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1 Introduction

1.1 The pain

The World Health Organization has defined pain @%%& ,an unpleasant sensory
and emotional experience associated with actupbtantial damage, or described in terms
of such damage”. Pain is a complex perceptual expeg that, in addition to conveying
sensory information such as location, type, anensity of a stimulus, has profound
affective and cognitive features. The experienceaih is the final product of a complex
information-processing network. Whether or not dipalar stimulus will be perceived as
painful depends not only on the nature of the dtisiubut also on the context within

which it is experienced, memories, emotions andrso

We distinguish acute and chronic pain, furthermooeiceptive and neuropathic
pain. Nociceptive pain is initiated by stimulatioh nociceptors, and may be classified
according to the mode of noxious stimulation; th@sthcommon categories being
“thermal” (heat or cold), "mechanical” (crushinggaring, etc.) and "chemical".
Nociceptive pain may also be divided into "supéafisomatic” and "deep”, and deep pain
into "deep somatic" and "visceral". Neuropathicnpgi a type of pain which is caused by
damage to or dysfunction of the nervous system.

Within the nociceptive pain the inflammatory type very frequent. It is
precipitated by an insult to the integrity of tissuat a cellular level. This can happen with
penetration wounds, burns, extreme cold, fractuaegpimmune conditions, excessive
stretching, infections and vasoconstriction. Muéighemicals mediate the inflammatory
process. There are chemicals that act directlythnde that act as precursors for other
more direct acting substances. There are vascoilapanents, fibroblastic components and
tissue cell components. Blood vessels carry citmgagrecursor that are released into the
area of injury and are enzymatically activated. Meslls release histamines and 5-
hydroxytryptamine (5HT). Macrophages activate filasts, which in turn release
interleukins (IL) and tumour necrosis factor (TNFLyclooxygenases activate
prostaglandins and leukotrienes. All of these sarasts contribute to the inflammatory

process.



1.2 Pain in the joint

Musculoskeletal disorders are a major cause of iibybboth in the community
and in the workplace. They affect all age groupsl drequently cause disability,
impairments, and handicaps. Arthritis affected 4i8ion U.S. adults and is the leading
cause of disability in the United States (Theiglet2007). These patients are affected by

musculoskeletal signs or symptoms, including litiia of motion and pain of the joint

Most information is available on the innervationjaihts. The joint nerves contain
AB-, Aé- and C-fibers. Corpuscular endings gi-fbers were identified in the ligaments
and in the fibrous capsule. Free nerve endings wierified in all structures of the joint
except the normal cartilage. From all joint struetuincluding ligaments, fibrous capsule,
adipose tissue, meniscus, periosteum and synoayadr,l but not cartilage, conscious
sensations can be evoked. In awake humans diieatlation of fibrous structures with
innocuous mechanical stimuli evoked pressure sensatPain was elicited when noxious
mechanical, thermal and chemical stimuli were aaplio the fibrous structures such as
ligaments and fibrous capsule. No pain was elicibgdstimulation of cartilage, and
stimulation of normal synovial tissue rarely evokmn. Recordings from joint afferents
revealed different fiber types in joint nerves ceming their mechanosensitivity. While
most fibers in the B-fiber range show responses to innocuous movenodrite joints, a
large number of A and C-fibers show thresholds in the noxious rafig&tion of the
joint against the resistance of the tissue andnsgelocal pressure). A large group of
mainly C-fibers are so-called silent nociceptorsduse they do not respond even to
noxious mechanical stimuli of the normal joint. Yhieegin to respond to mechanical

stimulation during inflammation of the joint (Schka et al., 2009).

Joint pain can be caused by many types of injustresonditions. No matter what
causes it, joint pain can be very bothersome. Tbost finequent types of the joint pain are

the rheumatoid arthritis and the osteoarthritis.

Rheumatoid arthritis is an autoimmune disorder thaatses stiffness and pain in the
joints. It is an ongoing, progressive disease dffigcts the joints of the body with episodes
of painful inflammation. Rheumatoid arthritis casisgestructions of joints and it also

affects other organs of the body (e.g. kidney, thdaading to disability, and in severe



cases, life threatening complications (Moreland &nditis, 2009; van Zonneveld et al.,
2010; Wood, 2009).

Osteoarthritis involves growth of bone spurs andederation of cartilage at a
joint. It is very common in adults older than 45aran cause joint pain. Osteoarthritis is
also known as degenerative arthritis, which is augrof mechanical abnormalities
involving degradation of joints, including articulaartiiage and subchondral bone.
Symptoms may include joint pain, tenderness, &) locking, and sometimes an
effusion. A variety of causes may initiate procedsading to loss of cartilage. When bone
surfaces become less well protected by cartilagaebmay be exposed and damaged
(Hayes et al., 1990; van Jonbergen et al., 2010iaWis et al., 2010).

Joint pain may also be caused by inflammation efltbrsae. The bursae are fluid-
filled sacs that cushion and pad bony promineraiésying muscles and tendons to move
freely over the bone. Further causes: injury, idelg fracture, sprains, infectious diseases,
septic arthritis, osteomyelitis, gout, tendinitisdaso on (Harrington and Schneider, 2006;
Tasto and Elias, 2007).

1.3 Pain signals and pathways

A diversity of chemical mediators that are producedeleased locally following
tissue injury or inflammation can activgteripheral sensory nerve endings. These can
directly activate the sensory nerve JHAdenosine-triphosphate (ATP), glutamate, 5-HT,
histamine, bradykinin]sensitize the nerve ending to the action of othenui [e.g.,
prostaglandins and prostacyclin, cytokines suchHLag(IL-18, IL-2, IL-6, IL-8), tumor
necrosis factoes, or exertregulatory effects on the sensory neuron, adjacdammatory
cells, and sympathetic nerves [e.g., bradykiniohy&inins,nerve growth factor (NGF)]
(Germolec et al., 2010; Serhan, 2006).

Some agents that activate senswyrons do so by acting directly on ion channels
(e.g. H via acid-sensitive ion channels; heat and coldsii via transient receptor
potential (TRP) channels; ATP via purinoreceptoXp glutamatevia ionotropic
glutamate receptors), whereas other agents sensdixsory neurons by acting on G-
protein-coupled metabotropic receptors (GR®)alter intracellular messengers [cyclic

adenosine monophosphate (cAMP)?Cinositol triphosphate (IP3)], and activate protei



kinases [protein kinase A (PKA), protein kinase RKC)] that then phosphorylaten
channels and modulate their function (Coutaux et 2005; Dray, 1995; Grubb, 2004;
Kidd et al., 2004; Kohli and Levy, 2009).

Sensoryneurons can be divided into subgroups based oromaral (fibersize,
degree of myelination, postsynaptic connectionsthe spinal cord), histochemical
(presence of peptides and other neurotransmitignschannels and receptors, growth
factors),and physiological (responsiveness to sensory mashgliconductionvelocity)
properties (Caterina and Julius, 1999; Lawson, 19#&der and McMahon, 1998). Under
normal physiologicatonditions, nociceptive signals are produced bgnsé stimulatioof
primary afferent sensory #Aand C nerve fiber terminals kghemicals, thermal and
mechanical stimuli (Kidd et al., 2004; Millan, 199%9reede et al., 1992; Wall and
Melzack, 1999). Nociceptive signals are transmittethe superficial layers of the dorsal
spinal cord where thayndergo substantial modulation by local mechanismayell ady
projections from supraspinal structures, which peovideboth inhibitory and facilitatory
influences; further transmissida brainstem and thalamic sites, and subsequenttie
cerebralcortex, then occurs (Basbaum and Fields, 1984; dessid Chaouch, 1987,
Millan, 1999).

1.4 Endogenous antinociception system

The first relay in pain pathways activated b§-Aand C-nociceptors is the spinal
dorsal horn (SDH) and, as such, this representsipartant site for the modulation of the
pain signal. The activation of several pathways®lved in the production of analgesia
including pathways that project from the amygdalgnothalamus (arcuate nucleus: ARC,
and lateral area of anterior hypothalamus: LAAH)e tsomatosensory cortex and the
anterior cingulated cortex (ACC) to the midbrainripgueductal grey matter (PAG)
(Millan, 2002; Pilcher et al., 1988; Walker et all999). ACC and amygdala are
particularly related to the affective componentpafin and ACC is also implicated in
cognitive processing of pain (Fields, 2004; Ji &eligebauer, 2008; Neugebauer et al.,
2004; Rainville et al., 1997). The hypothalamug&nswn to be one of the key structures
involved in pain modulation and transmission (Daétyal., 1996), and the hypothalamic

fibers containing opioid neurons terminate in PA@Igher et al., 1988). The LAAH has
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the capacity to differentially modulate componeuitshe pain signal, i.e. activation of this
nucleus inhibits the responses to unmyelinatedb€rfactivation, while did not change the
activity of Ad fibers (Simpson et al., 2008). The overall effe€tthis would be to
safeguard sensory-discriminative information thaild direct motivational behaviors and,
at the same time, filter out those components efgain signal that are less relevant to
emergency situations. PAG represents the mechamidraseby cortical and other inputs
act to control the nociceptive “gate” in the dorkaln of the spinal cord. PAG projects
rostrally to the medial thalamus and orbital frérartex, and also interacts with several
brainstem structures to modulate nociception inolgidhe rostroventral medulla (RVM)
(Jensen and Yaksh, 1989; Sandkuhler, 1996; Smitl.,e1988; Zhao et al., 2007). The
thalamus contributes to the emotional componepiaof and in particular, the intralaminar
parafascicular nucleus receives nociceptive infoionafrom the spinal cord by both the
spinothalamic and spinopontothalamic tracts andutput is to the ACC. RVM including
the nucleus raphe magnus (NRM) is considered aworiapt source of descending control
of spinal nociceptive neurons (Fields and Basbal889). RVM is the principal relay in
the integration of ascending nociceptive inputshvdéscending outputs from rostral sites
(Fields et al., 1999), as well as the major soofdaulbospinal projections that terminate in
laminas I, Il and V of the SDH. Descending contrbspinal nociception, which originates
from locus ceruleus (LC), is another major deteantnof pain sensitivity in different
behavioral and emotional states (Jensen et al.9;1P8rtovaara et al., 1996). These
descending modulations are exerted by three mawronkemicals: noradrenergic,

serotonergic and opioidergic systems (Millan, 2002)

Significant advances in understanding pain siggalimechanisms and the
pathophysiology of pain have occurred in the pdestades. This has involved an
appreciation of the diversity tiie agents and the mechanisms that can modulafgathe
signal in peripheral and central compartments, as wellaasunderstandingf the
neurobiological changes that can occur in chromio gtates involving inflammation and

nerve injury.

Pain is a dynamic phenomenon resulting from theviactof both excitatory and
inhibitory endogenous modulation systems. It isl\webwn that a multitude of substances
and receptors are involved in the nociceptive syst®ome of them increase, and others
inhibit the pain sensation both peripherally andtily (Furst, 1999; Sandkuhler, 1996).



Virtually no ligands or receptors are to be fouhdtthave not been investigated in this
respect. These substances, which include neuratiiess, neuromodulators, hormones,
cytokines, etc., can modify the activity of nervegolved in the pain pathways. One of the
physiological functions of the endogenous systentoigonically regulate nociceptive
transmission; therefore the ratio of the pronodieep and antinociceptive ligands
determines the pain sensitivity. The balance batwdese actions ensures effective
modulation of acute pain, while during chronic p#ue pronociceptive effects appear to
prevail. Therefore, the organism can express véfigcteve antinociception in different
circumstances, and during such situations the sevievarious endogenous ligands change.
The endogenous ligands can produce their effedtht peripherally and centrally. The
endogenous antinociceptive ligands may have paigntadvantageous features: their
synthesizing and breakdown enzymes (or the meainaoigheir excretion) are available
in the body; thus, in general they have short Inadfs and they may have lower toxicity.
On the other hand, most of the endogenous ligardbie lower specificity and affinity
for their receptors as compared with exogenoussjragd/or they exert their effects at
several types of receptors at different parts eflibdy. Therefore, the net effect depends
on the localization of the ligands/receptors, anduhich receptors and where they will be
influenced by a ligand.

Sensory nerve endings also express a numberejftaes for neurotransmitters that
can modify pain transmission. Many of these reaspicere characterized initially in the
dorsalspinal cord (Yaksh et al., 1998), but some receptioat are synthesizéa the cell
body of dorsal root ganglia cells and transportedtrally to reside presynaptically on
primary afferent neuroraso are transported peripherally (Coggeshall aadt@, 1997).
Therefore one important possibility for the antiilweption might be effects at peripheral
level. Selective activation of peripheral receptors hasitfportant advantage of providing
effective analgesia without side effects typicadlysociated with centrally acting drugs.
Yet, in clinical practice most pain treatment stgpés are based on systemic administration

of conventional centrally penetrating substances.
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1.5 Analgesic therapies

Analgesic therapies for acute and chronic pain itmm$ currently rely on three
major classes of drugs: nonsteroidal anti-inflamonatirugs (NSAIDs), opioids, and a
group of drugs with diverse pharmacologiea&tions collectively known as adjuvants

(antidepressantanticonvulsants, local anesthetiesadrenoceptor agonists).

The systemic administration of both NSAIDs and ajsoexhibit a variety of
adverse actions (nausea, vomiting, gastric ulceindy failure, liver failure respiratory
depression, cough suppression, etc.) and many ichpmin states, particularly those
involving nervenjury, are not adequately controlled by these &gewith adjuvantst is
often necessary to titrate the dosage until adegpainrelief or intolerable side effects
develop. Unfortunately, the latter outcome oftenurs, and the degree of pain relief that

results is only partial.

An alternative important approach to pain conteota apply drugs locally to the
peripheral site of origin of the pain. This canditained by the topical application of a
cream, lotion, gel, aerosal patch to somatic sites or by injections direatlp the joints.
These application methods allow for a higher lecacentration of the drug at the site of
initiation of the pairand lower or negligible systemic drug levels pradgdewer ormo
adverse drug effects. Other potential advantagdecalizedapplications are the lack of
drug interactions, the lack of needtitrate doses to tolerability, and importantlye ease
of use. Their actions may be on the inflammatory respitself (decreased production of
inflammatory mediatorglock of action of inflammatory mediators) or omsery neurons
(altered impulse generation through actions oneagpdatedsodium channels, actions at
specific receptors on the sensaguron to attenuate activation of that neuron) hBamtute
andchronic pain conditions are likely to be amenablehis approach, but to date; there
are only a limited number of topical therapies klde for the relief of somatic pain.

1.5.1 Local anesthetics

A local anesthetic is a drug that causes reverddaal anesthesia and a loss of
nociception. When it is used on specific nerve wais (nerve block), effects such as
analgesia (loss of pain sensation) and paralysss (bf muscle power) can be achieved.

11



Clinical local anesthetics belong to one of twossks: aminoamide and aminoester local
anesthetics. Synthetic local anesthetics are sitaibt related to cocaine. Local anesthetics
vary in their pharmacological properties and they @sed in various techniques of local
anesthesia such as: topical anesthesia (surfadifyation, intra-articular, plexus block,
epidural block, spinal anesthesia. All nerve fibare sensitive to local anesthetics, but
generally, those with a smaller diameter tend tonbee sensitive than larger fibers.

All local anesthetics are membrane stabilizing drubey reversibly decrease the
rate of depolarization and repolarization of exdgamembranes (like nociceptors). Local
anesthetic drugs act mainly by inhibiting sodiunflux through sodium-specific ion
channels in the neuronal cell membrane, in padictiie voltage-gated sodium channels.
When the influx of sodium is interrupted, an actipotential cannot arise and signal
conduction is inhibited. The receptor site is thuug be located at the cytoplasmic (inner)
portion of the sodium channel. Local anestheticgdriind more readily to sodium
channels in activated state, thus onset of neurblogkade is faster in neurons that are
rapidly firing. This is referred to as state depamdolockade (Catterall, 2002).

Lidocaine, the first amino amide-type local anesthevas synthesized under the
name Xxylocaine by Swedish chemist Nils Lofgren 3. Lidocaine is a common local
anesthetic and antiarrhythmic drug. The efficaafif@ of lidocaine as a local anesthetic is
characterized by a rapid onset of action and inteiate duration of efficacy. Therefore,
lidocaine is suitable for infiltration, block andréace anesthesia and it can use for intra-
articular analgesia as well (Fitch and Kuhn, 200®ldini et al., 2010). Longer-acting
substances such as bupivacaine are sometimes pglieérence for spinal and peridural
anesthesia. For surface anesthesia several forondadre available that can be used e.g.
for endoscopies, before intubations.

1.5.2 Nonsteroidal Anti-Inflammatory Drugs

The NSAIDs are among the most widely used of afrdpeutic classes of drugs
applied both systemically and topically. Their effe are due to inhibition of the
cyclooxygenase (COXenzyme that converts arachidonic acid liberatednfrthe

phospholipidmembrane by phospholipases to prostanoids suclrastaglandinsTwo
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forms of COX are well characterized, a constitutiioem (COX1)that is normally
expressed in tissues such as stomach and kidndyplays a physiological role in
maintaining tissue integritgnd a form that is induced by inflammatory medsi{@OX2)

andplays a significant role in pain and inflammatidmafnett and Kalgutkar, 1999).

Systemic administration of NSAIDs is associatedhwseveral side effects. The
most common side effects are nausea, vomitingrhdiar constipation, decreased appetite,
rash, dizziness, headache, and drowsiness. NSAHYsaigo cause fluid retention, leading
to edema. The most serious side effects are kidagyre, liver failure, ulcers and
prolonged bleeding after an injury or surgery.

These agents have been understood for rpaanss to act peripherally to reduce the
production of prostaglandinisat sensitize nerve endings at the site of inj\fgne, 1971).
Therefore, an additional strategy to try to minieniadverse effects has been the
development of topical formulations of NSAIDs, akistcan minimize plasma
concentrations of drugs and lead to feagverse effects at sites remote from the area of
application.Bioavailability and plasma concentrations followitapical applicatiorare 5
to 15% of those achieved by systemic delivery (Heyan et al., 2000). As an intra-
articular injection of a NSAID (tenoxicam) not orilpproves the inflammation in a joint
but also works to protect the ligament and respectissue from further deterioration.
Intra-articular injection of tenoxicam provides i&pain relief in the patients with acute
flare-up of knee osteoarthritis and helps to prévefiusion (Oztuna et al.,, 2007,
Papathanassiou, 1994; Unlu et al., 2006).

1.5.3 Corticosteroids

Use of corticosteroids in the treatment of muscid pint inflammatory reactions
(including pain) is becoming increasingly popul&itst popularized by Janet Travell,
muscle injections are remarkably effective adjumat pharmacologic and physical
therapies. Joint injections, while technically mdi#icult to perform, can also be of great
benefit in the patient's recovery. The mechanismcaticosteroid action includes a
reductionof the inflammatory reaction by limiting the capity dilatation and permeability
of the wvascular structures. These compounds resttlee accumulation of

polymorphonuclear leukocytes and macrophages aey #tso inhibit the release of
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destructive enzymes that attack the injury debrisd adestroy normal tissue
indiscriminately. Additionally, corticosteroids mayhibit the release of arachidonic acid
from phospholipids, thereby reducing the formatdmprostaglandins, which contribute to
the inflammatory process (Doan and Massarotti, 200%us, intra-articular steroid
injections caused a significantly greater reductiopain and tenderness than placebo in
osteoarthritis (Hepper et al., 2009). On the othemnd, some authors’ experience shows,
that intra-articular glucocorticoids promote thecrgase the destruction of articular
cartilage in the joint (Behrens et al., 1975). Hfere, and considering the other side

effects, the steroids are not ideal drugs for aldicpain therapy by themselves.

1.5.4 Opioids

Morphine, the main alkaloid of opium, is utilizeor fthe treatment of severe pain,
and is the gold standard, which all analgesicscarepared to. Early efforts to understand
the endogenous targets of opiate drugs led todéetification of receptor sites. Binding
studies suggested four main classes of opioid tecgpnamed u9d-, K-, and opioid
receptor-like (ORL1) receptors. Opioid receptorsnpdase a subfamily of structurally
homologous GPRs. Activation of these receptorshitdiithe formation of CAMP, close
voltage-gated C&-channels and opens inwardly rectifying potassitianoels (Dhawan et
al., 1996; Jordan et al., 2000; Lambert, 2008). iéteeffect of these cellular actions is to

reduce neuronal excitability and neurotransmitégase.

The central effects of opioids on pain transmisgipmactions within the dorsal horn
of the spinal cord and at brainstemd other supraspinal sites have been recognized fo
some timelt is known that opioid receptors are also presentheperipheral terminals of
thinly myelinated and unmyelinated cutane@ensory fibers (Papathanassiou, 1994).
Dorsal root gangliacontain mRNA for opioid receptors, and when syntexf these
receptors are transportkedth centrally and peripherafoggeshall et al., 1997; Hassan et
al., 1993; Maekawa et al., 1994; Minami et al.,3;9¢tein et al., 1990c).

Systemic administration of opioids (e.g. morphifestanyl) has many side effects.
The most dangerous is respiratory depression. Consite effects are nausea, vomiting,
cough suppression. Morphine also has an effechemtuscle of the bowel and urinary
tract, causing the sphincter to contract and redheeperistalsis, resulting in a delayed

14



emptying of the stomach, constipation, and may kdad to urinary retention. Morphine
can also cause histamine release, which causesgtol the skin and it has little direct
effect on the heart or blood pressure.

A number of studies have addressed the issue otheheeripheral opioid
mechanisms are of significance in a clinical sgttimypically, the application of
conventional opioid receptor agonists in smallteyscally inactive doses directly into
injured peripheral tissues, or the administratibomoids with limited access to the CNS
has been used efficiently in animal and human studiLabuz et al., 2007; Stein et al.,
1989; Stein et al., 1993; Stein, 1993; Wattersaal.e2004). Thuscentrallypenetrating p-
o-, K-, receptor agonists, when administered systemicptibduce a considerable part of
antinociception through peripheral opioid recepftabuz et al., 2007). There are a large
number of behavioral studies that have examinedplperal antinociceptive effects of
exogenous opioidgnd these effects have been demonstrated primasihg modelof
inflammation (Stein, 1993; Watterson et al., 20Q4hpioidreceptor agonists are generally
the most potent at producing peripheaahlgesia, withi- and«-opioid receptor agonists
being less activdt was found that the effects of morphine injecteia-articularly were
mediated by peripheral opioid receptors, becausatialgesic effect could be reversed by
the intra-articular injection of naloxone. Sevechhical data have shown the efficacy of
intra-articular morphine in wide dose-ranges (Guptaal., 2001; Stein, 1993). The
majority of studies report significant effects by at least pagn measurgvisual analog
scale, numerical scales). Intra-articular effedtsnorphine, produced a definite reduction
in postoperative pain intensity compared with pbeceand this was seen during all
postoperative phases (Gupta et al., 2001). Effeete reversibldy naloxone, similar in
magnitude to conventional local anesthetaoy] lasted up to 48 h after injection. Others
studies in which pain intensity were more pronoananterior cruciate ligament repair)
and in which there was preexisting inflammatiom(ehronic arthritis). The intra-articular
injection ofmorphine (1-3 mg) produced a long-lasting analgésato 6 days) (Katz et
al., 2010; Likar et al., 1997; Rosseland et al9%Sloan and Babul, 2006; Stein et al.,
1999). Therefore, morphine and other opioids haeenbinjected in the vicinity of
practically every peripheral nerve and many joittsnduce pain relieve (Kalso et al.,
1997, Likar et al., 1997).

15



1.5.4.1Endogenous opioids

Opioid receptors and their endogenous ligands wadely distributed in the
organism, thus both central and peripheral actwatf this system might lead effective
antinociception (Akil et al., 1984; Bach, 1997; Basm et al., 1984; Bodnar and Klein,
2004; Bodnar, 2008; Horvath, 2000; Menetrey anchBam, 1987; Palkovits, 2000; Pan et
al., 2008; Rittner et al., 2008; Stein, 1993; Vawaet al., 2000) A high dose of naloxone
(opioid antagonist) produces hyperalgesia, sugygsti significant role of endogenously
released opioids in the development of normal gamsitivity (Boschi et al., 1983). The
endogenous opioid ligands can also induce antieptimn at peripheral levels. During
inflammation of the peripheral tissues leukocytee #e important source of the
endogenous opioid peptides, afieendorphin, methionine-enkephalin, dynorphins and
endomorphins are produced and released by these(lcabuz et al., 2006; Mousa et al.,
2002; Rittner et al., 2008). However, only a fewtlsdm were investigated at peripheral

level.

1.5.4.1.13-Endorphin

Since the discovery and characterization of theopimmelanocortin (POMC) -
derived3-endorphin (31 amino acids) as an opioid peptid@9i6, the opinion has been
widely held that this peptide has a role in thetarof pain and it is a key component of
the endogenous antinociceptive system attenualiegstress- and inflammation-induced
hyperalgesia (Akil et al., 1984; Basbaum et al84;9.oh et al., 1976; Rossier et al., 1977;
Stein et al., 1990b; Sun et al., 2003).

It binds with high affinity to both p- andtopioid receptors (Akil et al., 1984). The
only data about its peripheral administration shiwat 3-endorphin caused a short-
lasting decrease in the mechanical hyperalgedtadund’s adjuvant induced inflammatory
model, while it did not influence the normal mecicah sensitivity (Labuz et al., 2006;
Stein et al., 1990b). The effect @fendorphin was antagonized by p- @&dut not byk-

opioid receptor antagonists.
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1.5.4.1.2Nociceptin

Shortly after the cloning of the three known opioateptors, a member of this
family was identified, the ORL-1 receptors, whicasMound not to bind any of the known
natural or synthetic opioid ligands (Reinschei@let2000). In 1995, the natural ligand for
this receptor was isolated and named orphanin FQpoiceptin (Reinscheid et al., 1995).
It is a 17-amino acid peptide, the amino terminloich displays a striking similarity to
the known mammalian opioid peptides. It is derivien pronociceptin, and it is widely
distributed in central structures involved in segs@motional and cognitive processing,
and in the periphery including the immune cellsnilbeert, 2008; Reinscheid et al., 2000).
Nociceptin has been reported to be an active ligandanultiple sites of nociceptive
transmission, ranging from peripheral nociceptorsdciceptive centers in the brain. ORL-
1 receptors can be found peripherally as well, uait activation can lead to peripheral
antinociception (Lambert, 2008; Obara et al., 200bhile other data suggest that
nociceptin has pain-inducing effects (McDougall dratson, 2006) Thus, Obara et al.
showed that intraplantar (IPL) administration ofciweptin (0.5-40 pg) significantly
attenuated mechanical (von Frey) and thermal (owdder) allodynia in rats, and the
observed effect was dose-dependent (Obara et G05)2In contrast, hindlimb weight
bearing and von Frey hair algesiometry were medsbefore and following a single
injection of nociceptin (in the knee joint of rat$8 pg) (McDougall et al., 2006).
Compared to saline-treated controls, nociceptirsedua conspicuous shift in hindlimb
weight bearing in favour of the contralateral naojected leg. Similarly, paw withdrawal
threshold and latency were significantly reducetlofang nociceptin administration

indicative of secondary hyperalgesia.

1.5.4.1.3Endomorphins

More than 10 years ago, a new group of p-opicteépsr agonists was discovered
and named endomorphins (EMs) by Zadina et al. (@aeét al., 1997). Endomorphin-1
(EM1): Tyr-Pro-Trp-Phe-NkK and endomorphin-2 (EM2): Tyr-Pro-Phe-Phe-Nttffers
from conventional endogenous opioid receptor ligama their N-terminal sequence,
peptide length and C-terminal amidation. EMs areal reendogenous opioid

neurotransmitters/modulators, although their sysithéas not been clarified. However,
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several studies have identified EMs in the differparts of the organism, and their
metabolizing enzymes have also been shown. Furtivetnsome data suggest that EMs
can be synthesized from dipeptides and not fromrgel propeptide (Ronai et al., 2006).
The distribution of the EMs along the nociceptiahway implicates them as particularly
important for the modulation of pain (Horvath, 20@adina et al., 1997). They interact
specifically and with high affinity with p-opioideceptors (Horvath, 2000; Zadina et al.,
1997), and they possess partial rather than fudhes properties at p-opioid receptors
(Sim et al., 1998). EM1 and EM2 produce their dfatirough different subtypes of u-
opioid receptors, EM1 affecting predominantly theopioid receptors, while EM2 the 1
opioid receptors (Sakurada et al., 2000). A hugewarhof data proved the antinociceptive
potential of these tetrapeptides at both spinal armmtaspinal levels (Horvath, 2000), but
only a few studies supported the beneficial effe¢tEMs at peripheral level (Labuz et al.,
2006; Obara et al., 2004).

Some data suggest the role of EM1 in the contrehftddmmatory processes at joint level
(Barin and McDougall, 2003; Li et al., 2005; McDalliget al., 2003; McDougall et al.,
2004; Straub et al., 2008).

1.5.5 The role of Glutamate Receptors in the pain/antinaception

Glutamate is a major excitatory amino acid neursnaitter acting on metabotropic
and ionotropic glutamate receptors. Within the dbrspinal cord, both ionotropic
glutamate receptors [N-methyl-d-aspartate (NMDA), z-amino-3-hydroxy-5-
methylisoxazole-4-propioniacid (AMPA), kainic acid (KA)] and metabotropic ¢lunate
receptorsare involved in nociceptive signaling and centrahstizationin conditions of
chronic pain (Coderre et al., 1993; Dickenson et197; Fields et al., 1994). Both the
systemicand spinal administration of multiple classes aftgiate receptantagonists
have been observed to produce analgesia in a yariepersistent pain models, and
although their potential for developmesta novel class of analgesics has been considered,
this may benampered by the presence of adverse motor and etteets (Coderre et al.,
1993; Fisher et al., 2000 ccordingly, NMDA receptor antagonists such as kete and
memantine can be used for the treatment of paieriatwith these disorders (Correll et
al., 2004; Sinis et al., 2007). Although data ois ihdication in the literature is limited,

several case reports and case series suggestcegffimaketamine in treatment of many
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chronic pain disorders, including peripheral neatby, chronic post-traumatic
neuropathic pain, postherpetic neuralgia, spinald cmjury pain, neuropathic pain
associated with multiple sclerosis and Guillain+Basyndrome, orofacial pain, complex
regional pain syndrome, phantom limb pain, andofiliyalgia (Hocking and Cousins,
2003).

It has been appreciated that multiple glutamatepters are also expressed on
peripheral nerve terminaland these may contribute to peripheral nociceptigaaling.
lonotropic and metabotropic glutamate receptors @resent onmembranes of
unmyelinated peripheral axons and axon terminatise skin (Carlton et al., 1995; Zhou et
al., 2001), and periphernaiflammation increases the proportions of both uelngated and
myelinated nerves expressing ionotropic glutamaieptors (Carlton and Coggeshall,
1999). Local injections of NMDA and non-NMDA glutatereceptor agonists to the rat
hindpaw or knee joint cavity (Jackson et al., 199%yand et al., 1997; Zhou et al., 1996)
enhancepain behaviors generating hyperalgesia and alledyim a study of acute
postoperativ@ain, ketamine enhanced local anesthetic and asialgiectof bupivacaine
by a peripheral mechanism (Tverskoy et al., 1996a thermal injury model in healthy
volunteers, peripheralnjection of ketamine produced a long-lasting reaurc in
hyperalgesigWarncke et al., 1997). Ketamir@so produces local anesthetic actions,
blocks voltage-sensitiv€a* channels, alters cholinergic and monoaminergimastand
interactswith opioid mechanisms, and these actions also ocoenributeto its analgesic
profile (Hirota and Lambert, 1996; Meller, 1996 wyaok and Reid, 2002).

1.5.5.1Kynurenic acid

Degradation of the essential amino acid tryptopalamg the kynurenine pathway yields
several neuroactive intermediates, including kynieracid (KYNA; 4-oxo-1H-quinoline-

2-carboxylic acid) (Moroni et al., 1988; Schwarer&Pellicciari, 2002; Vecsei and Beal,
1991). This is found both centrally and periphgrati low concentrations (10-150 nM)
(Moroni et al., 1988; Nemeth et al., 2005; Pawlakalke, 2000; Schwarcz et al., 2002;
Turski and Schwarcz, 1988; Urbanska et al., 20@0jas been detected in synovial fluid
collected from knee joint of rheumatoid arthritiatients, and it inhibited the proliferation

of synoviocytes in vitro (Parada-Turska et al., @0KYNA acts as an antiexcitotoxic and
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anticonvulsant, and it may influence important w@lysiologic and neuropathologic
processes. KYNA at high, non-physiological concaindns is a broad-spectrum antagonist
of ionotropic excitatory amino acid receptors, agtat the glycine receptors (GlyRs; half-
maximal inhibitory concentration: ¥g~20 pM) and the N-methyl-D-aspartate recognition
sites (IGo~200 uM) of the NMDA receptor complex (Carpenedalet 2001; Ganong et
al., 1983; Stone, 1993). In higher concentratidhg-L mM), it also antagonizes the
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate MRA) and kainate receptors, and
KYNA is a potent noncompetitive antagonist @¥ nicotinic acetylcholine receptors
(alpha7 nAChRS) (I65~7 uM) too (Hilmas et al., 2001; Stone, 1993; St&@00). Thus,
direct support for its physiological role in glutatargic and cholinergic neurotransmission
has been reported (Carpenedo et al., 2001; Nemeilh 2005; Schwarcz et al., 2002). A
recent study has shown that GPR35, a previouslyaorisPRfunctions as a receptor for
the KYNA (Wang et al., 2006). KYNA elicits calciumobilizationand IP3 production in

a GPR35-dependent manner, and it also inducestamalizationof this receptor. Our
group investigated the antinociceptive potency OfNA at a spinal level in an
inflammatory pain model (Kekesi et al., 2002). Tihtrathecal infusion of KYNA alone
resulted in a dose-dependent increase in heatlg&ncy on both the normal and the

inflamed sides, but it also caused motor impairmanhigher doses.

1.5.6 Cannabinoids

Cannabinoids (CBs) (e.@\’-tetrahydrocannabinol) are a distinct class of pegctive
compounds, which produce a wide array of effectspecific receptors (CBand CB2)
(Calignano et al., 1998; Martin et al., 1999; Holnma2002). Cannabinoid receptors are
among the most abundant GPRs. The CB1 receptadayndistributed in the CNS and in
the periphery, and it preferentially presents oongxand their terminals. CB2 receptors are
expressed predominantly peripherally, where theylacalized extensively to cells of the
immune system, but it can be found on the peripmenare terminals as well (Guindon and
Hohmann, 2007b; Szabo, 2008). Both CB1 and CB2otece primarily signal through the
inhibitory GPR proteins (Gi/o), however, under aert conditions and with certain
agonists, coupling via Gs and Gg/11 has also beemdstrated (Mackie, 2008; Pertwee,
2001). Stimulation of CB1 receptors leads to thHehinion of adenylate cyclase (AC), the
inhibition of certain voltage-gated calcium chamsnand the activation of G protein-linked
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inwardly rectifying potassium channels and thesecé$ are associated with depression of
neuronal excitability and transmitter release. Tdwmnplexity of the actions of CB2
agonists on neuronal and non-neuronal cells and #gignalling properties are only
beginning to be explored. Activation of CB2 receptmhibits AC and in contrast to CB1
receptors, CB2 receptors do not couple to ion chlgnibut both receptors can activate the
mitogen-activated protein kinase (MAPK) signaliragcade (Howlett et al., 2004).

Systemic, spinal, and supraspinal administratiooasinabinoids produce analgesia
in a variety of nociceptive test systerand the potential for development of cannabinoids
as an alternativelass of analgesics is being considered (LeverRiod, 2007; Rice et al.,
2002; Richardson et al., 1998a; Richardson et 18198b). Several data suggest the
antinociceptive potential of peripherally actinginabinoid agonist drugs (Agarwal et al.,
2007; Dogrul et al., 2003; Yesilyurt et al., 200Bprsal root ganglia cells that express
neuropeptide markers found nociceptive primary afferents contain mRNA foB{C
cannabinoidreceptors (Hohmann et al.,, 1999), and these receate transported both
centrally (Guindon et al., 2007b; Hohmann, 2002;R&a and Hohmann, 2005) and
peripherally (Hohmann et al., 1999). In behavioral experimentise peripheral
administration of agents selective for CB:ceptorsproduces a local analgesia in the
formalin test (Calignano et al., 1998), the careangs hyperalgesia model (Richardson et
al., 1998b), and the partial nerve injury model lir@nn, 2002; Hohmann and Suplita,
2006).Interestingly, coadministration of agonists fortb@B, and CB receptors produced
a dramatically potentiated analgeftalignano et al., 1998). Cannabinoids can rednee t
production and release of proinflammatory signalmgiecules and enhance the release of
antiinflammatory cytokines, moreover, CB2 recepativation may stimulate the local
release of endorphins from cells such as kerattescflbrahim et al., 2005; Walter and
Stella, 2004). The peripheral actions of;GBceptor agonists are attributedan effect on
the sensory nerve terminal itself to inhibit rele@d calcitonin gene-related peptide
(Richardson et al., 1998b) mhibit sensitizing effects of NGF (Rice et al.,02). Local
analgesic actions of directly and indirectly actiagonists forCB, receptors, that are
expressed on mast cells and inhibit masit function, also have been demonstrated
(Calignano et al., 1998; Malan et al., 2002), ari8h @ceptor mechanisms may play

particularly prominent role in inflammatory paini¢e et al., 2002).
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1.5.6.1Endocannabinoid System and Related Fatty Acid Deratives

In the early 1990s, Mechoulam’s group opened the tim a new class of fatty acid
derivatives, i.e. the endogenous cannabinoid ligatitht serve naturally to modulate pain
(Devane et al.,, 1992; Martin et al., 1999). A featuthat distinguishes lipid
endocannabinoids from many other neuromodulatothas they are not synthesized in
advance and stored in vesicles. Rather, their psecsiexist in cell membranes (lipids) and
are cleaved by specific enzymes on demand, andcandabinoids release generally
postsynaptically, and they act presynaptically (&al et al., 2005). The first
endocannabinoid identified was arachidonoyl-ethemate (anandamide: AEA), and the
second one was 2-arachidonoyl-glycerol (2-AG). Othetative endogenous ligands of
cannabinoid receptors are palmityl-ethanolamideA)Pind virodhamine (O-arachidonoyl-
ethanolamine) - a derivative of anandamide (Di Maet al., 1998; Porter et al., 2002;
Walker et al., 2002) Several endogenous lipoamitidsawere detected in a variety of
tissues in the rat, i.e. N-arachidonoyl-glycine @I%), N-arachidonoyl-alanine, N-
arachidonoyl-serine, N-arachidonoyl-taurine andréchidonoyl-GABA (De Petrocellis et
al., 2004; Devane et al., 1992; Huang et al., 260igng et al., 2002; Walker et al., 2002;
Walker et al., 2005). N-oleyl-ethanolamide (OEA)ahchidonoyl-dopamine, oleamide,
N-oleoyl-dopamine and N-palmitoyl-glycine are afstty acid derivates, and they have
also been identified as endogenous lipids (Huanglet2002). All of these ligands
constitute a family of ubiquitous endogenous lipmesent in varying levels throughout
the body, and several of them produce their effdutsugh modulation of CB receptors,

while other receptor activation/inhibition has altsen suggested.

Considerable progress has been made in undensgatigi physiological functions
of the endocannabinoids, and their correspondirignpi@l pathological implications. The
peripheral action may possibly be extremely impurtdbecause low doses of these
endogenous ligands may reduce pain without dysphside-effects, and without the
abused potential typical of centrally acting canmametic drugs. However, local
administration of CB1 and CB2 antagonists by thdéwesefailed to induce hyperalgesia,
suggesting that the endocannabinoids do not actaibn in the periphery to dampen
sensitivity to pain (Guindon et al., 2007a). Frdme above mentioned ligands only five

were studied as an antinociceptive ligand at perigHevel until now.
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1.5.6.1.1N-Arachidonoyl-ethanolamine (Anandamide; AEA)

Anandamide, the first identified and best-studsediocannabinoid, can be found
both centrally and peripherally (Calignano et 4098; Devane et al., 1992; Walker et al.,
2002). It is principally formed from glycerophospipal by two successive enzymatic
reactions: N-acylation of phosphatidyl-ethanolamitee generate N-acylphosphatidyl-
ethanolamine (NAPE) by Gadependent N-acyltransferase, and release of A fr
NAPE by a phosphodiesterase of the phospholipas@® (NAPE-PLD) (Okamoto et al.,
2007). It has been hypothesized that AEA could dxyaled by the cell to form new
endocannabinoid molecules and released into thraatiular space (Placzek et al., 2008).
AEA is extremely short-lived, being rapidly inacted by the enzymes fatty acid amide
hydrolase (FAAH) (Cravatt et al., 1996). AEA bintts both CB1 and CB2 receptors,
behaving as a partial agonist, but it also actsatansient receptor potential vanilloid 1
(TRPV1) receptors, and it has CB receptor-indepein@eprotein-coupled antinociceptive
potency through the activation of the GPR55 (Di kbaet al., 2000; Pertwee, 2007,
Ryberg et al., 2007). Furthermore, AEA may diredffect the GlyRs and functionally
antagonizes the transient receptor potential nadlas8 (TRPM8) receptor-mediated
responses (De Petrocellis et al., 2007; Hejazi let 2006; Lozovaya et al., 2005).
Furthermore, AEA targets potassium channels, T-tgadcium channels, and gap
junctions. It is a substrate for COX2 giving rise amino acid conjugates of the
prostaglandins, and induces the expression of C&¥¥me as well (Chemin et al., 2001;
Chen et al., 2005; Maingret et al., 2001).

Some data proved the action of AEA at periphezaél. Local administration of
AEA significantly decreases the formalin-inducednpbehavior but not the paw edema
(Calignano et al., 1998; Guindon et al., 2006a;n@an et al., 2006b). Thus, AEA (50 ug)
decreases the first phase of formalin-induced pahavior in mice (Calignano et al.,
1998), while it was effective (1 ng-5 pg) in bothages in rats (Guindon et al., 2006a).
Furthermore, it also inhibits (10 ng) the TRPV1emor activation-induced drop in hot
plate latency by activation CB1 receptors in ralnfési et al., 2008). It is supposed that
anandamide may activate cannabinoid CB1 receptocatdd on capsaicin-sensitive
primary afferents, resulting in the decreased nespeness of these afferents to noxious
stimuli. However, others have shown that locallynadstered anandamide in high doses
(350 - 1000 pg) activates nociceptors in normal artdritic rat by stimulating TRPV1
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receptors on primary sensory neurons, suggestparainducing potential of anandamide
at this level (Gauldie et al., 2001).

1.5.6.1.2N-Arachidonoyl-glycine (NAGIy)

N-Arachidonoyl-glycine (NAGIy) was first syntheei as a structural analog of the
AEA. It is expressed within the CNS, particularigtn levels within the spinal cord, but it
can be detected in the skin as well (Burstein, 18fifang et al., 2001; Rimmerman et al.,
2008). NAGIy is formed via oxidation of AEA and bgonjugation of glycine with
arachidonic acid by arachidonyl-coenzyme A, anchdpaiapidly inactivated by FAAH
(Burstein, 1999; Huang et al., 2001). While the rpfacology of NAGIy is still poorly
understood, several targets for NAGly are emergh®yGly has no affinity for the CB1
and TRPV1 receptors, although it can activate CB@libg sites (Devane et al., 1992;
Huang et al., 2001; Sheskin et al., 1997; Sipd.eR@05). It is also a substrate for COX2
giving rise to amino acid conjugates of the prostadins, and it inhibits activation of
COX2 and 5-lipoxygenase enzymes (Burstein, 199@sdkiewicz et al., 2002). Thus, it
has a complex effect on prostaglandin synthesis,aarole for COX2 cannot be excluded
in its effects (Burstein et al., 2007). FurthermoRAGly inhibits FAAH, and it is a
substrate for this enzyme, therefore, NAGIly canuiag the levels of AEA in tissues
(Grazia Cascio et al., 2004; Huang et al., 200BGN is a ligand for the orphan receptors
GPR18, and it activates this receptor in a persussiin sensitive manner (Kohno et al.,
2006). NAGIly has also been shown to stimulate arabinphan receptor GPR92, which is
highly expressed in DRG and colocalized with TRR®&eptors and has been postulated
to play a role in sensory perception (Oh et alQ80 In addition, NAGIy inhibits the
glycine transporter GLYT2, but it can also influenthe GlyRs, and these systems could
also mediate some of the analgesic effects of NA@Wles et al., 2006; Yang et al.,
2009). Consistent with its high levels in skin, NKG50 pg) produces analgesia
administered peripherally in the second phase whddin test in rats, and it also has anti-
inflammatory activity (Burstein et al., 2007; Huaetgal., 2001).
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1.5.6.1.3N-Palmitoyl-ethanolamide (PEA)

Although the subfamily of arachidonoyl amides hexeived considerable attention,
much less is known about the presence and actofityheir saturated counterparts
(Rimmerman et al., 2008). The most studied membéehe saturated acyl amides is N-
palmitoyl-ethanolamide (Di Marzo et al., 1998; Wallet al., 2002). PEA, found in neural
and non-neural tissues, inhibits mast-cell actoratand reduces inflammatory responses
by a mechanism that may involve binding to CB2 p¢aes (Calignano et al., 1998; Martin
et al., 1999). However, since PEA does not produrceffective activation of cannabinoid
receptors, it is generally classified as a cannabéatic compound. Furthermore, PEA is an
agonist at the peroxisome proliferators-activateceptora (PPARX), and at the orphan
receptor GPR55 (Lo Verme et al., 2005; Ryberg £t24l07). An “entourage” effect on
anandamide-mediated action may be due to the P&#cad inhibition of FAAH that
leads to an increase of tissue levels of AEA (Cestal., 2008). Some results suggest its
antinociceptive properties at peripheral level {@ano et al., 1998; Calignano et al.,
2001; Lo Verme et al., 2006). Local administratadrPEA (0.1-50 pg) did not modify the
capsaicin-induced pain behavior, but produced aotteption in the both phases of
formalin test that was blocked by a CB2 receptbeedve antagonist, but the role of
PPARx receptor activation has also been proved in tspect (Calignano et al., 1998;
Calignano et al., 2001; Lo Verme et al., 2006)s hoteworthy that local coadministration
of PEA together with exogenous anandamide prodacsginergistic analgesic effect in
both phases of the formalin test through a mechanisat involves both CB1 and CB2
receptor subtypes (Calignano et al., 1998; Caligredral., 2001).

1.5.6.1.4N-Oleoyl-ethanolamide (OEA)

OEA is a derivative of oleic acid (monounsaturadetega-9 fatty acid) and it is an
endogenous regulator of food intake, and may haweegpotential as an anti-obesity drug,
however few studies investigated its effects orssgnneurons as well (Fu et al., 2003;
Hansen and Artmann, 2008). It does not bind to @Bd@ CB2 receptors, but it is an
endogenous agonist of TRPV1 and PRAfRhern, 2003; Almasi et al., 2008; Fu et al.,
2003; Lo Verme et al., 2006; Wang et al., 2005ajly@ few inconsistent results suggest
its role in the pain. Local administration of OE&X-50 pg) did not modify the capsaicin-
induced pain behavior, but produced antinocicepiiotie first phase of formalin test that
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was blocked by CB1 and CB2 receptor-selective amigts (Calignano et al., 2001). Its
IPL administration (0.16-1.6 pg) does not changeatute heat-pain latency, but reverses
the thermal hyperalgesia after TRPV1 receptor atitm and it inhibits the first phase of
formalin-induced pain behavior in mice and ratsnAti et al., 2008; Calignano et al.,
2001). In contrast, other study found that the ll@chministration of OEA in high doses
induced nocifensive behavior (10-50 pg) in micejchtcould not be observed in TRPV1
KO animals (Lo Verme et al., 2006).

1.5.6.1.2-Arachidonoyl-glycerol (2-AG)

The second endocannabinoid identified was 2-AGs 2kacyl-glycerol ester is the
most abundant endogenous cannabinoid, and its ewaten in the brain is 50-500 fold
higher than that of anandamide, and it has also lasmtified peripherally (Agarwal et al.,
2007; Kondo et al., 1998). It is formed from araldmic acid-containing phospholipids
through increased phospholipid metabolism, suchemlsanced inositol phospholipid
turnover, in various tissues and cells upon stitrara It is a short-lived ligand, being
rapidly inactivated mainly by the enzyme monoglyderdipase (MAGL), but it might also
be metabolized by FAAH (Bisogno, 2008; Cravatt let 8096; Dinh et al., 2002; Saario
and Laitinen, 2007; Sugiura et al., 2006). 2-A@ fslll agonist for CB1 and CB2 receptors
with no direct binding to the TRPV1 receptor (Meulzon et al., 1995; Mechoulam et al.,
1996; Pertwee, 2001; Sugiura et al., 2006). Itls® & substrate for cyclooxygenase-2
(COX-2), and 2-AG is capable of suppressing elevatif COX-2 expression by activating
the CB1 receptors (Bleakman et al., 2006; Koza#l.e2000; Zhang and Chen, 2008). A
few studies have investigated the antinociceptioteqmcy of 2-AG at peripheral level.
These reports have shown that 2-AG administered itiibited both neuropathic
allodynia and formalin-induced pain behavior efiegy by the activation of CB2 and/or
CB1 receptors (Romero-Sandoval et al., 2008; Zledrad., 2003)
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2 Aim of the studies

Earlier studies proved that endomorphin-1, kynwewmid and
2-arachidonoyl-glycerolcan produce antinociceptive effects at
central and/or peripheral level3he goal of the Thesis was to
determine the antinociceptive potency of thesenligaand their
interactions in carrageenan-induced inflammatoryhrais rat

model. Therefore, the main objectives of the Thesise:

1. to determine the dose-dependent and time-cafifsets of intra-

articularly administered EM1,

2. to determine the dose-dependent and time-c@fifsets of intra-

articularly administered KYNA,

3. to determine dose-dependent and time-courseteffd intra-

articularly administered 2-AG.

4. to examine the interaction of EM-1 and KYNA.

5. to examine the interaction of EM1 with 2-AG.
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3 Methods

3.1 Animals

After institutional ethical approval had been obe&l (Institutional Animal Care
Committee of the Faculty of Medicine at the Univigref Szeged), male adult Wistar rats
(Charles River strain, Bioplan, Budapest, Hungargje housed in groups of 5-6 per cage,
with free access to food and water, and with anaalight/dark cycle. Animal suffering
and the number of animals per group were keptmainanum. We used two cohorts of the
animals. The first cohort was used for the invediomn of the effects and interaction of
EM1 and KYNA. The second cohort was applied foréRperiments with EM1 and 2-AG.
The weight in the two cohorts did not differ sigegntly (' cohort: 247+ 2.2 g; 2¢
cohort: 244+ 2.0 Q).

3.2 Drugs

The following drugs were administered:carrageenan, endomorphin-1 (EM1),
kynurenic acid (KYNA), naltrexone (NTX) and 2-aradbnoyl-glicerol (2-AG) (Sigma-
Aldrich Ltd., Budapest, Hungary). Carrageenan, Eliid NTX were dissolved in
physiological saline, 2-AG purchased as a solutvam)e KYNA was dissolved in 0.1 M
NaOH. The excess NAOH was back-titrated with 0.1H@| to a neutral pH and the
volume was adjusted with physiological saline. Ebkitions were prepared freshly on the
day of experiment. Physiological saline was usedadrol. We also tried acetonitrile
solution (solvent for 2-AG) as well (four animalsihd it did not differ from the saline-

treated control group.

3.3 Carrageenan-induced inflammation

Inflammation was produced by injecting carrageerfd@0 pg/20ul) into the
tibiotarsal joint of the right hind leg as was ddsed earlier (Peter-Szabo et al., 2007).
Thus, all treatments were given to gently restiiocenscious animals, using a 27-gauge
needle, without anaesthesia so as to exclude amyidteraction. These injections did not

elicit any sign of major distress.

28



To determine the changes in the size of the infthnoent, we measured the
anteroposterior and mediolateral diameter of the pathe level of ankle joint with a
digital caliper. The cross section area was caledlavith the formulaa x b x 7, where a

and b are the radius in the two aspects.

3.4 Behavioral nociceptive testing

The threshold for withdrawal from mechanical stiatidn to the plantar aspect of
the hindpaws was determined with logarithmic series calibrated von Frey
monofilaments (SenselLab — Aesthesiometer, Som8eieden). Prior to baseline testing,
each was habituated to a testing box with a wirehrggid floor for at least 15 min. Von
Frey filaments (bending force ranging from 0.0690- 1) were applied in ascending order
using a single, steady 1-2 s application perpetaliyuthrough the grid floor to the plantar
surface of the right hindpaw of each rat until avpathdrawal occurred (Wei et al., 1998).
The lowest force producing a withdrawal response wansidered the threshold. Only

robust and immediate withdrawal responses fronstineulus were considered.

3.5 Experimental protocol

After baseline determination of joint diameter ameéchanical paw withdrawal
threshold (pre-carrageenan baseline value at -18), carrageenan was injected. These
measurements were obtained again three hours a#imageenan injection (post-

carrageenan baseline values at 0 min).

3.5.1 Treatments

1% series:

EM-1 (30, 100 and 200 ug), KYNA (30, 100, 200 ald 41g), their combinations
in a fixed-dose ratio: EM-1 and KYNA 1:1 (30-30,0t000 and 200-200 pg) were given
into the inflamed joint (20 pl), and mechanical séwity was defined at 10, 20, 30, 45, 60,
75 min after the drug administrations. To reveal tble of the opioid receptor activation

by EM1, a group of animals was pretreated withraatine (a well-known antagonist on pu-
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opioid receptors; 4 mg/kg subcutaneously) 20 mirfiordee 200 pg endomorphin-1

administration.

2" series:

EM-1 (100, 200 and 300 pg) and 2-AG (30, 100, gg0the highest dose possible
in this volume) and EM-1 and 2-AG ratio 10:1 (10D-200-20 and 300-3g) were given
into the inflamed joint (20 pl), and mechanical sewity was defined at 10, 20, 30, 45, 60,
75, 90 and 105 min after the drug administrations.

At the end of the experiment the joint diametersenaeasured again.

3.6 Statistical analysis

Data are presented as meanSEM. Paw withdrawal latencies on the inflamed side
were transformed to % maximum possible effect (%MBAEusing the following formula:
%MPE = (observed force — post-carrageenan baseline ]ffpce-carrageenan baseline
force — post-carrageenan baseline fhreel00
Therefore, 100% MPE means perfect relief of allodyfequivalent to pre-carrageenan
baseline value; which is generally close to the imar value: 110 g), while 0 % MPE
means that the observed force is equivalent t@tst-carrageenan baseline value. Thus,

these two baseline values are not shown in thedgyu

Data transformations in thé' series:

As treatments generally produced their effects betw30 and 60 min, their mean
values on the inflamed side were used for doseetetfgves and linear regression analysis
(a common method for the determination of doseaesg effects imn vivo studies). The
50% effective dose (Edd was defined as the dose that yielded 50% MPEa Aswer
level of the effect might also be important for rqeeutic practice, we also determined
EDso, which means about 10 times increase in the paieshold compared to post-
carrageenan baseline value. The;8hd ERp values with 95% confidence intervals (Cl)

were calculated by linear regression.
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Data transformations in thé%series:

The area under the curve (AUC) values were obtdnyethlculating the area of the
%MPE values between 20-90 min. The mean AUC vales: used for dose—effect
curves and linear regression analysis. AUC 7000evelould mean the complete relieve of
the hyperalgesia (100% MPE) during the whole perfsl regards the AUC values after
saline treatment, we observed almost no effectsuaP9+ 17.2 in the AUC). The 50%
effective dose (EE) would mean the dose that yielded 50% MPE forwihele period
(3500 AUC). However, the AUC values were much lofeerthese ligands by
themselves, therefore, we determined the 27 % of EIDO; which means about 63 times
increase in the withdrawal threshold compared ¢éocttintrol group) for the AUC by linear
regression.

Data sets were examined by one-way and two-wayyseslof variance. The
significance of differences between experimental eontrol values was calculated using
the Tukey-Kramer test for post hoc comparisprglue <0.05 was considered significant).
Statistics were performed by STATISTICA (Statisticag., Tulsa, Oklahoma, USA) and
GraphPad Prism (GraphPad software Inc. La Jollafo@@a, USA) softwares.
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4 Results

4.1 Joint edema

Three hours after the injection of carrageenan th® right ankle, there was a
significant (p<0.01) increase in joint cross-satt@ea compared with preinjection control
levels (first series: from 46 + 0.7 mm2 to 82 + M&¥; second series: from 46 + 0.3 Mm
to 75 + 1.0 mrf). This conspicuous increase in joint size wassalte®f edema formation,
confirming that carrageenan treatment resultedninnlammatory reaction. None of the

treatments influenced the degree of edema (datacarghown).

4.2 Mechanosensitivity

Basal mechanical withdrawal threshold was arour@-1010 g, i.e. about 90% of
the animals did not withdraw their paws at the affitvalue. Carrageenan caused a
significant decrease in paw withdrawal thresholdtios inflamed side (in the®1and 2¢
series: 0.3t 0.054 g; 0.29 0.033 g, respectively), but it did not have a Bigant
influence on the noninflamed side. None of thettnemts changed the mechanosensitivity

on the normal side; therefore, results were andlyady on the inflamed paws.

1% series:

EM1 produced dose-dependent antinociceptive effectwhich developed
gradually, and it reached its maximum between 30 ah45 min (Fig. 1). ANOVA with
repeated measurements showed significant effecieatment 3 3=6.9, p<0.005), time
(Fs.156=8.5, p<0.001), and interactionF(s 156=5.4, p<0.001). Thus,30 pg EM1 was
ineffective, while 200 pg caused a prolonged effesthich was about 80%MPE at 30"
and 45" min, leading to nearly perfect relief of allodynihe EDso and EDsg values
were 112 ug (Cl: 80-146) and 167 ug (Cl: 135-220¢spectively. NTX pretreatment
alone did not influence the pain thresholddata are not shown), but prevented the anti-
allodynic effect of EM1 (200 ug) (Fig. 1).

KYNA by itself also caused a dose-dependent antialliynic effect, which developed at
30 min after the injection. Only the highest dose nq@duced a prolonged
antinociception and almost total relief of allodyna (Fig. 2). ANOVA proved significant
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effects of treatmentH; 45=16.1, p<0.001), time [52057~10.5, p<0.001), and interaction
(F20206=3.9, p<0.001). Its potency was lower compared with EM, the ERQy and EDRyp
values were 204 pg (Cl: 160-251) and 330 pg (Q0-287), respectively.

O saline (n=8)
7 EM1 30 pg (n=8)
A EM1 100 pg (n=10)
1004 B EM1 200 pg (n=8)
@ EM1 200 pg + NTX 4 mg/kg (n=12)
** **
80 -
60 -
L
o
>
S
40 -
20 -
o 4
10 20 30 45 60 75
Time (min)
Figure 1.

Time course of the effects of EM1 (30, 100 and @) and 200 ug EM1 after
NTX pretreatment on the mechanical pain threshaidtlee inflamed side. Each point
denotes the meaa SEM of the results. Symbofsand ** indicate significant §<0.05;

p<0.001; respectively) differences as compared thighvehicle-treated group.
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O Saline (n=8)
Z5 KYNA 30ug (n=8)
< KYNA 100pug (n=9)
100 1 & KYNA 200ug (n=10)
¥ KYNA 400pug (n=10)
*%
80 -
60 -
L
o
S
S
40 -
20 -
0 4
10 20 30 45 60 &
Time (min)
Figure 2.

Time course of the effects of KYNA (30, 100, 20@a&00 pg) on the mechanical
pain threshold on the inflamed side. Each pointotesithe mease SEM of the results.
Symbols *and ** indicate significant §<0.05; p<0.001; respectively) differences as

compared with the vehicle-treated group.

Regarding the interaction of these ligands, coadmistration of 30-30 pg EM1 and
KYNA did not produce any antiallodynic effect (Fig. 3). As regards the
coadministration of 100-100 pug, ANOVA revealed sigficant effects of treatment
(F3374.2,p<0.05), time Fs5,17¢9.4,p<0.00]), and interactionH;s 175=2.4, p<0.005). Post
hoc comparison revealed that this combination preduan increased antinociception at
some time points compared to vehidkYNA and EM1 (Fig. 4).200-200 ug EM +

KYNA produced longer-lasting antinociception compaed to the single treatments
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(Fig. 5). ANOVA showed significant effects of tresnt ¢33:=11.6, p<0.001), time
(Fs.155=14.0,p<0.001), and interactior(s 155=4.4,p<0.001).

$ Saline
& KYNA 30ug
W EM1 30ug
100 { 75 KYNA 30ug + EM1 30ug (n=7)
80 A
60
L
a
=
X
40 -
20 -
0 m
10 20 30 45 60 75
Time (min)
Figure 3.

Time course of the antinociceptive effects EM1 KYdNA 30-30 pg.

Each point denotes the meaiSEM of the results.
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O Saline

Z KYNA 100pg

| EM1 100pg

100 { 7= KYNA 100pg + EM1 100pg (n=11)

80 + o

60 -

%MPE

40 -

20 +

10 20 30 45 60 75

Time (min)

Figure 4.

Time course of the antinociceptive effects EM1 KYdNA 100-100 pg.
Each point denotes the mearSEM of the results. Symbotand** indicate significant
(p<0.05; p<0.001; respectively) differences compared to tlehicte-treated group. #
denotes a significant difference<0.05) from EM1 treated groups.denotes a significant
difference <0.05) from KYNA treated groups.
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O Saline

% KYNA 200ug

# EM1 200pg

100 { 7% KYNA 200pg +EM 1 200pg (n=9)

#
80 1 Sk

60 -
w *
o —_
= /
S
40 -
20 -
0 4
10 20 30
Time (min)
Figure 5.

Time course of the antinociceptive effects of déf@ doses of EM1 and KYNA
200-200 pg. Each point denotes the me&@EM of the results. Symbotand** indicate
significant <0.05; p<0.001; respectively) differences compared to tkaiale-treated
group. # denotes a significant differenx@.05) from EM1 treated groups.denotes a
significant differencef<0.05) from KYNA treated groups.
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As the ratio of the EDyo values of EM/KYNA was about 2, the doses of the
combinations were calculated in this proportion(Tallarida et al., 1989)The dose-
response curve of the cocktalil is between the EMId KYNA lines (Fig. 6).The EDsg
and EDsy values were 141 ug [Cl: 83-182] and 231 ug [Cl: @293], respectively,
which did not differ significantly from the theoretically additive values (EB and
EDso 145 g [Cl: 68-237] and 220 ug [Cl: 144-230], resptively) (Tallarida et al.,
1997).

m EM1
100-
A KYNA
V cocktalil
80+
w -
L 604 ,,’
= PR
S L.
P4
P d
40+ \/ ,/
P d
P d
P4
P d
204 }
v
] ] ] ] ]
1.25 1.50 175 2.00 2.25 2.50 2.75

Log dose (ug)

Figure 6.
The magnitude of the dose-dependent effects of B'WNA by themselves and
their combinations (mean of values at 30, 45 anch().
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2" series:

EM1 produced again a dose-dependent antinociceptivadfect, which developed
gradually, and it reached its maximum between 45 ah60 min (Fig. 7). Thus, 100 ug
EM caused about 10 %MPE, while 300 pg caused a paiged effect, which was
about 50 %MPE at 45th and 60th min. ANOVA of AUC vdues showed significant
differences between the groups revealing the dosemkendent effect of EM1
(F356=41.86,p<0.0001; Fig. 8). The ElgAUC value was 233 (Cl: 198-268) ug.

1064 = Saline (n=10)

- EM1 100 pg (n=9)
-¥-EM1 200 pg (n=8)
804 -4- EM1 300 pg (n=9)

60

Y ~T=e=- - ~.
40- s } ..

-
7 X LTl i N
® .
201 R 2204 IS \

%MPE

Time (min)

Figure 7.
Time course of the effects of EM1 (100, 200 and B@) on the mechanical pain

threshold on the inflamed side. Each point dentbtesneart SEM of the results.
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4000;

30004

AUC

2000;

1000

Saline 200
Dose (ug)

Figure 8.
The area under the curve (AUC) values of EM1 (100-Bg) treatment.
Symbol *indicates a significanp€0.05) difference compared to the vehicle-treated

group. # denotes a significant difference from EQ0 pg) treated groups.
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2-AG by itself caused a dose-dependent antiallodynieffect, which also
developed slowly. The highest dose produced a prolged antinociception, and it
achieved 55 %MPE at 75th min.(Fig. 9). ANOVA of AUC values proved significant
effects of treatment (F6,53=10.65,p<0.000), time 7,371=41.37,p<0.0001), and
interaction F42,371=5.56,p<0.0001; Fig 10)lts potency was higher compared with
EML1, i.e. the ED27 AUC value was 148 (Cl: 100-163).

= Saline (n=10)

1094 -%-2-AG 3 ug (n=8)
-¥-2-AG 10 pg (n=8)
- 2-AG 20 pg (n=9)
80H -@ 2-AG 30 ug (n=9)
-©-2-AG 100 pg (n=8)
=~ 2-AG 200 pg (n=8)
60+
L
o
3
S 407
204
0.
10 20 30 45 60 75 90 105
Time (min)
Figure 9.

Time course of the effects of 2-AG (3, 10, 20, 200, 200 pg) on the
mechanical pain threshold on the inflamed side.hHaaint denotes the mean
SEM of the results.
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40001
#

30004 *
O
2

20004

10004

L o ]

saline 3 10 20 30 100 200

Dose (ug)

Figure 10.

AUC values os 2 AG treatments with different doé2£200 pg). Symbol
*indicates a significantp<0.05) difference compared to the vehicle-treatexg,.

# denotes a significant difference from 2-AG treageoups.
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As regards the interaction of 2-AG and EM1, coadmirstration of 10 pg 2-AG with
100 pg EM1 did not show significant differences comparedo the single treatments
(Fig. 11, 12).

1001
= Saline
-k 2-AG 10 g
-%-EM1 100 pg
801 —-2-AG 10 pg + EM1 100 pg (n=9)
601
L
a
2
S 40
201
04
10 20 30 45 60 75 90 105
Time (min)
Figure 11.

Time course of the antinociceptive effects of EMOQug) and 2 AG (1Qug) and

in combinations (10:1 fixed dose-ratio). Each paiahotes the meanSEM of the results.
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4000;

30004

AUC

2000

1000

Saline 2-AG 10 ug EM1100 ug 2-AG 10 ug + EM1 100 ug

Figure 12
AUC values of EM1 (10Qug) and 2 AG (10ug) and in combinations. Symbol
*indicates a significantp<0.05) difference compared to the vehicle-treatedig.
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As regards the 20-200ug 2-AG - EM1 combination, ANOVA revealed significam
effects of treatment (F3,32=25.64,p<0.000), time 7,224=51.99,p<0.0001), and
interaction F21,224=14.31,p<0.0001). This combination produced an increased
antinociception compared to vehicle, 2-AG and EM1Fig. 13, 14).

100 -=- Saline
-A- 2-AG 20 g
-¥-EM1 200 pg
80H -9 2-AG 20 pg + EM1 200 pg (n=9)
601 {
7
o el \\\
2 /. \
S 40 / AN

/' Weee==""
ZNNts AR DN .i \
204 =" N \
L4

\~ \
4,' & ..... £\~ ‘s~~\
o;/ —’A’””’ ~\~E“\.\ :g?&~\~\
0 |=|. = E E E ) ~=‘"ﬂ
10 20 30 45 60 75 90 105
Time (min)
Figure 13.

Time course of the antinociceptive effects of ENO(ug) and 2 AG (2Qug) and

in combinations (10:1 fixed dose-ratio). Each paiahotes the meanSEM of the results.
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40001 #

X
*
3000
O
&
20004
10004
0.
20 pug 2-AG EM1200ug 2-AG 20 ug + EM1 200 pug
Figure 14.

AUC values of EM1 (20Qug) and 2 AG (20ug) and in combinations. Symbol
*indicates a significant p<0.05) difference compared to the vehicle-treatedug. #
denotes a significant difference from EM1 treatadugs. x denotes a significant

difference from 2 AG treated groups.
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Similarly, 30-300 pg 2-AG + EM1 also produced long-lasting and more #&dctive
antinociception compared to the single treatmentgFig. 15, 16).ANOVA showed
significant effects of treatment (F3,34=29.03, p<0.000), time 7,238=29.84,
p<0.0001), and interactio®21,238=5.70p<0.0001).

100 -5 Saline
£+ 2-AG 30 ug
=¥ EM1 300 pg
80 - —-2-AG 30 pg + EM 300 pg (n=10)
604
L
a
2
S 40
204
0.
10 20 30 45 60 75 90 105
Time (min)
Figure 15.

Time course of the antinociceptive effects of ENBO(Qug) and 2 AG (3Qug) and

in combinations (10:1 fixed dose-ratio). Each paiahotes the meanSEM of the results.
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40004

30004

AUC

20001

1000

Saline 2-AG 30 ug EM1 300 ug 2-AG 30 ug + EM1 300 ug

Figure 16.

AUC values of EM1 (30Qug) and 2 AG (30ug) and in combinations. Symbol
*indicates a significant p<0.05) difference compared to the vehicle-treatedug. #
denotes a significant difference from EM1 treatedugs. x denotes a significant

difference from 2 AG treated groups.
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As the ratio of the ED27 values of 2-AG/EM was 0,5%he doses of the combinations
were calculated in this proportion (Tallarida et al., 1989 he dose - response curve of
the cocktail became more steeply compared to the ElInd 2-AG lines(Fig. 17).The
ED27 value was 991g (Cl: 84-114), which did not differ significantlyfrom the ED27
value for 2-AG, suggesting an additive interactionHowever, since the curve for the
combination was steeper compared to the single treaents, therefore, the largest

dose combination produced significantly higher effet than the ligands by themselves.

70+ mEM

A 2-AG
O cocktall

60+

50+

40-

%MPE

30+

20+

104

0 ] ) v
0.0 0.5 1.0 15 2.0 25 3.0

Log dose (ug)

Figure 17.

The magnitude of the dose-dependent effects of EMAG by themselves and
their combinations. Symbol* indicates a significgpt0.05) difference compared to the
group treated with 200g 2-AG and EM1 by themselves.
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We did not examine the motor behavior systematicalbr did we quantify it, but
the animals’ behaviors were observed, and theree wer signs of altered behavior

(immobility, flaccidity, excitation or motor weaksg) after any treatments.
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5 Discussion

Previous studies indicate that opioids can prodaceadditive or synergistic
interactions with cannabinoids or NMDA antagongwtsnarily at central level (Cichewicz,
2004; Maldonado and Valverde, 2003; Welch and ER@i39).

These studies led us to the question whether simileraction may exert between
EM1 and KYNA and between EM1 and 2-AG at periphézakl. The study showed that
the intra-articularly administered EM1, KYNA andA%Z dose-dependently decreased the
mechanical allodynia without effect on the edemachManical threshold did not change on
the non-injected side suggesting that the intriadrly injected endogenous ligands do
not produce systemic effects in these doses. Tadnemistration of EM1 and KYNA, or
EM1 and 2-AG produced additive interactions, howgtlee dose-response curve of the
EM1 + 2-AG combination was steeper compared tosihgle treatments, suggesting a
synergistic effect at higher dose ranges.

Locally released opioid peptides at the site ofiipmjare known to inhibit the
inflammatory response and to reduce the pain assacwith it (Stein et al., 1993). Only a
few studies supported the beneficial effects of Elperipheral level. IPRdministration
of both EM1 (40-160 pg) and EM2 (40-80 pg) decrdabe mechanical allodynia after
sciatic nerve injury in rats (Obara et al., 200d)e effects of the ligands were reversed by
specific p-opioid receptor antagonist drugs. Baglarilds decreased the painful cold and
warm hypersensitivity as well. Others have founat tihe IPL applied EM1 in low doses
(0.3-1.25ug) decreases Freund’s adjuvant-induced mechanilkalyaia (Labuz et al.,
2006). The differences in the potency might be wuthe alterations in the pain models,
and/or the applied pain tests (von Frey vs. pawssue test). Furthermore, the effect of
EM1 might have been decreased by endopeptidases synovial fibroblasts are a rich
source of these enzymes (Barsun et al., 2007; Bathal., 1992; Shane et al., 1999). EM1
can also decrease the joint inflammation and thiece may contribute to its
antinociceptive potency (Straub et al., 2008). Effects of EM1 developed relatively
slowly compared to other studies (Labuz et al.,&208cDougall et al., 2004; Obara et al.,
2004), which might be due to the differences in tbetes of the application, the pain
models and/or the investigated parameters (vascekativity vs. pain threshold). As
regards the effects of EM1 on joint pain, a recntly has detected a decreased afferent

nerve activity in response to noxious hyperrotatdrihe joint in anesthetized rats after
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EM1 administration (Li et al., 2005). EM1 (60 pgypéied intra-arterially close to the knee
joint, caused up to a 75% reduction in joint afféreerve activity, but its effect was lost
during chronic inflammation. The intra-articularyministered EM1 reduces knee joint
blood flow through the action on unmyelinated pniynafferent neurons, and this effect is
not sustainable during advanced inflammation (Mafzdluet al., 2004). The loss of this
response appears to be due to downregulatiqragioid receptors as a consequence of
EM1 accumulation within the arthritic joint. Conerihg the action mechanism of EM1, it
is suggested that the activation of p-opioid remepby EM1 can inhibit the release of pain
producing substances (e.g. substance P) from pyrisgansory neurons (Stein et al., 1990a).
As regards the action mechanism of KYNA, the cursndy does not provide
direct evidence for specific receptor involvemanmediating the efficacy of KYNA, but
data from receptor binding studies performed ireotaboratories do allow us to suggest
potential receptor mechanisms which may be involNRatipheral NMDA receptors play
significant roles in sensory processing at perighlavel (Coggeshall and Carlton, 1998;
Kinkelin et al., 2000). Recently, the possibilihat glutamate may be released by neuronal
endings in the inflamed knee joint has been dematest in rats, and its contribution to the
hyperalgesic events initiated during the developgn@énoint inflammation has strongly
been supported through the activation of NMDA omary sensory neurons (Coggeshall
et al., 1998; Lawand et al., 2000). Since KYNA proes its effects mainly by the
inhibition of NMDA receptors, therefore we suppdbat primarily this effect might have
led to its effectivity in this model, however, dstinociceptive potency and the side-effects
could not have been predicted from the earlierltesWe found that KYNA had lower

potency but similar efficacy compared to EM1.

The inhibition of alpha7 nAChRs by KYNA also coulchve a role in its effects
(Nemeth et al., 2005). It has been found that nAcipiay a role in modulating pain
transmission both centrally and peripherally, hogrethe results are controverting (Damaj
et al., 2000; Damaj, 2000). Stimulation of neuram&ChR excites or sensitizes peripheral
sensory nerve fibres but it has also been repddedediate cholinergic antinociception
(Bernardini et al., 2001; Gilbert et al., 2001).efé is controversy about the localization of
alpha7 nAChR at the periphery as well, since Hadrgdr et al. found these receptors on
all nociceptive neurons (Haberberger et al., 200)ile Lang et al. could not have
detected them (Lang et al., 2003). While the deficy in this receptor did not influence
pain sensitivity (Rashid et al., 2006), a recenidgtsuggests that activation of alpha7
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NAChR may elicit antinociceptive effects in an armfimatory pain model with peripheral
mechanism (Wang et al., 2005b). Therefore, thelteestiinhibition of alpha7 nAChR are
uncertain in the periphery, but it might be invalvie the effects of KYNA. Furthermore,
the cholinesterase inhibitor, neostigmine, has hajected directly into the knee joint, and
such an approach also proviégesdence for a cholinergic peripheral analgesiaisTimtra-
articularneostigmine partially suppresses mechanical hypesa in theat inflamed knee
joint model (Buerkle et al., 1998) and produseme postoperative analgesia in patients

undergoing knee surgery (Yang et al., 1998).

A recent study has shown that GPR35, a previoughhan GPRfunctions as a
receptor for the KYNA (Wang et al., 2006). KYNA @ts calcium mobilizatiomnd 1P3
production in a GPR35-dependent maringhe presence of & chimeric G proteins, and
also induces the internalizatiah GPR35. Expression analysis indicates that GPR35
predominantlydetected in immune cells and in the gastrointelstiaat, but it has also
been found in the DRG on small- to medium-diamatrrons (Ohshiro et al., 2008). The
results suggest that GPR35 may modulate nociceptidncontinued study of this receptor
will provide additional insight into the role of KYA in pain perception. However, no in
vivo data are available as regards the role of @PR3the effects of KYNA, and no
specific antagonists have been developed until rMeegardless of the mechanism of
action, the results clearly show that KYNA has laypieralgesic potency at peripheral
level. Therefore, KYNA can influence several systewhich might be involved in the
effects of KYNA on pain threshold.

The use of cannabinoids for the management of a wadge of painful disorders has
been well documented at spinal, supraspinal, anghegal levels (Guindon et al., 2007b;
Hohmann, 2002; Pertwee, 2001). Peripheral nervedilexpress CB1 and CB2 receptors
and their activation can inhibit pain sensationd ahe peripheral immune cell CB2
receptor stimulation may down-regulate inflammatibyp suppressing the release of
inflammatory mediators (Griffin et al., 1997; Peewy 2001). Thus, topically applied
cannabinoids have provided effective analgesiafferdnt pain models, and this effect is
mediated by CB1 and CB2 activation (Agarwal et2007; Nackley et al., 2003).

The antinociceptive properties of endogenous canoais have been established in a
number of experiments, but only some data suggesthese ligands can also be involved
in the peripheral pain mechanisms (Calignano ¢tL8B8; Guindon et al., 2006b; Nackley
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et al., 2003; Richardson et al., 1998b). The cama&db receptor system presents in the
synovium; therefore, it may be an important theutipdarget for the treatment of pain and
inflammation associated with osteoarthritis andurhatoid arthritis, but only a few studies
have investigated their effects at joint level (Ricdson et al., 2008). Thus, a selective
CB1 receptor agonist, arachidonyl-2-chloroethylamidhas been able to reduce the
mechanosensitivity of afferent nerve fibers in cohtand osteoarthritic rat knee joints
(Schuelert and McDougall, 2008). A close intradaalaénjection of anandamide to medial
articular nerve has significantly increased thecliisge of C-fibers by activation of
transient receptor potential vanilloid-1 recept@r®PV1) both in normal and arthritic rats
(Gauldie et al., 2001). Another study has showh @handamide produced dose-dependent
increases in the rat knee joint blood flow, whewas applied on the surface of the joint
(Lam et al., 2007). Since, anandamide can actibath the cannabinoid and TRPV1
receptors; both of these effects can influencetie threshold (Starowicz et al., 2007).

Only few data have proved the antinociceptive poterof 2-AG. Systemic
administration to mice, 2-AG (ED50=12.5 mg/kg) lsasised antinociception in acute pain
tests, immobility, reduction of spontaneous acgtivind lowering of rectal temperature
(Ben Shabat et al., 1998; Mechoulam et al., 1984).injected 2-AG (0.01-10Qg) has
decreased pain behavior in a dose-dependent mantiez late phase of formalin test in
rats, and the antinociceptive effects of 2-AG hbeen prevented by AM630, a selective
CB2 antagonist, but not by AM251, a selective CB&eptor antagonist (Guindon et al.,
2007a; Hohmann, 2007). It also decreased (0.001pig)Othe mechanical and thermal
hypersensitivity after nerve injury in the sameer@Desroches et al., 2008). Moreover, the
antinociceptive effects of 2-AG are prevented lsekective CB2 receptor antagonist, but
not by a CB1 receptor antagonist in the formalst,tevhile both antagonists inhibit the
antiallodynic and antihyperalgesic effects of 2-f&sroches et al., 2008; Guindon et al.,
2007a). In our circumstances, higher doses of 2w&@ effective, which might be due to
the differences between the pain models (neuropagisus carrageenan-induced arthritis).

An important techniqgue employed to decrease the-aificts is the use of
combination of several agents in low doses thatlypce the same therapeutic effects as a
single drug applied in a higher dose. In this regpéhere is a growing body of
experimental data, which indicates that NMDA antagts potentiate the analgesic effect
of opiates and may block or reduce the developneériblerance following long-term

opiate administration (Dickenson, 1997; Joo et200Q0; Nishizawa et al., 1998; Trujillo
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and Akil, 1991; Wiesenfeld-Hallin, 1998). Controsilly, there have been some reports
that the NMDA antagonist MK-801 neither has an rasticeptive effect of its own, nor
does it alter that of morphine (Trujillo et al., 919, while other data indicate a simple
additive interaction of MK-801 with morphine in tlwarrageenan-induced inflammatory
pain model (Yamamoto et al., 1993). Some studie® Mmavestigated the interactions of
EM1 with different drugs to improve its efficacy @ntral level (Csullog et al., 2001; Hao
et al., 2000; Hao et al., 1999; Wang et al., 1998 present study showed that the type of
the interaction at peripheral level was additiviewc® both opioid and glutamate receptors
are present on the primary sensory neurons at #mgphery, the co-activation and
antagonism of these receptors could have a bealegéiect on the inhibition of pain
sensation at doses which do not cause side-efféicise the ratio of the applied drugs can
also influence the type of the interactions (Tadlaret al., 1997), another ratio of these
drugs may produce other type of interactions.

The acute administration of EM1 and/or KYNA did nofluence the degree of
edema in our circumstances. However, it cannot xmuded that their administration
would produce not only antinociception but alsoiiafltammatory effect, and this may
contribute to their antinociceptive effects (Khadtl al., 1999; Parada-Turska et al., 2006;
Straub et al., 2008). Thus, opioid receptors haaenbdemonstrated on primary sensory
neurons and immune cells (Stein et al., 1990anSteial., 1993), and locally released
opioid peptides (including EM1) are known to inlithie inflammatory response at the site
of injury (McDougall et al., 2003; Stein et al.,93 Straub et al., 2008). Similarly, KYNA
can also control the inflammatory process by irtlohiof the proliferation of synoviocytes
(Parada-Turska et al., 2006).

The beneficial interaction between opioids and ahimoids are well known
after systemic and/or central administrations (€wegicz and Mccarthy, 2003; Welch and
Stevens, 1992), while only a few studies have itigated their interaction at peripheral
level (Yesilyurt et al., 2003; Yesilyurt and Dogrid004). These studies have applied
synthetic drugs by a topical immersion method, duedacute heat pain threshold has been
determined. It has been found that the topicallyliad cannabinoid potentiates the effect
of morphine. We found that the coadministrationeatlogenous opioid and cannabinoid
ligands produced additive interaction, and theyediVely decreased the inflammatory
allodynia in our model. Since bothopioid and CB receptors can be found in the syadovi
membrane, and/or on the nociceptive primary sensetyons and these receptors are G-

protein coupled ones, their coactivation can modig level of cAMP and/or open
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potassium channels and/or close calcium channet8prinhibit release of substance P
and other pain-inducing ligands leading to a paaed inhibition of the propagation of
nociceptive stimuli (Ahluwalia et al., 2000; Jordanal., 2000; Richardson et al., 2008;
Stein et al., 1993).
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6 General Conclusions

We proved the antinociceptive potency of EM1 at jait level in
an inflammatory pain model.

We firstly demonstrated the antiallodynic potency 6intra-
articularly administered KYNA without any side-effects.

We showed the antinociceptive effect of 2-AG at pgheral
level.

We have found that the combination of EM1 with KYNA
produced additive antinociceptive interaction.

Further, the coadministration of EM1 and 2-AG yielded
additive interaction as well.

We wish to draw the attention to the rapidly evolving
recognition that the endogenous ligands may exerffects on
several receptors and/or systems. Furthermore, theombination
of these endogenous ligands may provide a new andrizficial
combination for pain therapy with potentially fewer side effects
at joint level.
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7 Abbreviations used in the study

SHT
IL
TNF
ATP
NGF
TRP
P2X
GPR
cAMP
IP3
PKA
PKC
SDH
ARC
LAAH
ACC
PAG
RVM
NRM
LC
NSAIDs
COX
ORL1
CNS
IPL
EMs
EM1
EM2
NMDA
AMPA
KA

5-hydroxytryptamine

interleukin

tumour necrosis factor
adenosine-triphoszphate

nerve growth factor

transient receptor potential
purinoreceptor

G-protein-coupled metabotropic receptors
cyclic adenosine monophosphate
inositol triphosphate

protein kinase A

protein kinase C

spinal dorsal horn

arcuate nucleus

lateral area of anterior hypothalamus
anterior cingulated cortex
periaqueductal grey matter
rostroventral medulla

nucleus raphe magnus

locus ceruleus

nonsteroidal anti-inflammatodyugs
cyclooxygenase

opioid receptor-like receptor

central nervous system

intraplantar

endomorphins

endomorphin-1

endomorphin-2
N-methyl-d-aspartate
e-amino-3-hydroxy-5-methylisoxazole-4-propioricid

kainic acid
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KYNA
GlyRs
GPR35
CBs
CB1
CB2
AC
MAPK
AEA
2-AG
PEA
NAGly
OEA
NAPE
FAAH
TRPV1
PPARx
MAGL
NTX
a7nAChRs

kynurenic acid

glycine receptors

G protein-coupled receptor 35
Cannabinoids

Cannabinoid-1 receptor

Cannabinoid-2 receptor

adenylate cyclase

mitogen-activated protein kinase
arachidonoyl-ethanolamine (anandamide)
2-arachidonoyl-glycerol
palmityl-ethanolamide
N-arachidonoyl-glycine
N-oleoyl-ethanolamide
N-acylphosphatidyl-ethanolamine

fatty acid amide hydrolase

transient receptor potential vanilloid teptor
peroxisome proliferators-activated recetor
monoglyceride lipase

naltrexone

alpha7 nicotinic acetylcholine receptors
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