was
designated as the limb withdrawal threshold (LWT). Two
measurements of both the ipsilateral and contralateral limbs
were obtained at 1-minute intervals during which the animals
were returned to their respective cages. The mean LWTs were
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calculated. Additionally, results were calculated to be presented
as Newton per square meter using the conversion factor
0.009814 for Krakow (Poland) geographical location.

The experimenter was blinded to the treatments of both the
PAM and DWB measurements. The baseline measurements
were obtained immediately before the intra-articular injection
(postoperative day 0) and then on respective postoperative days.

2.4. Treatment paradigm

In an initial study, pain wasmeasured every hour post-dosingwith
vehicle, the dual FAAH inhibitor, the TRPV1 blocker, or OMDM-
198 with doses of 1 mg, 2.5 mg, and 5 mg/kg injected
intraperitoneally (i.p.). In a subsequent study, the CB1 receptor
antagonist AM-251 (1 mg/kg, i.p.) and the TRPV1 nonpungent
agonist olvanil (1 mg/kg, i.p.) were given 15 minutes before
OMDM-198 (1 mg/kg, i.p.), with pain measured every 60 minutes
after the OMDM-198 administration. To determine the effects of
these compounds alone, AM-251 and olvanil were given
separately with joint hypersensitivity measured 30 to 300 minutes
post-administration. Changes in joint hypersensitivity were
compared with the baseline control (osteoarthritic rats treated
with vehicle).

2.5. TaqMan quantitative real-time polymerase
chain reaction

The animals were killed either 2 or 14 days after the MIA injection.
A group of naive animals was used as a reference. The L4–L6
DRG samples were placed in individual tubes with the tissue
storage reagent RNAlater (Qiagen Inc), frozen on dry ice and
stored at 280˚C until RNA isolation. The samples were
homogenized in 1 mL of Trizol reagent (Invitrogen, Carlsbad,
CA). The RNA isolation was performed according to the
manufacturer’s protocol. The total RNA quantity was assessed
using a Nanodrop spectrophotometer (ND-1000, Nanodrop;
Labtech International, United Kingdom). Each sample were
equalized to a concentration of 1 mg/mL and reverse transcribed
to cDNA using the Omniscript Reverse Transcriptase enzyme
(Qiagen Inc) according to the manufacturer’s protocol. The
reaction was conducted in the presence of the RNase inhibitor
rRNAsin (Promega), and an oligo(dT16) primer (Qiagen Inc) was
used to selectively amplify mRNA. The qPCR reactions were
performed using Assay-On-Demand TaqMan (Applied Biosys-
tems). The following assays were performed: Rn02758689_s1
(CB1), Rn00583117_m1 (Trpv1), Rn00577086_m1 (Faah),
Rn00563784_m1 (ATF3), Rn00561420 (IL-6), and Rn01527840_m1
(Hprt). The reactions were run on a Real-Time PCRCFX96 Touch
System (Bio-Rad). The expression of the Hpt1 transcript with
a stable level between the control and investigated groups was
quantified to control for variation in the cDNA amounts.
The threshold cycle (CT) value for each gene was normalized
with the CT value of Hprt. The abundance of RNAwas calculated
as 22(normalized threshold cycle).

2.6. Animal perfusion and double
immunofluorescence labeling

The rats were anesthetized with sodium pentobarbital (60 mg/kg)
and perfused through the ascending aorta with 100 mL of 0.9%
saline followed by 300 mL of 4% paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. The lumbar L5 DRG was located
by tracing the lumbar dorsal roots back to the sciatic nerve. The
dissected tissue was postfixed for 2 hours at 4˚C, cryoprotected

in 30% sucrose in 0.1 MPB for 12 hours at 4˚C, and embedded in
Tissue Tek (OCT; Miles Inc, Elkhart, IN). Cryosections were cut
and thaw-mounted onto Superfrost slides (Menzel, Germany) at
a thickness of 10 mm. The sections were processed for
immunohistochemistry. The slides were incubated with PBST
(0.1 M PB, 0.1% sodium azide, 0.3% Triton X-100, and 0.3 M
NaCl) containing 10% normal goat serum for 1 hour at room
temperature. A rabbit primary antibody raised to a truncated form
of the rat FAAH protein, DTM FAAH, comprising amino acids 38
to 579 as described previously,15,56 was generously provided by
Dr Istvan Nagy, Imperial College London, United Kingdom, and
was diluted to 1:2000 in PBST. After 3 washes in PB, the FAAH
immunofluorescence was revealed by incubation for 2 hours in
a mixture of FITC-Avidin D antibodies (cat no. A-2001; Vector
Labs), diluted to 1:600 in PBST and further processing according
to the manufacturer’s protocol (cat no. NEL700001KT; Perkin
Elmer). The co-staining of FAAH with TRPV1 (1:100, cat no.
GP14100; Neuromics) andNeuN (1:100, cat no.MAB377,Merck
Millipore, Poland) was performed subsequent to the TSA
procedure for the FAAH antibody. Double immunofluorescence
was revealed by incubation for 4 hours in a mixture of goat anti-
mouse conjugated with Alexa 633 and goat anti-guinea pig
conjugated with Alexa 555 (Cat. no. A21050 and Cat. no.
A-21435, Invitrogen) diluted to 1:100 in NGS.

For the triple immunofluorescence for TRPV1/CB1/NeuN, the
sections were incubated for 2 days in a mixture of anti-TRPV1
receptors combined with anti-CB1 (cat no. 209550, Merck
Millipore, Poland) and anti-NeuN antibodies (all diluted to 1:100
in NGS) at room temperature. After 3 washes in PB, the triple
immunofluorescence was revealed by incubation for 4 hours in
a mixture of goat anti-mouse conjugated with Alexa 633, goat
anti-rabbit conjugated with Alexa 488 and goat anti-guinea pig
conjugated with Alexa 555 (cat. no. A21050, cat. no. A-11008,
and cat. no. A-21435, Invitrogen) diluted to 1:100 in NGS.

To demonstrate the specificity of the staining, the omission of
either the primary antibody or the secondary antibody was
performed (data not shown). Additionally, for double immunoflu-
orescence to ensure that there was no cross reaction between
the secondary and primary antibodies, incubation of the section
with the first primary antibody and the addition of the second
secondary antibody was performed. No immunostaining was
detected in any of the controls. The animals that were subjected
to immunohistochemistry were not behaviorally tested.We aimed
to investigate the status of the TRPV1–CB1 receptor system in
response to OA-related pain and not to its pharmacological
modulation by the TRPV1 and CB1 receptor ligands.

The sections were examined, and the areas of interest were
photo documented on a confocal laser scanning microscope,
DMRXA2 TCS SP2 (Leica Microsystems, Germany), with a 320
dry objective lens (Leica) driven by confocal software (Leica), Ar
laser 488 (laser line emitted at 488 nm light), Gre/Ne laser (laser
line emitted at 543 nm light), and He/Ne laser (laser line emitted at
633 nm light); the background noise of each confocal image was
reduced by averaging 8 scans/line and 8 frames/image. To
visualize the image details, plates were generated by adjusting
the contrast and brightness of the digital images (ImageJ).

Quantification of the mean percentage value of the number of
neurons labeled with TRPV1, CB1 and FAAHwas performed by 2
independent observers blinded to the experimental protocols. All
the neurons (NeuN1 cells) in the field of view were identified,
followed by the single-positive (TRPV11, CB11, FAAH1) and
then double-positive (TRPV11/CB11, TRPV11/FAAH1) neu-
rons, which were counted for a total of 4 randomly selected
sections per group.
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Based on the required DRG section micrographs, we performed
quantification of the mean percentage value of cells presenting the
following immunophenotypes: (1) TRPV11/CB11, TRPV11/CB12,
and TRPV12/CB11; and (2) TRPV11/FAAH1, TRPV11/FAAH-,
and TRPV12/FAAH1. Two independent observers blinded to
the experimental protocols evaluated a total of 4 randomly
selected sections per group. Single-positive cells (TRPV11,
CB11, or FAAH1) and double-positive cells (TRPV11/CB11 or
TRPV11/FAAH1) were identified. Only cells with neuronal
features were considered (the positivity of NeuN was a necessary
but not sufficient condition). The number of single-positive cells that
were negative for another marker, ie, (1) TRPV11/CB12 or
TRPV12/CB11; and (2) TRPV11/FAAH or TRPV12/FAAH1, were
extracted from the raw data. A value of 100% indicates that all the
cells were analyzed but not all the neurons were identified.

2.7. X-ray microcomputer tomography

The ex vivo commercial XMT system was used (v|tome|x s, GE
Sensing & Inspection Technologies, Phoenix|x-ray, Wunstorf,
Germany). The scanner in configuration installed in the X-ray
Microtomography Lab (University of Silesia, Chorzów, Poland)
has 2 X-ray tubes (transmission hp 180 kV and direct 240 kV) and
a 160 flat panel detector (2024 3 2024 pixels, pixel size 5 200
mm). The direct tube was used. The XMT scanning parameters
were as follows: SystemGEPhoenix v|tome|x s; voltage (kV): 160;
current (mA): 45; voxel size (mm 3 mm 3 mm): 7986 3 7986 3
7986; number of images: 1600; detector timing (milliseconds):
250; filter Cu: 0.1. Identical canning parameters were applied to
all of the samples. The manufacturer’s software was used to
perform the image acquisition (Datos 2.0|acq) and image
reconstruction (Datos 2.0|rec).

Each sample was placed inside the scanner chamber using
the same holder, which also held the calibration phantom
required for further quantitative measurements of bone
mineral density (BMD). Reconstructed cross-sections were
stored in the 256 greyscale format (8 bits per voxel) and were
processed later by Drishti (open-source Volume Exploration
and Presentation Tool by Limaye43) to visualize the sample
microstructures. The volume of interest (VOI) (100 3 100 3
130 voxels) selected from the entire stack of images was used
to calculate histomorphometric parameters based on binar-
ized images (bone volume/total volume: BV/TV, trabecular
thickness: Tb.Th, and trabecular number: Tb.N) using CTAn
(Skyscan CT-analyzer software, Belgium) and quantitative
parameters related to BMD. The data sets that were
segmented using ImageJ (Wayne Rasband National Institutes
of Health, USA) were processed using a self-developed
plug-in to calculate the quantitative parameter hydroxyapatite
density (HAD). Hydroxyapatite density was calculated
using our own method for BMD measurements with the
calibration curve estimated based on the images of the
hydroxyapatite calibration phantom scanned concurrently
with the specimen. For a detailed description of XMT, please
see Refs. 4,5,17,21.

2.8. Statistical analysis

The analysis was performed using Prism V.5 (GraphPad Software).
Changes in weight distribution and joint pain in the MIA-treated vs
saline-treated rats and changes in mRNA in the DRGs of the MIA-
treated and saline-treated rats were analyzed using 2-way
analyses of variance with a Bonferroni post hoc test. Unless stated
otherwise, the data were analyzed using a one-way analysis of

variance with Dunnett or Bonferroni multiple comparison test for
time course or between-group comparisons, respectively. The
data were considered significant only when P , 0.05.

3. Results

3.1. Effects of intra-articular MIA injection on hind limb
weight bearing (DWB) and joint hypersensitivity (PAM)

The DWB baseline test measurements were obtained before the
MIA injection. There were no significant differences in weight
(mean values:246 2.3 g) or surface ratio (26 3.2mm2) between
the ispilateral and contralateral rear paws (n 5 24). The intra-
articular injection of 0.3 mg of MIA (n5 8) resulted in a significant
but transient decrease in weight bearing on the injected
(ipsilateral) hind limb. These decreases were pronounced on
days 2 and 7 after the injection (233 6 4.5 g and 231 6 4.6 g,
respectively, P, 0.01) and returned to near control levels (236
3.6 g) by 14 days after the injection (Fig. 1B). The lower dose of
0.3 mg of MIA provoked a transient decrease in surface
distribution between the ipsilateral and contralateral hind limbs
on day 2 (2236 3.0 mm2, P, 0.05) (Fig. 1C). The day 7 and 14
readouts (210 6 2.8 mm2 and 2 6 3.2 mm2) were not different
from the controls (saline-injected rats).

Instead, an intra-articular injection of 3 mg of MIA (n 5 8)
resulted in a significant and persistent decrease in both the
weight and surface ratio. A significant reduction in the ipsilateral
vs contralateral weight bearing was observed on days 2, 7, and
14 after administration (266 6 3.6 g, 264 6 3.4 g, and 278 6
5.0 g on respective days, P , 0.001). This result was also
observed for the surface differences between the MIA-injected
(ipsilateral) and contralateral paws (2546 3.4 mm2,2426 3.4
mm2, and 243 6 3.1 mm2 on days 2, 7, and 14 after MIA
injection, respectively, P , 0.001).

Joint hypersensitivity was measured by the PAM test, and
automatic recordings of LWTs were obtained. Before the
induction of joint inflammation (on day 0), the average ipsilateral
LWT was 345 6 9.8 gf (67,313 6 1912 N/m2) (n 5 24), and the
average contralateral LWT reading was 351 6 7.6 gf (68,483 6
1483 N/m2) (n 5 24). After the injection of 0.3 mg of MIA, the
average ipsilateral LWT decreased to 290 6 12.4 gf (56,582 6
2419 N/m2) (n 5 8) by day 2 (P , 0.01, Fig 1A). The day 7
measurements of joint withdrawal thresholds of the 0.3 mg MIA-
treated animals (n 5 8) were significantly lower than those of the
saline group (n 5 8) whose ipsilateral LWT readings were 303 6
14.5 gf (59,118 6 2829 N/m2) (P , 0.05, Fig. 1 A). The day 14
measurements resulted in a slight decrease in LWT for the 0.3mg
MIA-treated rats: 2976 7.5 gf (57,9476 1463 N/m2) (P, 0.001,
Fig. 1A). There was no hypersensitivity on the contralateral
hind paw.

After the injection of 3 mg of MIA, the average ipsilateral LWT
decreased to 3036 8.8 gf (59,1186 1717 N/m2) (n5 8) by day 2
(P , 0.05, Fig 1A). Along with OA development, the joint
withdrawal thresholds of the 3 mg MIA-treated animals (n 5 8)
were significantly lower than those of the saline group (n5 8), and
the ipsilateral LWT readings after the 3mgofMIAwere24566.5 gf
(47,802 6 1268 N/m2) and 220 6 5.0 gf (42,924 6 976 N/m2)
(P , 0.001 for both records, Fig. 1A) on days 7 and 14,
respectively. Again, there was no hypersensitivity on the
contralateral hind paw.

In summary, a decrease in LWT was noted for both 0.3 and
3 mg of MIA; however, the latter dose evoked more profound,
significant, and long-lasting decreases (on days 7 and 14,
respectively). Significant development of joint hypersensitivity and
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decreases in weight bearing on the injected hind limb were
observed after the 3 mg intra-articular MIA injection; these
developments prompted us to use this dose for further experi-
ments and to perform a detailed study of OA pain development.

3.2. Behavioral evaluation of MIA-induced knee
joint hypersensitivity

Consistent with previous studies, the time course of weight-
bearing asymmetry is biphasic, with the asymmetry slightly
correcting at the day 10 time point but returning at day 12.9,59 To
determine knee joint hypersensitivity after a 3 mg MIA injection,
measurements were obtained on days 0 to 28. In the rats injected
with 3 mg of MIA, the response was biphasic, whereas the activity

of the saline-injected control rats was constant from day 0 to day
28 (Fig. 2). The ipsilateral LWT after a dose of 3 mg was strongly
decreasedbyday 4 (158611gf [30,82762146N/m2]) compared
with the saline-injected rats (348 6 9.0 gf [67,898 6 1756 N/m2])
and returned to control values by days 9 to 10 (304 6 16.0 gf
[59,31363122N/m2] and332615.0 gf [64,77662927N/m2] for
the MIA-treated rats vs 342 6 5.8 gf [66,727 6 1132 N/m2] and
355 6 8.0 gf [69,264 6 1561 N/m2] for the saline-injected rats,
respectively). After returning to normal activity levels, the OA rats
became progressively hypersensitive to pressure applied to the
joint from day 11 to day 28 (the end of the study) (Fig. 2).

Because theMIA-inducedmodel of OA allows the evaluation of
anti-inflammatory (to treat early symptoms) and analgesic (to treat
chronic pain) drugs and because there were no significant

A

B

C

Figure 1. Time course and concentration relationship of the effect of intra-articular injection of MIA (0.3 and 3 mg) on hind limb weight bearing (A and B) and joint
hypersensitivity (C) in rats. MIA injection resulted in a concentration-dependent weight-bearing impairment recorded as the difference in hind limb dynamic weight
bearing in both weight (in grams) and surface (in square millimeters) ratio (ipsilateral–contralateral recordings). Additionally, pressure application measurements of
knee joint withdrawal thresholds detected a dose-dependent hypersensitivity. A statistical analysis was performed using a one-way analysis of variance followed
byBonferroni post hoc test. The valueswithP, 0.05were considered significant. * denotes significance between theMIA- (both doses) and saline-treated groups
at the same time point, # denotes significance between the 0.3 and 3 mg MIA-treated groups at the same time point. The values are the means 6 SEM.
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changes between LWT readouts from day 14 to day 28, day 14
was selected for future studies evaluating the analgesic profile of
OMDM-198 to minimize the suffering of the animals. Indeed,
consistent with literature data,9,26 day 14 after MIA injection
results in rigorous cartilage destruction and OA-like knee pain.
We also confirmed this by XMT (see Fig. 3 for details).

3.3. MIA progression and bone destruction

X-ray microtomographic images of bone microstructure repre-
sent quantitative assessments of bone and not direct damage to
cartilage structure. The measurement of bone microstructure
was performed using the known histomorphometry parameters
bone friction (BV/TV), trabecular thickness (Tb.Th), and trabecular
number (Th.N), which are based on binarized images. In addition,
amethod of the absolute value of BMDmeasurements (HAD) was
applied based on calibrated XMT data. The results are presented
in Table 1.

The bone volume fraction (BV/TV) increased over time because
destroyed bone was compacted in the subchondral region of the
bone in the joint. Referenced VOI (100 3 100 3 130 voxels)
contains bone segmented from the greyscale XMT images
(0-255) using threshold and later binary images (0-1) to estimate
BV/TV, Tb.Th, and Th.N. An increase in the bone material
because of the compacting of destroyed trabecules was
observed. An increase in trabecular thickness at day 0 and day
14 and a decrease at day 28 were observed; the trabecular
number decreased at day 14 and increased at day 28. The
thickness of the trabecules increased, whereas arthritis was not
yet visually observed; however, the structure from the entire VOI
was affected at day 14. A reverse pattern characterized day 28:
the trabecular thickness decreased, whereas the trabecules
number increased, suggesting that the microstructure became
compacted and the trabecules became thinner.

The HAD parameter was calculated based on calibrated XMT
images. The HAD analysis gave the following results: HADday 0 5
1.27mgHA/ccm,HADday 145 1.17mgHA/ccm, andHADday 285
1.30 mg HA/ccm. The BMD estimated using HAD at day 14 was
decreasing, most likely as a result of a reduction in bone mineral

content as a consequence of early-stage OA development. Along
with no changes in BV/TV, the Tb.Th, and Tb.N fluctuations
reflected the fact that the XMT bone microstructure image at day
14 had not yet changed. However, BV/TV based on binarized
images did not show the decreasing HAD, which would support
the loss of subchondral bone.

In conclusion, the results from the HAD measurements follow
the increasing values of BV/TV, resulting in a decreasing trend of
compacting bone; however, for day 14, the results were less
clear. It can be assumed that bone density was decreasing, but
the structure had not changed at this time point.

3.4. Expression of atf-3 and il-6 on the lumbar L4–L6 dorsal
root ganglia of the rats exposed to MIA injection

As a marker of nerve injury and proinflammatory cytokines
(catabolic in general) produced by joint tissue and released into
the synovial fluid, the mRNA levels of activating transcription
factor 3 (atf-3) and interleukin 6 (il-6) were quantified by real-time
qPCR in the lumbar DRG (L4–L6) of normal and OA rats.
Significantly increased atf-3 expression following the MIA
treatment was measured in osteoarthritic DRG on days 2, 7,
and 14 (Fig. 4A, P, 0.001) compared with the controls. The OA
animals showed a significant increase in atf-3 expression, which
was different from the control animals as early as day 2 (from 16
0.2 to 16.7 6 0.7 and 11.6 6 0.8 on the ipsilateral and
contralateral sides, respectively). The atf-3 expression declined
slightly until day 14, although it was significantly higher than the
baseline expression observed in the control animals (12.4 6 0.7
vs 9.8 6 0.9 and 12.2 6 0.7 vs 8.6 6 0.8 on the ipsilateral and
contralateral sides on days 7 and 14, respectively). Significant
differences between the ipsilateral and contralateral sides were
also noted for days 2 and 14.

A significant imbalance in il-6 expression levels was observed
in the osteoarthritic rats (Fig. 4B) compared with the controls.
Baseline il-6 expression was similar in the control animals and in
the contralateral DRG of the OA animals at all time points studied
(P . 0.05). There was an increase in il-6 expression in the
ipsilateral DRG of the MIA-treated animals. On day 2, an
upregulation of il-6 expression in the ipsilateral lumbar DRG
was observed (5.2 6 0.5, P , 0.005), whereas no change was
noted on day 7. The unilateral il-6 upregulation was observed
again on day 14 (3.2 6 0.6, P , 0.05).

3.5. Changes in cnr1, trpv1 and faah gene expression in the
lumbar L4–L6 dorsal root ganglia of the rats exposed to
MIA injection

We next determined the changes in cnr1, trpv1, and faah mRNA
levels because they represent primary targets for the piperazinyl
carbamate and TRPV1/FAAH blockers used here.

The changes in cnr1 gene expression in the ipsilateral and
contralateral sections of the lumbar DRGof theOA rats are shown
in Fig. 5A. The levels of cb1 mRNA in the rat L4–L6 DRG were
increased by MIA treatment, which is shown by the 3- to 4-fold
increase reported in the DRGs (Fig. 5A). This increase was
observed at all 3 time points tested (upregulation from 16 0.15 to
3.76 0.4, 4.86 0.5, and 4.26 0.4 on the ipsilateral side on days
2, 7, and 14, respectively, P, 0.001). Additionally, an analysis of
cnr1 transcript levels revealed that 2 days after the MIA injection,
there was an increase observed on the contralateral side as well
(4.2 6 0.4; P , 0.001). Significantly higher cnr1 transcript levels
were present on days 7 and 14 in the ipsilateral compared with
the contralateral side. An analysis of the transcript levels of trpv1

Figure 2. The ipsilateral pressure application measurement of limb withdrawal
threshold of saline and MIA-treated rats over a 28-day study. MIA injection
resulted in a biphasic decrease of the withdrawal threshold of the injected paw
with a chronic phase beginning approximately 12 days after the MIA
injection. A statistical analysis was performed using a one-way analysis of
variance followed by Bonferroni post hoc test. * denotes statistical
significance (P , 0.0001) between the MIA- and saline-treated groups at
the same time point. The values are the means 6 SEM.
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revealed that its mRNA in the DRGwas increased in the ipsilateral
side on day 2 after the MIA treatment (1 6 0.2 vs 1.9 6 0.1; P ,
0.05), but the mRNA levels returned to the levels observed in the
control animals on days 7 and 14 (Fig. 5B). The amount of faah

mRNA in the DRGwas significantly upregulated on day 7 after the
MIA injection (1 6 0.2 vs 2.2 6 0.2; P , 0.01) exclusively in the
ipsilateral side (Fig. 5C).

3.6. TRPV1, CB1, and FAAH immunoreactivity in dorsal root
ganglion neurons

Approximately 40% of all lumbar (L4/L5) DRGs were TRPV1
positive (40.6%6 2.4%). Immunohistochemical colocalization of
TRPV1 with CB1 or FAAH in rat L5 DRG 14 days after MIA-
induced OA was determined by immunofluorescence (Figs. 6
and 7). Only cells with neuron characteristics were considered
and identified as NeuN-positive cells (Fig. 6, A1-A2; Fig. 7, A1-A2).
In agreement with the results obtained by single staining, we
identified many TRPV1-positive (Fig. 6, B1-B2; Fig. 7 B1-B2),
CB1-positive (Fig. 6, C1-C2), and FAAH-positive (Fig. 7, C1-C2)
neurons, regardless of the treatment paradigm (MIA-injected

Table 1

X-ray microcomputer tomography–based parameters of

histomorphometric BMD during the development of OA pain

in the iodoacetate-injected rats (at days 0, 14, and 28).

Day 0 Day 17 Day 28

BV/TV, % 31.36 38.43 46.66

Tb.Th, mm 0.031 0.047 0.037

Tb.N, 1/mm 9.830 8.152 12.598

HAD, g HA/cm3 1.270 1.170 1.300

BMD, bone mineral density; BV/TV, bone volume/total volume; HAD, hydroxyapatite density; OA,

osteoarthritis; Tb.N, trabecular number; Tb.Th, trabecular thickness.
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Figure 3. X-ray microtomography–based 3-dimensional visualization of the knee joint samples during the development of osteoarthritis pain in the iodoacetate-
injected rats (at days 0, 14, and 28). Each sample is presented in an anterior–posterior view (A1-B3), left and right views (C1-D3), and a vertical cross-sectional
view (E1-E3) through the joint in the location of the volume of interest (marked by a white rectangle) where the bone fraction (BV/TV) and hydroxyapatite density
were calculated.
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knee or not). The staining profiles for the controls (healthy rats)
were similar (data not shown). Using double fluorescence, we
found that TRPV1 and CB1 receptors that were immunolabeled
colocalized largely (Fig. 6, D1-D2) and reached approximately
67% (Fig. 6E), irrespective of the procedure (data not shown) and
lateralization. Furthermore, the number of TRPV11/CB12 and
TRPV12CB11 cells did not change in our experimental setting
and was approximately 16% (Fig. 6E). Similarly, the co-
expression of TRPV1 and FAAH was stable and was approxi-
mately 67% (Fig. 7, D1-D2 and E) with a subsequent constant
percentage of TRPV11/FAAH2 and TRPV12/FAAH1 cells,
again reaching approximately 16% (Fig. 7E). These data suggest
a lack of alteration in CB1, TRPV1, and FAAH protein levels after
MIA-induced OA.

3.7. The effects of systemic OMDM-198 administration on
joint hypersensitivity in MIA-treated rats

Osteoarthritis was induced in the rats by the intra-articular
injection of 3 mg of MIA. The animals were allowed to recover for
14 days, which has consistently been shown to cause cartilage
destruction in this species, resulting in OA-like knee pain.9,26 On

day 14, the OA rats were randomly assigned into one of 4
treatment groups: vehicle (n 5 8) or OMDM-198–treated groups
(1, 2.5, and 5 mg/kg, i.p., each group with n 5 8).

The application of vehicle had no significant effect on the pain
response as measured in the LWT. A 1 mg/kg (i.p.) dose of
OMDM-198 significantly increased the LWT compared with the
vehicle-treated group, reflecting an analgesic response up to 120

A

B

ipsilateral

Figure 4.Results of the quantitative polymerase chain reaction analysis of atf-3
(A) and il-6 (B) gene expression levels in the L4–L6dorsal root ganglia during the
development of osteoarthritis pain in MIA-treated rats. Samples were collected
2, 7, and 14 days after osteoarthritis induction. Data are presented as the
means 6 SEM and represent the normalized averages derived from 4 to 6
samples for each group. The results are presented as a fold change normalized
to the expression of a reference gene, hprt1, compared with the intact animals.
A Statistical analysis was performed using a one-way analysis of variance
followed by Bonferroni post hoc test. Values with P , 0.05 were considered
significant. * denotes significant differences vs intact, # denotes significant
differences vs the contralateral side.

A

B

C

Figure 5. Results of the quantitative polymerase chain reaction analyses of
Cnr1 (A), Trpv1 (B), and Faah (C) gene expression levels in the L4–L6 dorsal
root ganglia during the development of osteoarthritis pain in MIA-treated rats.
Samples were collected 2, 7, and 14 days after osteoarthritis induction. Data
are presented as the means 6 SEM and represent the normalized averages
derived from 4 to 6 samples for each group. The results are presented as
a fold change normalized to the expression of a reference gene, Hprt1,
compared with the intact animals. A statistical analysis was performed
using a one-way analysis of variance followed by Bonferroni post hoc test. The
values with P, 0.05 were considered significant. * denotes significant differences
vs intact, # denotes significant differences vs the contralateral side.

May 2015·Volume 156·Number 5 www.painjournalonline.com 897

  Copyright � 2015 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.



minutes after administration (P , 0.05, P , 0.001, and P ,
0.0001, respectively; Fig. 8A). Intriguingly, compared with the
vehicle, the effects of OMDM-198 at doses of 2.5 and 5 mg/kg
(i.p.) were not significant (P . 0.05; Fig. 8A).

In a subsequent study, rats (n5 40) were randomly assigned to
one of 5 treatment groups: vehicle, OMDM-198, AM-251, olvanil,
AM-251 1 OMDM-198, and olvanil 1 OMDM-198. All the drugs
were injected intraperitoneally using a 1 mg/kg dose. Each group
consisted of n 5 8 animals. The systemic administration of the
CB1 receptor antagonist AM-251 15 minutes before the
administration of OMDM-198 significantly reduced the analgesic
capacity of the dual FAAH inhibitor/TRPV1 antagonist (P , 0.05
and P, 0.01; Fig. 8B). AM-251 administered alone had no effect
on MIA-evoked pain (P . 0.05; Fig. 8B). Administration of the
TRPV1 receptor nonpungent agonist, olvanil, which exhibited no
analgesic action per se, also reduced the 0- to 60-minute
analgesic capacity of OMDM-198 (P , 0.05; Fig. 8C). In the
presence of the CB2 receptor antagonist AM630, OMDM-198 still
produced significant antinociceptive effects compared with the
vehicle (Supplementary Fig. 1, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A49).

3.8. Comparison of the OMDM-198 analgesic effect with
single-target acting drugs (URB-597 and SB-366,791) on
joint hypersensitivity in MIA-treated rats

A comparison between OMDM-198, URB-597, and SB-366,791
evaluated 60 minutes after administration revealed that all of the
drugs were equally potent at inhibiting joint hypersensitivity
(Fig. 9). However, themolar doses (2.4mMOMDM-198, 14.8mM
URB-597, and 6.9 mMSB-366,791) required to achieve a compa-
rable analgesic effect were higher for URB-597 (approximately
6.2-fold greater) and SB-366,791 (approximately 2.8-fold greater).
No dose of OMDM-198, URB-597, or SB-366,791 affected the
LWT of the contralateral paws (data not shown).

4. Discussion

The high incidence of OA in the elderly population, along with the
increasing age of the general population, indicates that the
number of patients suffering from pain associated with this
condition will increase and emphasizes the need to validate
preclinical models of OA that can be used to assess both the
factors contributing to OA pain and the disease-modifying effects
of potential therapeutics.

We have characterized anMIA-inducedmodel of OA in relation
to the development of pain behavior. An intra-articular injection of
3 mg of MIA induced a sustained decrease in hind limb weight
bearing and an increase in joint hypersensitivity. In a human
clinical population, OA is not suspected until there has been
a significant disease progression, at which time the disease is
associated with joint dysfunction and pain. In this study, pain
behavior associated with intra-articular MIA injection was bi-
phasic, with the initial phase lasting approximately 8 days and the
chronic phase beginning at day 12. As evidenced by XMT, no
bone destruction was observed until the chronic phase, further
supporting the fact that the majority of damage to articular tissue

N
eu

N
m

er
ge

CB
1

TR
PV

1
contralateralipsilateral

A 1

D 1

C1

B 1

A 2

D 2

C2

B 2

E

Figure 6. Photomicrographic and quantitative representation of TRPV1 and
CB1 expression in adult rat L5 dorsal root ganglion (DRG) 14 days after MIA-
induced osteoarthritis. L5 DRG sections of osteoarthritis rats (A-D): ipsilateral
(A1-D1) and contralateral (A2-D2) to injection. The images represent the
distribution of neurons in rat L5 DRG (A1-A2; blue), immunolabeling for TRPV1
(B1-B2; red), immunolabeling for CB1 (C1-C2; green), and merged signals for
TRPV1 and CB1 (D1-D2; orange). Different subpopulations of neurons were

immunoreactive to TRPV1 and CB1 (E). The data are presented as the % of
expressing cells6 SEM. Each column represents the mean of at least 4 areas
counted by 2 observers who were blinded to the study. The results were
evaluated using a t test analysis. No statistical significance (P , 0.05) was
found. Scale bar 5 100 mm.
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in the first 7 days after the MIA injection was to the cartilage, with
bone damage not yet present.27 Although the behavioral
changes and histology both worsened over time, the majority
of the pain responses were apparent within 7 days of the MIA
injection, whereas gross joint damage was not evident by day
14. Thismirrors the clinical situation in which patients report pain
with no severe joint damage present.29 Additionally, XMT does
not measure cartilage destruction directly; however, it can
monitor the quality of subchondral bone, which supports the
cartilage. X-ray microtomography demonstrated that intra-
articular MIA induced significant alterations in the subchondral
bone; additionally, in the same regions of the joint where the
changes in the subchondral bone were observed, cartilage loss
might also occur.54

Cytokines and growth factors are elevated during OA
pathogenesis35; low levels of many of these factors are
necessary for normal homeostasis, but, in OA, their balance
may be disturbed. Indeed, IL-6 levels significantly increased as
early as 2 days after MIA injection, which may promote OA
development and modulate the effects of cytokines such as
IL-1b, tumor necrosis factor a, IL-17 or IL-18, which also
promote tissue damage. Another study suggested a similarity
between OA and neuropathic pain.35 We observed a strong
atf-3 signal in the L4–L6 DRG in response to MIA between days
2 and 14. Consequently, in this study, increased transcripts of
atf-3 in the L4–L6 DRG might be indicative of neuronal
damage73 and imply that the intra-articular injection of MIA
is associated with early neuropathy, as demoinstrated by the
fact that IL-6 levels were not significantly different from control
levels, the cytokine was instead upregulated at day 14. Indeed,
IL-6 is not exclusively involved in the inflammatory response
and might also participate in the induction of mechanical
hypersensitivity and hyperalgesic priming in different types of
arthritis.49,50,60 The atf-3 signal was still present at days 7 and
14. Osteoarthritis might be considered as inflammatory
disorder, but the resolution of inflammation at the later time
points (with histological changes within the bone) and the lack
of correlation between atf-3 and il-6 transcripts seem to rule out
this link. A further assessment of atf-3 expression at later time
points would elucidate whether the pathological changes
observed herein fluctuate with time.

Studies in animal OA models have revealed enhanced levels
of endocannabinoids in the spinal cord and associated
elevations in protein levels of endocannabinoid biosynthetic
enzymes.64 Furthermore, a tonic release of endocannabinoids,
which could counteract peripheral sensitization, has been
observed.65,66 Spinal cord levels of AEA and its biosynthetic
enzymes were also elevated in a rat OA model.64 Accordingly,
we revealed increased levels of CB1 along with OA develop-
ment.62 Considering the location of TRPV1 andCB1 receptors in
relation to nociceptive transmission,30,57,67 both have attracted
attention during the development of new treatments for OA pain.
Herein, we showed an ipsilateral alteration of FAAHmRNA in the
L4–L6 DRG 7 days after the induction of OA. Furthermore, the
quantitative real-time PCR data indicated that the expression of
TRPV1 mRNA was not altered during the development of OA.
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Figure 7. Photomicrographic and quantitative representation of TRPV1 and
FAAH expression in adult rat L5 dorsal root ganglion (DRG) 14 days after MIA-
induced osteoarthritis. L5 DRG sections of osteoarthritis rats (A-D): ipsilateral (A1-
D1) and contralateral (A2-D2) to injection. The images represent the distribution of
neurons in rat L5 DRG (A1-A2; blue), immunolabeling for TRPV1 (B1-B2; red),

immunolabeling for FAAH (C1-C2; green), and merged signals for TRPV1 and
FAAH (D1-D2; orange). Different subpopulations of neurons were immunoreactive
to TRPV1 and FAAH (E). The data are presented as the % of expressing cells 6
SEM. Each column represents the mean of at least 4 areas counted by 2
observers who were blinded to the study. No statistical significance (P , 0.05)
was found. Scale bar5 100 mm.
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Figure 8. Effect of acute systemic treatment with OMDM-198 (1-5 mg/kg, i.p.), alone (A) or in combination (B, C) with AM-251 (1 mg/kg, i.p.) or olvanil (1 mg/kg,
i.p.) on hind limb joint hypersensitivity in osteoarthritic rats. Fourteen days after injection with 3 mg of MIA, the rats received OMDM-198 (1-5 mg/kg), and the hind
limb withdrawal threshold was assessed over a 300-minute period. A systemic preadministration of the CB1 receptor antagonist AM-251 (1 mg/kg) and of the
TRPV1 receptor antagonist olvanil (1 mg/kg) significantly reduced the analgesic effect of OMDM-198. A statistical analysis was performed using a one-way
analysis of variance followed by Bonferroni post hoc test. The values with P , 0.05 were considered significant. * denotes significant differences vs vehicle,
# denotes significant differences vs OMDM-198 (1 mg/kg). The values are the means 6 SEM.
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However, an alteration in the DRG at day 2 was observed. Some
of the observed changes were bilateral, suggesting that
unilateral arthritis can induce bilateral changes.19 OMDM-198
primary targets, ie, TRPV1 and FAAH, were largely co-
expressed at the protein level in the cell bodies of afferent
neurons innervating the joint, thus providing the histological
basis for the effectiveness of OMDM-198. In fact, we observed
a high number of cells displaying TRPV1/CB1 and TRPV1/FAAH
immunoreactivity. However, no functional upregulation of the
number of cells co-expressing either TRPV1/CB1 or TRPV1/
FAAH was observed in the MIA-induced model of OA pain.
Changes in protein expression in knee-innervating cells could
be obscured by the unchanged expression of proteins in cells
that do not contribute to the innervation of the knee, thus
explaining this latter finding.

Because of the analgesic and anti-inflammatory proper-
ties40,48 of cannabinoids, their effects have been studied in
animal models of arthritis. Nonpsychoactive cannabinoids,
such as cannabidiol (CBD) and HU-320, can reduce joint
damage and inflammation in murine collagen-induced arthri-
tis,47,70 suggesting their potential as therapeutic agents for
arthritis. The presence of the endocannabinoid system in the
synovium suggests that its targeting could be also a therapeutic
strategy for the treatment of OA. Accordingly, preventing AEA
breakdown in neuronal and non-neuronal cells was shown to
produce beneficial effects for the treatment of osteoarthritic pain
through both anti-inflammatory and antihyperalgesic actions.1,39

Regardless of these promising pharmacological advances to treat
arthritis and associated hyperalgesia with FAAH inhibitors,
PF-04457845 failed to produce an effective analgesia against
OA pain in a randomized placebo-controlled phase II clinical
trial.33 A possible explanation is the fact that not all the
physiological effects of endocannabinoids are mediated by CB1

and CB2 receptors.58,68 Endocannabinoids also produce their
effects through TRPV1 desensitization, which has been shown to
be effected also by phytocannabinoids, including CBD.6 TRPV1

desensitization also mediates anti-inflammatory effects in a rat
model of acute inflammation in which the TRPV1 antagonist
capsazepine reversed the effects of CBD, whereas CB1

(SR141716A)- and CB2 (SR144528)-specific antagonists had
no effect.13 Recently, a noxious effect of FAAH inhibitors, ie, AEA-
induced cell death, was observed in human cardiomyocytes.52

Thus, the inhibition of FAAH could result in negative effects by
increasing the production of endocannabinoids, leading to liver
and myocardial injury.

A new class of dual-acting compounds that simultaneously
elevate endogenous FAAH substrates’ levels and inactivate
TRPV1 receptors is a promising approach for pain relief.14 The
present results support the idea that the systemic administration
of a dual FAAH/TRPV1 blocker can reduce joint pain evoked by
an injection of MIA. Indeed, throughout the time course of this
study, OMDM-198 exhibited a significant reversal of joint
hypersensitivity. OMDM-198 was effective only at the lowest
tested dose, and this could be because the full inhibition of
FAAH, which likely occurs at higher doses, may generate the
production of anandamide derivatives with proalgesic
actions,23,58,69 or may produce levels of anandamide that activate
TRPV1 too strongly for this effect to be antagonized by the
simultaneous effect of the drug on TRPV1 (particularly because
OMDM198 is less potent as FAAH inhibitor than as TRPV1
antagonist, and its effect on FAAHmight becomemore important
at high doses). The lack of effect of OMDM198 at 5 mg/kg might
be due also to the prevalence of activation of anandamide off
targets (and not just TRPV157) over TRPV1 antagonism. However,
we showed that the analgesic effect of the 1 mg/kg dose of
OMDM-198 was due to indirect agonism of CB1 and antagonism
of the TRPV1 receptors, as indicated by its counteraction by
per se inactive doses of AM-251, a CB1 blocker that may behave
as an inverse agonist, and olvanil, a TRPV1 receptor agonist. A
CB2 antagonist, AM-630, did not affect the OMDM-198 analgesic
profile (Supplementary Fig. 1, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A49). OMDM-198
was recently demonstrated to have both central and
peripheral sites of action in formalin and carrageenan tests
in mice and to act through TRPV1 antagonism and the
elevation of endocannabinoid levels.31 When OMDM-198
efficacy was compared here to that of URB-597, a selective
FAAH inhibitor, and of SB-366,791, a selective TRPV1
antagonist, the optimal doses required to achieve a compara-
ble analgesic effect were much higher for the 2 single-target
drugs than for OMDM-198.

In summary, themodel of intra-articular MIA injections provides
a preclinical tool inwhich consistent pain readouts are inhibited by
OMDM-198, a synthetic compound that inhibits FAAH and
antagonizes TRPV1. Our results may lead to an innovative
pharmacotherapic strategy for OA.
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Figure 9.Comparison of the analgesic effects of OMDM-198 with those of the
FAAH inhibitor, URB-597, and the TRPV1 receptor antagonist, SB-366,791,
on hind limb joint hypersensitivity in MIA-treated rats. Fourteen days after
injection with 3 mg of MIA, the rats received OMDM-198 (1 mg/kg), URB-587
(5 mg/kg), or SB-366,791 (2 mg/kg), and the hind limb withdrawal threshold
was evaluated 60 minutes after administration. A statistical analysis was
performed using a one-way analysis of variance followed by Bonferroni post
hoc tests. The values with P , 0.05 were considered significant. * denotes
significant differences vs vehicle. The values are the means 6 SEM.
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