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Introduction

Pain is a crucial part of our life, a vital signal about the effects which may damage our
body.

The International Association for Study of Pain (IASP) defines pain as “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage or
described in terms of such damage” (Merskey and Bogdukl1994). Furthermore, the
IASP declaredin 2010 that adequate pain management is a fundamental human right,
mentioned chronic pain as a separate entity, and determined pain management as an
independent specialty in medical science, which requires adequate training and

resources (Declaration of Montreal, 2013).

Pain management, especially chronic pain, is a major public health problem, which is
associated with devastating consequences to patients and families, a high rate of health
care utilization, and huge society costs related to loss in work productivity. The NHS
spent 5 billion pounds on treating pain in adolescents, whilst this cost was only 500,000

pounds in 1993 (British Pain Society www.britishpainsociety.org).

Opioids have been regarded for millennia to be among the most effective drugs for the
treatment of pain. Their use in the management of acute severe pain and chronic pain
related to advanced medical illness is considered to be the standard of care in most of
the world. However, long-term opioid treatment in chronic non-cancer pain (CNCP)
continues to be controversial, but the new guidelines suggest their administration in
these cases, too (Trescot et al., 2008). The incidence and severity of side effects of
opioids may play an important role in the success or failure of pain management in
patients. Thus, the development of new ligands with fewer side effects has been

effective and increased the safety of the treatment.
The sensory neuron
Pain perception starts from the activation of nociceptive receptors on the primary

sensory neurons. Nociceptors are free nerve endings. The received information is

transmitted from the periphery to the spinal cord and brainstem. The body of these
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neurons are localized in the dorsal root ganglion (DRG) and in the sensory ganglia of
some cranial nerves, such as V, VII, IX and X also contain a small number of sensory
fibers, and these are related to the pain sensation.

DRG contains different types of neurons. The widely accepted classification of these
cells is to differentiate large and small categories (Lieberman, 1976; Lawson et al.,
1979). Early studies stated that large cells were lightly stained, and small cells were
darkly stained (Ramon y Cajal, 1909; Nissl, 1984). Immunostaining techniques revealed
two population of the cells, one staining lightly with sizes spanning the whole range,
and the other darkly staining and being only small (Lawson et al., 1974; Lawson et al.,
1979).

The subdivision of DRG cells may also be based on the degree of myelinization of their
axons. The conduction speed of action potentials depends on the diameter of the fiber
(Thomas et al., 1993). There are four main types of sensory fibers in the peripheral
nervous system: Aa-, AB-, Ad-, and C-fibers. Aa nerve fibers carry information related
to proprioception. The diameter of Aa-fibers is 13-20 um, and they are able to conduct
action potential fast (80-100 m/s). Ap-fibers are large in diameter (6—12 pm) and highly
myelinated, thus allowing them to quickly conduct action potentials (35—-75 m/s) from
the periphery to central terminals. These fibers have low activation thresholds and
normally respond to light touch and are responsible for conveying tactile information.
Ad-fibers are smaller in diameter (1-5um) and thinly myelinated, making them slower
conducting (5-35m/s) than Ap-fibers, and they also possess higher activation
thresholds. They respond to both thermal and mechanical stimuli. C-fibers are the
smallest type of primary afferents (0.2-1.5 um) and are unmyelinated, thus making
them the slowest conductors (0.5-2 m/s). It should be highlighted that not all of the C
and A—fibers are nociceptors.

The signals from the Ad-fibers reach the spinal cord before those from the C fibers;
therefore, the painful stimuli evoke two distinct painful sensations. Stimulation of the
Ad-fibers evokes sharp pricking pain sensation, whereas the activation of C-fiber leads
to dull, aching, burning pain. Thus a biphasic subjective response could be observed: a
short-latency pricking pain is followed by a second long latency pain of a burning and
less bearable quality (Bishop et al., 1958).

The neurons activated by noxious stimuli can be classified according to the modalities

that activate them. Thus, there are somatic and visceral nociceptors, mechanical,



thermal (cold and warm), mechano-thermal, polymodal and silent nociceptors.
Mechanical nociceptors are activated by high pressure, thermal nociceptors respond to
extreme cold or hot temperature (> 45°C or <5 °C), and mechano-thermal nociceptors
respond to both stimuli. Several authors have reported on A& mechano-thermal
nociceptors, but the heat threshold of these receptors is higher than that of the C
polymodal nociceptors (Iggo and Ogawa, 1971; LaMotte and Thalhammer, 1982).
Kajander has given account of Ad mechano-thermal nociceptors, which respond to
intense cold stimuli; their thresholds are between 14 and —18 °C (Simone and Kajander,
1996). Polymodal nociceptors can be activated by noxious thermal, mechanical, and
chemical stimuli, and they are unmyelinated C fibers. The viscera contain silent
nociceptors, which are not activated by noxious stimuli until their firing threshold is

reduced by chemical stimuli, for example during inflammation.

The dorsal horn of the spinal cord

Nociceptors enter the spinal cord through the dorsal roots and proceed in Lissauer’s
tract one or two segments up or down the spinal cord before penetrating the grey matter

of the dorsal horn (DH), where they synapse on secondary neurons.

A nociceptors (I)

C/AD peptidergic fibres (1-llo)
C non-peptidergic fibres (1)
A hair follicle afferents (Ili-11i
Afb hair follicle and tactile
afferents (Ili-V)

Dorsal hornl

Figure 1. Neuronal circuitry for pain processing in the dorsal horn (Todd A.J.)

The structure of the DH was first presented by Rexed et al. (1952). Structurally it is
distinguished into ten different zones on the basis of cytological features of its resident

neurons. Classes of primary afferent neurons that convey distinct modalities terminate



in distinct laminae of the DH (Fig.1). Thus, there is close correspondence between the
functional and anatomical organization of neurons in the DH.

The spinal cord itself contains various neuronal cell types depending on their specific
synaptic inputs, have different properties, and respond to different types of sensory
information.

The vast majority of neurons in laminae I-I11 have axons that remain in the spinal cord
and arborise locally are defined as interneurons. Regarding the neurotransmitters
released from these neurons as excitatory, glutamatergic, and inhibitory, GABAergic
interneurones are detected, and they can increase or decrease the response of
nociceptive-specific (NS) cells and wide dynamic range neurons (WDRs), thus
influencing the output of the DH. Both inhibitory and excitatory interneurons, which
affect the nociceptive signal, are known. When activated, these interneurons release
either enkephalin or dynorphin (endogenous opioid neurotransmitters), which bind to
mu opioid receptors on the axons of incoming C and A-ddelta fibers carrying pain
signals from nociceptors activated in the periphery (Tsou et al 1964).

There were several attempts to classify interneurons, but no scheme has been accepted
generally, which covers all of these cells. Laminae Il interneurons have been
investigated extensively by Perl, and four main classes have been identified: islet,
central, vertical and radial cells, with different dendritic morphology (Grundt and Perl,
2002). Investigation of the different cell types revealed that islet cells were invariably
GABAEergic, radial, and most of the vertical cells were glutaminergic, and central cells
could be of either type (Todd et al., 1989; Lu and Perl, 2005).

Different morphological studies have been reported on substantial population of
“unclassified” cells (Grudt and Perl, 2002; Yasaka et al., 2007; Maxwell et al., 2007).
However, there are some evidence revealed that non-neural cell types within the spinal
cord (astrocyta, microglia) are also able to influence the pain transmission, particularly
under pathological conditions (Coyle, 1998).

The other group of neurons of the dorsal horn was described as projection neurons.
These neurons are localized in laminae | and scattered throughout laminae 111-V1, with
very few present in laminae Il. The one type of projection neurons, called NS cells are
mostly found superficially and synapsed with Ad- and C-fibers only. The NS cells are
activated only noxious heat or noxious mechanical stimuli or both. The other type of

projection neurons, called WDR neurons, receives input from all three types of sensory
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fibers; therefore, they respond to the full range of stimulation, from light touch to
noxious pinch, heat, and chemicals (D’Mello and Dickenson, 2008).

In general, myelinated low-threshold mechano-receptive afferents arborise in an area
extending from laminae Ili (the inner zone of laminae Il) — VI, whereas nociceptive and
thermoreceptive Ad- and peptiderg C afferents innervate laminae I and much of laminae
Ilo (the outer zone of laminae I1), except for its most ventral part (Todd, 2002). At the
same time, most of nonpeptiderg C-fibers end on interneurons of the inner layer of
lamina Ili (Basbaum et al., 2009). Laminae III and V receive inputs from AP fibers,
which typically transmit innocuous sensory inputs. The WDR neurons of lamina V
receive inputs from Ad nociceptors and receive indirect inputs from C fibers (lamina II).
Laminae | projection neurons are not a homogeneous group. Dendrites of lamina |
projection neurons generally remain within the lamina, and based on their orientation
and branching pattern, the cells have been classified into fusiform, pyramidal, and
multipolar types (Spike et al., 2003; Almarestani et al., 2007).

Ascending pain pathway

Several pathways transmit nociceptive information to a higher brain center The main
supraspinal targets for laminae | projection neurons include the caudal ventrolateral
medulla (CVLM), the nucleus of the solitary tract (NTS), the lateral parabrachial area
(LPb), the periaqueductal grey matter (PAG), and certain nuclei in the thalamus
(Gauriau and Bernard, 2004).

Many DH projection neurons have axons that cross the midline and travel rostrally in
the contralateral white matter to terminate in various brainstem and thalamic nuclei,
forming a collection of pathways. This anterolateral system consists of the
spinothalamic-,  spinoreticular-,  spinomesencephalic-,  cervicothalamic-  and

spinohypothalamic tracts.

The spinothalamic tract (direct pathway) is the most prominent ascending nociceptive
pathway in the spinal cord. The spinothalamic tract transmits not only nociceptive
imput, but also thermal and nondiscriminatory (crude) touch input. Since the
spinothalamic tract is phylogenetically a newer pathway, it is referred to as the

neospinothalamic pathway. It comprises the axons of nociceptive-specific and wide-
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dynamic-range neurons in laminae | and V-VII of the dorsal horn. These axons project
to the contralateral side of the spinal cord and ascend in the anterolateral white matter,
terminating in the thalamus. However, many first order neurons synapse with spinal
cord interneurons that are associated with reflex motor activity. This tract ascends
through the medulla, pons and midbrain and terminates on the ventrobasal complex of
the thalamus, and after the relay, axons pass to the somatosensory cortex. The pain
fibers of the spinothalamic tract end primarily in the ventroposterolateral (VPL)
nucleus, intralaminar nucleus and ventroposteroinferior (VPI) nucleus of the thalamus,
some fibers keep to reticular formation. The fibers of trigeminal nuclei terminate in the
ventroposteromedial (VPM) nucleus of the thalamus. The axons of these nuclei reach
the primary and secondary somatosensory cortex (SI, SII). Approximately 15% of
nociceptive fibers project directly to the thalamus whereas 85% project to the thalamus

via a relay in the reticular formation (Kandel et al., 2000, Patestas and Gartner 2013).

The spinoreticular tract (indirect patway) transmit nociceptive, thermal, and
nondiscriminatory (crude) touch signals from the spinal cord to the thalamus indirectly,
comprises the axons of neurons in the laminae V, VIl and VIII and also laminae | and
X. It ascends in the anterolateral quadrant of the spinal cord and terminates in the
reticular formation of the medulla and pons, and after synapses it projects to the
thalamus (intralaminar nuclei) and the hypothalamus, limbic cortex, insular and anterior
cingular cortex (ACC). In addition, there are some second order neurons from the DH
that bypass the reticular formation and relay sensory input from C fibers directly to the
intralaminar nuclei of the thalamus. In contrast to the spinothalamic tract, many of the
axons of the spinoreticular tract do not cross the midline (Kandel et al., 2000). Since the
spinoreticular tract is phylogenetically an older patway, it is reffered to as the
paleospinothalamic pathway. This tract is involved in the motivational-affective
characteristics, as well as the neurovegetative responses to pain. This tract also activates
the structures of the brainstem, thus is responsible for the descending suppression
(Kandel et al., 2000, Patestas and Gartner 2013).

The spinomesencephalic tract contains the axons of neurons in laminae 1, 11, IV, V, VI,
VIl and X. It projects in the anterolateral quadrant of the spinal cord to the

mesencephalic reticular formation and PAG, nucleus raphe magnus (NRM) via the
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spinoparabrachial tract, and it projects to the parabrachial nuclei (PBN). Since neurons
of the PBN project to amygdala, which is the major component of the limbic system,
this tract is thought to contribute to the autonomic, cardiovascular, motivational and
affective responses to pain. Most axons of this pathway project in the dorsal part of the
lateral funiculus. This may be the explanation why pain persists or returns after
anterolateral cordotomy (Kandel et al., 2000).

The spinohypothalamic tract comprises the axons of neurons in laminae I, V and VII. It
projects directly to the supraspinal autonomic control centers in the hypothalamus and is
thought to activate complex neuroendocrine and cardiovascular responses (Kandel et
al., 2000).

The cervicothalamic tract originates in neurons of lateral cervical nucleus, located in the
lateral white matter of the upper two cervical segments of the spinal cord. The lateral
cervical nucleus receives input from nociceptive neurons in laminae Il and IV. Many of
the axons in the cervicothalamic tract cross the midline and ascend in the medial
lemniscus of the brainstem to nuclei in the midbrain and to the VPL and VPM nuclei of
the thalamus. Some axons from laminae I11-1V project through the dorsal column of the

spinal cord and terminate in the cuneate and gracile nuclei of the medulla.

The anterolateral system is not the only nociceptive output as is described; the dorsal
column system also transmits some of visceral nociceptive information (Palacek, 2004).
The nerve fibers of these dorsal column neurons originate from the cell bodies of
projection neurons, many of which are located in the vicinity of the central canal and
project to the gracile and cuneate dorsal column nuclei and transmit the visceral
nociceptive information. Axons from these nuclei then decussate and travel up to the

brainstem as the medial lemniscus on the contralateral side.

The trigeminal nerve through the trigeminal ganglion also contributes to the ascending
pain pathways. The trigeminal nucleus is divided into three parts, i.e., subnucleus oralis,
subnucleus interpolaris and subnucleus caudalis, which is the site where the pain fibers

synapse. The fibers from the subnucleus caudalis cross to the opposite side, and join the
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spinothalamic tract and medial lemniscus on their way to the thalamus (Hayashi et al.,
1984).

Pain sensationis realized by regular function of the medial and lateral pain system. The
medial system is involved mainly in the processing of the emotional unpleasant aspect
of the pain, while the lateral system is involved mainly in the processing of the sensory
discriminative aspect of the pain (Trede et al., 1999). The role of the medial pain system
may be present in asymbolia. In this disorder, the patient is able to recognize the painful
stimuli, but the adequate motor and emotional responses are lacking (Bertie et al.,
1988). The patient feels pain, but it does not represent something harmful and
dangerous.

Functional magnetic resonance imaging (FMRI) studies have revealed that different
cortical areas provide significant support for the existence of the medial and lateral pain
system (Bantick et al., 2002; Bornhovd et al., 2002). Five major cortical areas are
activated consistently to acute pain stimuli: ACC, isnsular cortex, primary
somatosensory cortex, secondary somatosensory cortex and prefrontal cortex (PFC).
Furthermore, altered activity in several subcortical areas (e.g., brainstem, PAG,
hypothalamus, amygdala, hippocampus and cerebellum) is also observed during pain.
Some of these regions comprise the so-called “pain neuromatrix” (Melzack, 2001). It
exhibits significantly correlated activity with sensory or emotional descriptions of the
painful experience, suggesting that they have a significant role in pain generation, but
no brain region has been shown to be exclusively activated during pain experiences
(Bornhovd et al., 2002), but the damage of the pain matrix by cortical lesions very
rarely remove the pain completely (Ploner et al., 1999).

Imaging studies demonstrate that the PFC can regulate the perception and behavioral
expression of pain in humans (Wiech et al., 2006). PFC is connected to the limbic
systems; therefore, it can regulate the motivational-emotional aspects of pain (Ochsner
and Gross, 2005). PFC activity reduces negative emotion by influencing subcortical
systems implicated in affective appraisal and learning processes, which in turn has an
impact on reported emotional experience (Wager et al.,, 2008). Wilkonson and
colleagues have reported after surgical cingulotomies performed for several pain
syndromes that it may reduce emotional or motivational aspect of the pain, but it leaves

intact the capacity for nociceptive pain (Foltz et al., 1962; Wilkonson et al., 1999).
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Mazzola et al. have investigated the effect of focal electrical stimuli to somatosensory
cortex, and it produced somatosensory sensation such as paresthesia and temperature
changes but no pain (Mazzola et al., 2006). Several authors have shown that direct
electrical stimulation of the posterior insular region produced pain (Ostrowski et al.,
2002; Mazzola et al., 2012). The importance of the posterior insula for nociceptive pain
is further suggested by functional imaging studies of pain empathy (Singer at al., 2004),
hypnotically induced pain (Raij et al., 2005), and recalled pain experiences (Albenese et
al., 2007). The same does not appear to be true of other cortical regions that are also
considered part of the pain neuromatrix (Boly et al., 2008). All these have raised the
idea that this region may represent a somatotopically organized “pain cortex” (Mazzola
etal., 2012).

Descending inhibitory pathway

It is well known that in certain circumstances pain can be blocked. For example, mainly
battle soldiers or injured sports people have reported experiencing no pain despite their
severe injuries. This suppression of pain is mediated by the descending pathways
(Beecher, 1946; Bingel and Tracey, 2008).

The descending pathways can be found in the dorsolateral funiculus, and they originate
in the rostroventral medulla (RVM), the NTS, the PB nuclei, the dorsal reticular
nucleus, the PAG the NRM, the hypothalamus, the amygdala, and the cortex (Basbaum
and Fields, 1979). Regarding the function of the descending pathways, they may
facilitate or block transmission of pain at the level of the DH through releases different
neurotransmitters including endogenous opioids, serotonin (5-HT), and norepinephrine
(NE) (Ren et al., 2009).

PAG is a key station in the descending pathway. Inputs which originate in PAG are
essential to modulate the pain pathway. PAG receives nociceptive inputs from the spinal
cord through the PB nucleus and from the cortical regions including the ACC (Gauriau
and Bernard, 2002; Heinricher et al., 2009) and amygdala (Bingel and Tracey, 2008).
Cui et al. have demonstrated that the release of endogenous 5-HT, NE, and amino acids
in the spinal cord are increased during stimulation of the PAG using stimulus intensities

that inhibited nociceptive responses of the DH neurons. Several studies have shown that
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PAG is a source of descending opioid mediated inhibition of nociceptive inputs (Tsou
and Jang, 1964; Gao et al., 1997; Waters and Lumb, 1997). The findings provide direct
evidence that the antinociception produced by the stimulation of PAG is accompanied
by an activation of serotonergic, noradrenergic and glycinergic neurons (Cui et al.,
1999).

Several studies have revealed that the RVM produces pain modulation as it can enhance
or inhibit nociceptive inputs (Fields, 2000). Electrophysiological studies which
investigated RVM have revealed that it has neurons that increased firing immediately
prior to the tail-flick (TF) response; they were labelled as “on-cell” and those that
paused fire labelled as “off-cells” while those cells in which no detectable changes were
found were labeled “neutral cells” (Fields et al., 1983, 1995). Opioid microinjection into
RVM disinhibited off-cells and increased the activity of neurons (Fields, 2004). The on-
cells of RVM are directly inhibited by opioids and are activated by cholecystokinin
(CCK) via the CCK, receptor (Heinricher and Neubert, 2004). GABA can inhibit off-
cells so they are likely to be modulated by inhibitory GABAergic interneurons or by
GABAEergic projection from the PAG (Gilbert and Franklin, 2001; Moreau and Fields,
1986).

RVM contains serotonergic neurons that project to the spinal cord from NRM and the
nucleus paragigantocellularis (Yaksh and Wilson, 1979; Kwiat and Bisbaum, 1992; Cui
et al., 1999). 5-HT(serotonin) released from the NRM descends to the DH, where it
forms excitatory connections with the “inhibitory interneurons” located in Laminae 1.
Furthermore, the receptor subtype can influence the effect of serotonin (Dogrul et al.,
2009). Intrathecal (i.t.) administration of serotonin antagonist caused the activation of
different 5-HT subtypes; thus, 5-HT,A and 5-HT; facilitated nociception, and 5-HT A,
5-HT,B,5-HT,D and 5-HT7 subtypes were inhibitory (Sasaki et al., 2006).

Investigation of the neurons of RVM revealed that about 20% of the neurons that
project to the DH are serotoninergic, and the residual 80% are likely glycerinergic or
GABAergic (Kato et al., 2006).

In addition to electrical or chemical stimulations of the PAG or RVM to elicit
antinociception, the level of NE in the cerebrospinal fluid is increased (Cui et al., 1999).

Because norepinephrine-containing neurons are not found in the PAG and RVM, non-
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catecholamine neurons must project to it and activate spinally projecting catecholamine
neurons located in the pons locus coeruleus (LC) A5, A6, and medulla A7 (Bajic et al.,
1999; Odeh and Antal, 2001).

The role of dopamine in the descending inhibition has also been demonstrated (Wood,
2008). This pathway is originated from hypothalamic A 11 nuclei and ended directly in
the DH. The inhibitory role of dopamine on evoked pain via activation of D2-like

receptors at the level of dorsal horn has also been described (Lapirot et al., 2011).

Opioids

The demand to decrease pain is as old as human history. The selection of different drugs
has been done by experimental ways during several millennia.

The Sumerians in Mesopotamia were among the first people identified to have
cultivated the poppy plant around 3400 BC. They called it Hul Gil, the “joy plant”. It
eventually spread throughout the ancient world to every major civilization in Europe
and Asia and was used to treat pain (Booth, 1986). A German pharmacist, Sertiirner
(1803) isolated a pure substance from opium, and called it morphine after the Greek god
of dreams, Morpheus (Simone 1973). Despite the advantageous features of opioids,
their actions were largely unknown. In the 1960s, Tsou and Jang performed a
pioneering work in understanding the mechanism through the direct microinjection of
morphine into the brain to produce analgesia (Tsou and Jang, 1964). The high potency
and specificity of morphine suggested that it might bind to specific receptors in the
nervous system to induce their biological effects.

The milestone of research was in 1973 when the first descriptions of the
pharmacological properties of morphine, along with other agonists and antagonists, at
the level of the receptor were reported (Pert et al., 1973). The action of opioid
compounds is mediated through activation of specific opioid receptors. Three major
opioid receptor families, the p-, k-, and d-opioid receptors, were cloned in the early
1990s (Law and Loh, 1999; Pasternak, 2004) and a fourth member of the opioid
receptor family, nociceptin or orphanin FQ receptor (NOP) or the opioid receptor-like
orphan receptor (ORL) was added to the list in 1994 (Mollereau et al., 1994; Meunier et
al., 1995). NOP receptor has nucleotide and amino acid homology to the other opioid

receptors. It has been identified that this homology is 52% to d-opioid receptor, 54% to
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p-opioid receptor and 52% to k-receptors in rat (Wang et al., 1994). The development of
novel opioid analogs that elicited different biological effects gave way to the detection
of pharmacological subtypes of mu-opioid receptor (MOR), delta-opioid receptor
(DOR) and kappa-opioid receptor (KOR), although the molecular basis of these
subtypes has not yet been established (Traynor, 1989; Zaki et al., 1996). Genetic and
physiological variations influence the sensitivity of MOR towards different p-opioid
ligands and difference in their potency across various species and animal strains
(Pasternak, 2004), which led to the proposal that receptors could be classified as MORL,
MOR2, and MOR3. Several studies have revealed evidence from binding studies in
guinea-pig cerebellum that suggested the existence of four KOR subtypes, KOR1a,
KOR1b, KOR2 and KORS3, based on pharmacological studies (Clark et al., 1989;
Caudle et al., 1998). In addition, DORs exist at least in two subtypes, DOR1 and DOR?2,
according to their pharmacological attributes (Traynor, 1993; Zaki et al., 1996). The
MOR, KOR and DOR main types are the most studied, each playing a different role in
pain: MOR generates the most profound analgesia, but it is also associated with
constipation, respiratory depression, euphoria, tolerance, dependence and addiction
(Schmauss and Yaksh, 1984; Cowan et al., 1988), DOR is involved in pain relief from
thermal sources (Mansour et al., 1988) but like the MOR, it is also associated with
respiratory depression and addiction (Abdelhamid et al., 1991, Maldonado et al., 1992).
KOR mediates pain originating in chemical stimuli (Leighton et al., 1987; Wollemann
et al., 1993), but it promotes dysphoria, diuresis and sedation (von Voigtlander et al.,
1983; Lahti et al., 1985).

Opioid receptors are members of the superfamily of seven helix transmembrane (TM)
proteins known as G-protein coupled receptors (GPCRs). Opioid receptors are
composed of three domains: an extracellular N-terminus, seven TM a-helices, and an
intracellular C-terminus. Across the receptors, the intracellular loops share the highest
sequence homology (90%) followed by TM domains (70%), while the N- and C-termini
show the greatest diversity (Knapp et al., 1995). Coupling between the receptors and G-
proteins occurs via the pertussis toxin sensitive Ga unit. Agonist-dependent opioid
receptor activation induces conformational changes in the receptor, which promote
exchange of Goa-bound GDP for unbound GTP followed by dissociation of the G-
proteins from the receptor. The Ga unit further dissociates from the GBy units. Signal

transduction occurs via GTP-bound Ga inhibiting adenylate cyclase responsible for
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producing cyclic adenosine monophosphate (CAMP). Down-regulation of cAMP results
in the reduction of voltage-dependent currents and neurotransmitters release (Eguchi,
2004). The GB and Gy subunits also play key roles in decreasing cell excitability by
inhibiting voltage-gated Ca2+ channels, hyperpolarizing the membrane and up-
regulating the conduction of potassium (Eguchi, 2004). This combined decrease in
neurotransmitter release and excitability is manifested as analgesia. Finally, the inactive
state is re-constituted when Ga-bound GTP is hydrolyzed to GDP, re-association with
GPy and recoupling with the receptor.

Opioid receptors are expressed in several levels of pain-modulating descending
pathways. These include the spinal cord, pons, midbrain, brainstem, limbic system, and
cortical structures. Opioid receptors exist not only in the nervous system (Xia and
Haddad, 1991; Vogt et al., 1995) but also in peripheral organs, such as the heart, lungs,
liver, and the gastrointestinal (GI) and reproductive tracts (Wittert et al., 1996).
However, the expression and distribution of these receptors vary significantly among
different organs. Brain stimulation in certain areas, particularly the PAG, caused
pronounced analgesia (Mayer and Liebeskind, 1974) that was blocked by the opioid
antagonist naloxone (AKkil et al., 1976). These observations strongly suggest the
existence of endogenous opioids in the brain, so one or more endogenous
neurotransmitters acting on the opiate receptors have to exist. The results of studies in
the 1970s identified two enkephalin pentapeptides, namely [Met*]enkephalin (H-Tyr-
Gly-GlyPhe-Met-OH) and [Leu®]enkephalin (H-Tyr-Gly-Gly-Phe-Leu-OH) (Hughes et
al., 1975), followed closely by the identification of f-endorphin (Li et al., 1976; Doneen
et al., 1977) and dynorphin (Goldstein et al., 1979) in brain tissue. In 1995, an
endogenous agonist for the opioid receptor-like orphan receptor (ORL) was isolated
concurrently by two independent groups, which was termed ORL-1 by Mollereau et al.
in 1994 and Meunier et al. in 1995, and orphanin FQ by Reinscheid et al. in 1995.
Although nociceptin structurally closely resembles dynorphin, which is an endogenous
K- receptor ligand, nociceptin has almost no affinity for other opioid receptors (Gintzler
et al., 1997). Mogil et al. have established that orphanin functionally antagonizes p-, 6-,
and «-opioid receptors, and may play a general role in opioid modulation after
intracerebroventricular (i.c.v.) administration in rats (Mogil et al., 1996). Two years
later, endomorphin-1 (EM-1) (Tyr-Pro-Trp-Phe-NHz,) and -2 (EM-2) (Tyr-Pro-Phe-
Phe-NH>), endogenous MOR agonists with very high affinity and selectivity were
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synthesized and subsequently isolated by Zadina in bovine and human brain extracts
(Zadina et al., 1997; Hackler et al., 1997).

The structure of most naturally occurring peptide opioids can be divided into two
components: the biologically important N-terminal tri- or tetrapeptide fragment
(“message sequence”) and the remaining C-terminal fragment (“address sequence”)
(Yamazaki et al., 1993). The message sequence provides information for signal
transduction that leads to the biological response, while the address domain primarily

influences binding affinities and accommodates the elements of selectivity.

Endomorphins

Zadina’ group discovered and identified a new biologically sequence, Tyr-Pro-Trp-Phe-
NHo>, in bovine brain (Zadina et al.1977) and human cortex (Hackler et al.1977).

The new peptide, which was named EM-1, showed remarkable affinity for the p-opioid
receptor and selectivity for the p-opioid receptor over the 6- and k-opioid receptors. The
other peptide, EM-2, which differs by one amino acid from endomorphin-1, was also
isolated. EM-2 was shown to be almost as potent as EM-1 (Hackler et al., 1997; Zadina
etal., 1997).

The results of several in vitro (Kakizawa et al., 1998; Goldberg et al., 1998, Fichna et
al., 2006) and in vivo (Horvath, 2000; Sakurada et al., 2001; Tseng, 2002) studies have
displayed that the p-opioid receptors are exclusive binding sites for endomorphins
(EM). These EMs were displaced by naloxone, Tyr-D-Ala-Gly-MePhe-Gly-ol
(DAMGO) and other p-opioid receptor-selective ligand in a concentration-dependent
manner (Horvath, 2000). Moreover, Sakurada and Tseng have revealed that there are
functionally two diverse subtypes of u-opioid receptors: pi and pz, which might be
responsible for their distinct pharmacological activity (Sakurada et al., 1999; Tseng et
al., 2000). The pi-opioid receptor antagonist naloxone was shown to block the
antinociception induced by i.c.v. administration of EM-2 more effectively than EM-1,
whereas f-funaltrexamine inhibited both. The assays revealed that po-opioid receptors
would be stimulated by both EM-1 and EM-2, whereas pi-opioid receptors would be
stimulated only by EM-2.

The structures of traditional opioid peptides (endorphins, enkephalins, and dynorphins)

contain Tyr-Gly-Gly-Phe sequence at the N terminus, whereas the structures of EM-1
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and EM-2 are quite distinct. The N-terminal message sequence is composed of two
pharmacophoric amino acid residues, Tyr and Phe (only in the case of EM-1 Phe is
replaced by Trp), in which the amino and phenolic groups of Tyr and the aromatic ring
of Phe (or Trp) are required for opioidreceptor recognition. This sequence also includes
a spacer residue(s), which join(s) the pharmacophoric residues of the message sequence
(Podlogar et al., 1998; Paterlini et al., 2000; Janecka et al., 2004).

The localization of EMs has been investigated by several assays in human and animal
models (Hackler et al., 1997; Martin—-Schild et al., 1998, 1999; Pierce et al., 1998,
Pierce and Wessendorf, 2000). These analyses have revealed that EMs can be detected
indifferent areas of brain such as the stria terminalis, the PAG, the LC, the PB nucleus,
and the NTS. EMs have also been detected in the spleen, thymus and blood (Jessop et
al., 2000) and in immune cells in inflamed subcutaneous tissue (Mousa et al., 2002).
However, there are differences in the neuroanatomical localization of these peptides.
EM-1 is widely and densely distributed throughout the brain and upper brainstem, and
is particularly abundant in the nucleus accumbens (NAC), the cortex, the amygdala, the
thalamus, the hypothalamus, the striatum, and the DRG (Schreff et al., 1998; Martin-
Schild et al., 1999).

In contrast, EM-2 is more prevalent in the spinal cord and lower brainstem (Martin-
Schild et al., 1999; Pierce and Wessendorf, 2000), EM-2-immunoreactive (IR) cell
bodies are prominent in the hypothalamus and the NTS, endomorphin-2-IR varicose
fibers are mainly observed in the substantia gelatinosa of the medulla and the DH. More
modest endomorphin-2 IR has been seen in the NAC, substantia nigra, NRM, ventral
tegmental area (VTA), and pontine nuclei and amygdala. The different distribution of
EM-1 and EM-2 in the nervous system suggests that EM-2 may play a role in the
earliest stages of nociceptive information (Zadina, 2002). Mousa has revealed that EM-
2 exists in the spinal cord in the superficial layers of the DH, and in the primary afferent
fibers (Mousa et al., 2002). Moreover, these are the regions with highest density of p-
receptors in the nervous system (Martin-Schild et al., 1997).

Several assays have investigated the role of EMs in the modulation of nociceptive
transmission after i.c.v., i.t., and intraperitoneally (i.p). administration (Li et al., 1976;
Tseng et al., 1991; Sawynok et al., 1991; Hung et al., 2003). These results confirm that
the adrenergic pathway is more important than the serotoninergic pathway in mediating

the antinociception activated by supraspinally administered EMs. Li has demonstrated


http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-361
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-460
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-330
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-330
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-330
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-330
http://pharmrev.aspetjournals.org/content/59/1/88.full#ref-410

21

that EM-1 produced dose-dependent, naloxone-reversible analgesia after i.p.
administration in rats. The peak analgesic effect appeared later than after central (i.c.v.
and i.t.) administration (Li et al., 1976). The explanation is their rapid enzymatic
degradation in peripheral tissues and low permeation through the brain-blood barrier
(Spampinato et al., 2003). Tseng has demonstrated that both EM-1 and EM-2 given
supraspinally produce their antinociception by the stimulation of MOR. However, the
antinociception induced by EM-2 given supraspinally contains an additional
component, which is mediated by the release of dynorphin A (1-17) as well as Met-
enkephalin, acting on KOR and DOR (Tseng et al., 2000). This accounts for the
differences in the antinociceptive effects between EM-1 and EM-2.

EM-2 could serve both a regulatory function by hyperpolarizing the membranes on
intrinsic neurons of the DH and decreasing the excitability of postsynaptic neurons (Wu
et al., 1999), and an autoregulatory function by limiting the release of excitatory
transmitters, glutamate (Glu), substance P, GABA, glycine, and calcitonin gene-related
peptid (CGRP) through the activation of presynaptic p-opioid autoreceptors from the
primary afferent fibers (Yajiri and Huang, 2000; Wu et al., 2003; Silverman et al.,
2005).

A major goal in opioid peptide research is the development of novel analgesics that

could substitute morphine without its well-known side effects (Olson et al., 1998).

Intrathecal administration of opioids

In neuroaxial anesthesia, parts of the local anesthetic is placed around the nerves of the
central nervous system, such as spinal anesthesia (intradural or subarachnoid anesthesia)
and epidural anesthesia. James Leonard Corning (1885) was the first who injected
cocaine between the spinosus process of the lower lumbar region (Corning, 1985).
Some years later, the German surgeon, August Bier (1889), performed surgery during
spinal anesthesia (Bier, 1889). The first published article on opioids for i.t. analgesia
belongs to Nicolae Racoviceanu-Pitesti, a Romanian surgeon, who used a mixture of
cocaine and morphine in 1901 (Brill et al., 2003). Fidel Pagés, a Spanish military
surgeon developed the modern technique of lumbar epidural anesthesia (Pagés, 1921).
His technique was popularized by Achille Mario Dogliotti, who described the “loss of

resistance” technique, which facilitates the detection of epidural space (Dogliotti, 1933).
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The first trial which confirmed the efficacy of i.t. opioids in animal models was
conducted by Yaksh (Yaksh and Rudy, 1976), who administered morphine directly into
the subarachnoid space. The distribution of i.t. catheter tips and the correlation between
the location of the catheter tip and the motor and sensory impairments were observed by
Dobos. Their results have revealed that detection of the paralytic and/or antinociceptive
effect of a small dose of lidocaine before the experiments is a reliable method for
prediction of the side position of the catheter tip (Dobos et al., 2003). In 1979, Wang
published the first case of i.t. administration of morphine used effectively for pain relief
in a human patient with inoperable cancer (Wang et al., 1979). Likewise, in 1979, Behar
et al. published a paper in The Lancet on the use of epidural morphine in more than 10
patients (Behar et al., 1979). Onofrio has utilized chronic i.t. morphine infusion to
decrease severe pain associated with cancer (Onofrio et al., 1981). Since these
publications, i.t. opioids have been applied widely in clinical practice as useful drugs in
the treatment of acute and chronic pain. Morphine was the first opioid approved by the
US Food and Drugs Administration (FDA) in 2004 for spinal administration (Mugabure
Bujedo et al., 2012). Observations has confirmed that the spinal bioavailability of
morphine is better than for parenteral administration (the ratio is 1/10) (Bernards, 2004;
Mugabure Bujedo et al., 2012); thus, the effective doses depend on the route of
administration. The optimal “single shot” i.t. dose appears to be 75-150 pug, and the
ideal “single shot” epidural morphine dose could be 2.5-3.75 mg for the first 24 hours
after surgery suggested by the American Society of Anesthesiologist (ASA) (Mugabure
Bujedo et al., 2012).

Pharmacokinetics of epidural and intrathecal opioids

The side effects of i.t. and epidural opioids are caused by the presence of drugs either in
the cerebrospinal fluid (CSF) or in the blood (Chaney, 1995). In the spinal cord, opioids
ligate specific receptors within the DH and bind to nonspecific sites in the white matter.
Opioids can reach the plasma compartment through venous uptake. Opioids
administrated in the epidural space can bind in the epidural fat tissue (Rathmell et al.,
2005).

Umenhoffer has investigated the concentration of morphine, fentanyl, sufentanyl within
CSF, spinal cord, epidural fat and plasma after lumbar intrathecal administration

(Ummenhofer et al., 2000). The fate of opioids after i.t. administration is complex. I.t.
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opioids penetrate directly the spinal cord and via dura mater reach the epidural space.
The pharmacokinetics of i.t. administrated opioids depend on its lipophilicity.

The lipophilic opioids (fentanyl, sufentanyl) are approximately 800 and 1600 times as
lipid-soluble as morphine. Opioids get through the dura rapidly, where they bend to the
epidural fat tissue and enter the systemic circulation. However, they rapidly penetrate in
the spinal cord, where develop their effect by specific DH receptors, a nonspecific way
within the white matter as well as via systemic circulation. Their effect is typically rapid
transfer from CSF, rapid onset and prompt decline. The minimal rostral spread explain
the lack of the delayed respiratory depression and relatively small dermatomal band of
analgesia.

Morphine, as a hydrophilic opioid, crosses the blood-brain barrier slowly, bind to the
epidural fat tissue to a lesser extent and more strongly to specific receptors in the gray
matter. As compared with lipophilic drugs, morphine presents a slow onset of action,
extensive and prolonged rostral spread resulting in delayed respiratory depression and a
relative long duration of action (Rathmell et al., 2005). CSF ascends in a cephalad
direction reaching the cisterna magna by one or two hours and the ventricles by three or
six hours (DiChiro and Dickenson, 1966). After epidural administration of morphine,
only 3% of the dose appeared within the CSF (Sjostrom et al., 1987). The epidural
space contains considerable venous plexus so the vascular reabsorption is extensive.
After epidural administration, the peak concentration of the fentanyl reaches at above
five to ten minutes, this value in case of sufentanyl is faster while after morphine
administration this peak can be detected only after 10-15 minutes (Ahuja and Strunin,
1985).

Side-effects with intrathecal and epidural opioids

After 1979, when Behar and Wang confirmed that small doses of morphine given i.t.
and epidurally produced long-lasting relief of chronic and postoperative pain, the
method was spread widely in the daily practice, but at the same time, side effects were
well-known after systemic administration of morphine (Behar et al., 1979; Wang et al.,
1979).
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Pruritis

The most common side effect of i.t. and epidural opioids is pruritis. This symptom
occurs more frequently than after systemic administration. It is localized mainly to the
face, neck and upper part of thorax. The incidence varies widely. Meta-analyses have
shown that 22-37% of the patients experienced pruritus (Gehling and Thryba, 2009;
Meylan et al., 2009). Pruritus is usually typical within a few hours of the administration,
and it may precede the onset of analgesia (Bailey et al., 1993). Certain studies have
revealed a connection between the dose and the pruritus (Fuller et al., 1990), while
others did not affirm this (Bailay et al., 1993). The exact mechanism of opioid-induced
pruritus is unclear (Chaney, 1995). The cephalad migration of the morphine in the CSF
and interaction with the trigeminal nucleus is crucial (Ballantyne et al., 1988). The fact
that the effect can be eliminated by naloxone supports that this effect is an opioid
receptor mediated central mechanism (Benstein et al., 1981). Although opioids may
liberate histamine from mast cells, it seems unlikely that they are responsible for
pruritus, since the antihistamine therapy is not effective against this side effect, and only
its sedative effects may decrease the sensation of itch (Bernstein et al., 2001; Chaney,
1995).

Nausea and vomiting

The incidence of nausea after neuroaxial administration of opioids is approximately
30% (Chaney, 1995). Meta-analyses have shown that i.t. morphine increased the risk of
vomiting and nausea, and this incidence was grater in patients when they were
administered fentanyl than morphine (Gehling and Thryba, 2009). The effect probably
was caused by the cephalad migration of drug and interaction with opioid receptors
located in the area postrema (Borgeat et al., 2003). Sensitization of the vestibular
system to motion and decreased gastric emptying produced by opioids may also play a
role (Borgeat et al., 2003). Compared to the systemic administration of opioids, i.t.
administration does not increase the incidence of nausea and vomiting particularly if the
dose is <100 ng (Borgeat et al., 2003).

Urinary retention
Urinary retention following the i.t. administration of opioid was detected between 0-

80% (Winkelmuller and Winkelmuller, 1996). An interesting result was published by
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Gehling, who observed urinary retention in 17% of placebo patients; nevertheless, the
I.t. morphine administration did not increase the risk of urinary retention (Gehling and
Thryba, 2009). Urinary retention is more common in elderly patients who suffer from
an enlarged prostate (Winkelmuller and Winkelmuller, 1996).

The effect can be detected after the administration of the opioid, and it lasts for 14-16
hours, regardless of the dose used (Rawal et al., 1983). The incidence of urinary
retention was higher when the morphine was given via i.t. route (Rawal et al., 1983)
compared to intramuscular (i.m.) and intravenous (i.v.) administrations (Peterson et al.,
1982). The explanation of this effect is the interaction with opioid receptors in the sacral
cord, which promotes inhibition of sacral parasympathetic nervous system outflow, thus
causing relaxation of the detrusor muscle and an increase in the bladder capacity leading
to urinary retention; however, the effect is also reversed by naloxone (Rawal et al.,
1983).

Respiratory depression

The most dangerous side effect of opioids is respiratory depression. However, relevant
studies confirm that respiratory depression is infrequent after i.t. administration (Gwirtz
et al., 1999; Gehling and Thryba, 2009).

Two types of respiratory depression have been distinguished, i.e., early respiratory
depression occurs within 2 hours after morphine administration, and the other is the late
depression. According to Ruan, early respiratory depression due to i.t. morphine
administration has never been reported (Ruan, 2007). The Swedish Society of
Anesthetists organized a nationwide retrospective survey of clinical experience with
extradural and i.t. opiates. The results revealed that after i.t. morphine administration,
late ventilatory depression was present in 4-7% of the patients, and after epidural
morphine administration, this ratio was 0.25-0.40% (Gustafsson et al., 1998; Etches et
al., 1989; Standl et al., 2001).

The problem in comparing the studies is that how respiratory depression was defined or
detected. Respiratory rate may or may not indicate the failure (Ready et al., 1991).
Hypercapnia can occur despite a normal respiratory rate (Ready et al., 1988). Pulse
oximetry may be valuable, but the results must be taken into account cautiously, when
the patient receives supplement oxygen therapy (Bailey et al., 1993). The most reliable

clinical sign of significant respiratory depression appears to be a depressed level of
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consciousness (Etches et al., 1989; Ready et al., 1991). Therefore, monitoring the
respiratory status is essential to detect respiratory depression. The recommended
duration of monitoring is from 18 to 24 hours after i.t. administration of morphine, and
from 4 to 6 hours after the administration of i.t. fentanyl or sufentanil (Ready et al.,
1991).

Psychogenic side effects

The psychogenicside effects can be divided into three groups: those that result in a
decrease in the level of consciousness-sedation, drowsiness and sleep disturbance, other
that affect the thinking process and the ability to react—cognitive impairment,
psychomotor impairment, delirium, hallucinations, dreams and nightmares, and third,
direct toxic effects of opioids, seizures, hyperalgesia and tolerance (Vella-Brincat et al.,
2007).

Sedation is the most frequent mental change after i.t. or epidural administration of
opioids (Thompson, 2000). This symptom is most commonly detected after sufentanil
administration (Donadoni et al., 1985). The results confirmed the connection between
the dose and the clinical sign (Bailey et al., 1993). Coma has also been reported (Sidi et
al., 1981; Wells and Davies, 1987). Gustafsson has described the development of
euphoria, anxiety, and hallucinations (Gustafsson et al., 1982). Possible mechanisms
include interaction with opioid receptors located in the thalamus, limbic system and
cerebral cortex (Shulman et al., 1984). The effects can be inhibited by naloxone.

Several studies have investigated the cognitive effects of opioids after per os or iv.
administration in healthy volunteers (Lawlor, 2002; Ersek et al., 2004). They have
shown that while parenteral opioids are associated with significant dose-related
cognitive impairment, oral opioids are associated only with insignificant and mild
impairment (Ersek et al., 2004). Moulin has reported no decrease in cognitive scores of
patients with non-malignant pain treated with strong opioids for the first time, and who
had previously been given weak opioids (Moulin et al., 1996; Haythorntwaite et al.,
1998), while Sjogren has studied 40 patients with chronic non-malignant pain and found
significantly more cognitive and psychomotor impairment in those receiving long-term

oral opioids compared with controls (Sjogren et al., 2000).
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Neonatal morbidity

Morphine is widely applied neuraxially in obstetric patients for pain relief during labor
and Cesarean section. Pharmacokinetic features of opioids suggest that these drugs may
be transferred across the placenta. Opioids have been detected in the neonatal blood
following maternal administration of i.t. or epidural morphine (Nybell-Lindahl et al.,
1981; Bonnardoth et al., 1982; Preston et al., 1988). Clinically important respiratory
depression has developed in neonates following the administration of epidural morphine
and epidural fentanyl (Nybell-Lyndahl et al., 1981). Capogna has reported cases when
neurologic signs of drug-induced depression was detected in neonates (Capogna et al.,
1989).

Sexual dysfunction

Some authors have reported that epidural administration of morphine may lead to
sustained erection and inability to ejaculation (Rawal et al., 1983, Ruan et al., 2007).
Erection is influenced by the parasympathetic nervous system, whereas ejaculation and
the termination of erection are influenced by the sympathetic nervous system (Pybus et
al., 1984). Therefore, sustained erection and inability to ejaculate may be secondary to
an opioid-induced decrease in sympathetic nervous system response to sexual
stimulation (Pybus et al., 1984). This effect was not detected after i.m. or iv.
administration of drugs; thus, this side effect is related to the spinal cord (Torda et al.,
1980; Wiesenfeld-Hallin and Sodersten, 1984).

Gastrointestinal dysfunction

Systemic opioid administration is well known to cause altered GI motility, delayed
gastric emptying, prolonged intestinal transit time, it may emerge constipation or ileus;
however, these symptoms can be detected after i.t. administration of opioids, too
(Porreca et al., 1983; Wattwil, 1988; Thordn et al., 1988). Anderson et al. have found
that 30% of the patients in their study experienced constipation at least once over a 2-
year follow-up period in non-malignant pain (Anderson et al., 1999). These effects are
not related to systemic absorption of opioids, and it appeared to be caused by interaction
with opioid receptors located in the spinal cord (Thordn et al., 1988), and effectiveness

of naloxone also supports it (Liu et al., 2002).
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Fluid retention

I.t. or epidural administration of opioids can lead to oliguria and water retention. The
incidence of symptoms is between 6.1% (Winkelmuller et al., 1996) and 20.7% (Aldrete
and Couto de Silva, 2000) after long-term administration. Some studies have reported
severe complications which produced lymphedema, ulcerations and hyperpigmentation
of the skin. There are some predisposing factors, e.g., cardiovascular disease, deep
venous thrombosis, peripheral vascular disease, and venous stasis of the lower
extremities, after which the incidence of fluid retention is increased (Aldrete et al.,
2000). The development of this side effect is explained by the release of vasopressin,
stimulated by cephalad migration of opioids in CSF, and subsequent interaction with
opioid receptors located in the posterior pituitary gland (Simatov et al., 1997, Ruan,
2007). The symptoms can be abolished by customary antiedema treatment (Harris and
Kotob, 2006). The presence of the predisposing factors is a relative contraindication to
the long-term i.t. infusion of opiates (Aldrete and Couto de Silva, 2000).

Catheter tip granuloma

Some experimental studies have confirmed that epidural or i.t. administration of
morphine or any opioid derivatives may cause spinal cord necrosis and inflammatory
changes, when it was employed in large doses in animal models (Rawal et al., 1991;
Coombs et al., 1994). Intraspinal drug delivery (IDD) therapy has been used in patients
with intractable pain syndromes, who failed to respond to conventional treatment or
could not tolerate systemic opioid therapy. Spinal anesthetics can induce
histopathologic lesions and regional hemodynamic alterations in the spinal cord
(Malinowsky and Pinaud, 1996). In contrast, postmortem examination did not verify a
lesion from patients after prolonged administration of morphine (Coombs et al., 1985).
The mechanism by which opioids may exert their neurotoxic effects is complicated and
involves several different pathways including endocytosis of opioid receptors
(Mercandante et al., 2003), and the activation of NMDA receptors (Mao et al., 2002).
Inflammatory tissue mass consisting of granuloma tissue lesions at the tip of i.t.
catheters has been reported by North (North et al., 1991). Several studies in large animal
models have shown that the granuloma, arising from the meninges could cause direct
spinal cord compression and symptoms (Langsam, 1999). The incidence of i.t. catheter

tip inflammatory tissue mass depended on the duration of the application. In 0.4 % of
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the cases, granulomas were detected after 2 years, and this value increased to 1.16 %
after 6 years of therapy (Yaksh et al., 2002). However, the incidence of asymptomatic
lesions may be much higher (Toombs et al., 2005). Allen has confirmed that the
formation of granulomas depend on the concentration, but not the dose of morphine
(Allen et al., 2006). Therefore, the FDA approved preservative free i.t. morphine in
concentration of 10-20 mg/mL (Follet, 2004). It has been reported that the addition of
clonidine (specific a2-receptor agonist) in a dose higher than 250 mcg/day could
prevent granuloma development in canine model (Yaksh et al, 2002). This granuloma
can be detected well by computed tomography (CT) or MRI (McMillan, 2004). The
cases with neural compression signs, progressive neuropathy or cauda equina syndrome
require surgical intervention, but in asymptomatic cases, the termination of infusion or

saline infusion usually results in spontaneous regression of the mass (McMillan, 2004).

Endocannabinoid system

Cannabis was also widely used to trait pain for many centuries, and interest in
cannabis—based medicines has also emerged, recently.

The endocannabinoid system consists of the endogenous cannabinoids
(endocannabinoids), cannabinoid receptors and the enzymes that synthesize and degrade
endocannabinoids. Mammalian tissues express at least two cannabinoid receptor types,
CB1 and CB2, both of which are members of the superfamily of GPCRs (Howlett,
2002). CB1 receptors were cloned in Tom Bonner’s laboratory in 1990, (Matsuda et al.,
1990), and three years later, CB2 receptors were cloned by Munro in 1993 (Munro et
al., 1993).

Localization of cannabinoid receptors

CB1 receptors are expressed predominantly at central and peripheral nerve terminals,
where they mediate inhibition of transmitter release. They occur in high density in many
are as related to pain: in the PAG and in the RVM, in the superficial layers of the spinal
DH, and in the DRG, from which they are transported to both central and peripheral
terminals of primary afferent neurons (Herkenham et al., 1991; Hohmann et al., 1998;
Sanudo-Pena et al., 1999; Salio et al., 2002; Stander et al., 2005). CB1 receptors have

also been localized in various neurons of the Gl tract (Izzo et al., 2001), in endothelial
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cells (Sugiura et al., 1998; Wagner et al., 1998; Golech et al., 2004). However, they are
also found in non-neuronal cells and tissues, for example, in the pituitary gland, and
immune cells (Herkenham et al., 1990; Tsou et al., 1998; Mackie, 2005).

CB2 receptors have initially been localized and are most highly expressed by
immunocompetent cells (particularly those derived from macrophages, such as
microglia, osteoclast and osteoblast) of the spleen, thymus, and various circulating
immune cell populations (Lynn and Herkenham, 1994; Galiegue et al., 1995; Ofek et
al., 2006), and different studies have confirmed the presence of them in both peripheral
and CNS neurons (Pertwee et al., 1995; Stinder et al., 2005; Duncan et al., 2008).
However, CB2 transcripts in the normal brain are present at much lower levels than
CB1 transcripts. In contrast to the predominant presynaptic axon terminal location of
CB1 receptors, CB2 receptors appear to localize in the cell bodies and dendrites of
central (Gong et al., 2006) and peripheral neurons (Duncan et al., 2008).

Signaling of cannabinoid receptors

Both CB1 and CB2 receptors primarily signal through the G proteins (Gi and Go)
(Howlett et al., 2002). These receptors inhibit adenylyl cyclase (Howlett, 1984), and
activate mitogen-activated protein kinase by signaling through Gij proteins, leading to
activation of A-type and inwardly rectifying potassium current (Deadwyler et al., 1995)
and inhibition of N- and P/Q-type calcium current (Brown et al., 2004). Stimulation of
CB2 receptors has similar consequences, but the modulation of ion channels is more
variable (Howlett et al., 2002); thus, they do not inhibit the voltage-gated Ca®" or
activate the K*-channels (Felder et al., 1995), which may account for the lack of
significant psychotropic effects upon administration of CB2R-selective agonists (Hanus
et al., 1999; Malan et al., 2001). Several knockout studies have shown evidence that
other alternative receptors may also exist at which anandamide can act (Di Marzo et al.,
2000; Breivogel et al., 2001; Cravat et al., 2001).
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Transient receptor potential channels

The discovery of the transient receptor potential (TRP) channels was a significant step
to understand the activation of sensory fibers. The TRP channel recuperates 6
transmembrane domains and one pore (Ramsey et al., 2006). It was originally isolated
from Drosophila photoreceptors. In mammals, 6 subfamilies have been classified:
TRPC (canonical), TPRV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPM
(mucolipin), and TRPA (ankyrin). TRPV1 sensitive (capsaicin 8-methyl-N-vanillyl-6-
nonenamid, an active component of chili peppers) receptor was cloned (Caterina et al.,
1997). TRPV1 has been revealed in different cell types, e.g., keratinocytes, pancreas 3
cells, endothelial cells, lymphocytes, macrophages and in neurons.

TRPV1 is basically stimulated by endogenous ligands (endovanilloids). Schmelz has
injected capsaicin intradermal in humans and detected different effect on mechanically
sensitive and insensitive nociceptors. On the mechanically insensitive C nociceptor,
mechanical and heat responsiveness have developed (Schmelz et al., 2000). TRPV1
channel has been activated by elevated temperatures and by protons at pH below 6.5
(Caterina et al., 1997). Several studies have revealed that to noxious heat (> 43 °C),
oxidized metabolites of linoleic acid 9- and 13-hydroxyoctadecadionic acid have been
realized, and this substance and the metabolites activated directly the TRPV1
(Patwardhan et al., 2010). These metabolites may also play a role in inflammation and
hyperalgesia (De Petrocellis and Di Marzo, 2005; Patwardhan et al., 2009). Trevisani et
al. have proved that the burning sensation caused by alcoholic tincture was due to the
activation of TRPV1 (Trevisani et al., 2002).

TRP vanilloid 1, which is thought to function as an ionotropic cannabinoid receptor, and
some deorphanised GPCRs: GPR18, GPR55, and GPR119 are expressed highly in
nociceptors in inflammatory and neuropathic pain states (Tominaga and Caterina,
2004). Although some of the effects could be described to actions at CB2Rs or
GPR55Rs, others may be due to activation of non-cannabinoid receptors or to receptor-
independent interactions with membrane ion channels and intracellular second-

messenger systems (Oz et al., 2003, Oz et al., 2005).

Di Marzo has determined that anandamide has an affinity for the TRPV1 receptor in
vitro but is 5-fold to 20-fold lower than its affinity for the CB1 receptor (Di Marzo et
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al.,, 2001). TRPV1 co-localizes with CB1 receptors in the DRG and spinal cord
(Ahluwalia et al., 2003; Price et al., 2004) and brain (Cristino et al., 2006) and with
CB2 receptors in sensory neurons (Anand et al., 2008). Although anandamide may be
less potent as a TRPV1 agonist than as a CB1 receptor agonist, elevation of its
endogenous levels with fatty acid amide hydrolase (FAAH) inhibitors [e.g.,
cyclohexylcarbamic acid 3’-carbamoyl-biphenyl-3-yl ester (URB597)] can lead to
effects that are mediated by TRPV1 (Maione et al., 2006; Morgese et al., 2007; Rubino
et al., 2008).

Endocannabinoids

After the discovery of cannabinoid receptors, the next step was the detection of
endogenous ligands. Arachidonoyl ethanolamide (anandamide, AEA) was the first brain
metabolite shown to act as a ligand of CB1 cannabinoid receptors (Devane et al., 1992)
and then, it was followed by 2-arachidonoylgycerol (2-AG) extracted from the canine
gut and later from the brain (Mechoulam et al., 1995; Stella et al., 1997). Later, more
candidates have been proposed: as the anandamide analogs, dihomo-
linolenoylethanolamide,  docosatetraenoylethanolamide,  (13S,5Z,87,117,147)-13-
methyl-eicosa-5,8,11,14-tetraenoic acidN-(2-hy-droxyethyl)amide and 2-arachidonyl-
glyceryl ether (noladin, 2-AGE), O-arachidonoyl-ethanolamine (virhodamine) further
N-arachidonoyl-dopamine (NADA) N -oleoyl dopamine, oleamide, RVD-hemopressin
or pepcan (a-hemoglobin-derived dodecapeptide RVD-hemopressin) may also be
endocannabinoids (Bisogno et al., 2000; Huang et al., 2002; Porter et al., 2002; Gomes
et al., 2009; Papahatjis et al., 2010).

Anandamide is only one of a large family of related bioactive acyl ethanolamides (Tan
et al., 2006). A feature that distinguishes endocannabinoids from many other
neuromodulators is that they are not synthesized in advance and stored in vesicles.
Rather, their precursors exist in cell membranes and are cleaved by specific enzymes
(Alexander et al., 2007; Okamoto et al., 2007). AEA is mainly produced by a two-step
enzymatic pathway involving calcium-dependent transacylase and phospholipase D
from phosphatidylethanolamine (PE) derivative N-arachidonoyl PE (Sugiura et al.,
1996; Cadas et al., 1997). AEA either diffuses (Glaser et al., 2003) or is actively

transported into cells (Patricelli et al., 2001), but the molecular identity of a specific


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B277
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B59
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B11
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B197
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B220
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B295
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2993256/#B295
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1574255/#bib9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1574255/#bib51
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1574255/#bib79
http://www.ncbi.nlm.nih.gov/books/NBK57261/
http://www.ncbi.nlm.nih.gov/books/NBK57261/
http://www.ncbi.nlm.nih.gov/books/NBK57261/
http://www.ncbi.nlm.nih.gov/books/NBK57261/
http://www.ncbi.nlm.nih.gov/books/NBK57261/

33

plasma membrane transport protein has not been found (Fowler, 2012) and is rapidly
degraded by FAAH to arachidonic acid.

AEA binds to the CBL1 receptor and evokes agonist activity. There is evidence that AEA
also binds to the CB2 receptor, although it does not evoke CB2 receptor-mediated
effects to a biologically significant degree (Devane et al., 1992; Felder et al., 1995;
DiMarzo and Deutsch, 1998). However, anandamide activates other receptors as well,
including the TRPV1, and some of its effects (like antinociception) may be at least
partially due to TRPV1 activation ( Zygmunt et al,. 1999; Hajos et al., 2001; Tognetto et
al., 2001; Di Marzo et al., 2002; van der Stelt et al., 2004; van der Stelt et al., 2005; Oz,
2006; Horvath G et al., 2008;).

2-AG binds to cannabinoid receptors and exhibits cannabinomimetic effects
(Mechoullam et al., 1995; Stella et al.1997). The concentrations of 2-AG is 170-fold
higher in the brain than that of AEA. 2-AG is synthesized via the diacylglycerol lipase
(DAGL)-mediated hydrolysis of diacylglycerol and metabolized primarily by
monoacylglycerol lipase (MAGL) (Dinh et al., 2002). FAAH is mainly a postsynaptic
enzyme, whereas MAGL is localized to presynaptic axon terminals, suggesting possible
differences in the functional roles of AEA and 2-AG (Gulyas et al., 2004).

It is known that 2-AG is a full agonist at the CB1 receptor, albeit one with a relatively
low binding affinity, and it has been suggested that it is the optimal known candidate as
the natural ligand at the CB2 receptor (Sugiura et al., 2000), but there is no direct
binding to the TRPV1 receptor (Mechoulam et al., 1995).

The antinociceptive action of cannabinoids has been investigated widely. Peripheral
administration of anandamide inhibits and reverses thermal hyperalgesia induced by
peripheral injection of the inflammatory substance carrageenan via an action at CB1
receptors (Richardson et al., 1998; Hargraeves et al., 1998). This effect has been
attenuated by locally administered AEA via a CB1 receptor-mediated mechanism,
although no CB2 receptor-mediated effects have been detected. Similar effects have
been described for the hyperalgesia that is associated with capsaicin injection (Li et al.,
1999). Injection of low doses of anandamide into an area of inflammation in the paw
produced by carageenan (Richardson et al., 1998) and peripheral nerve injury in rodents

(Herzberg et al., 1997) have reduced the ensuring hyperalgesia. Peripheral
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administration of either the CB1-selective agonist anandamide or the CB2-selective
agonist palmitylethanolamide reduces formalin-evoked pain behavior, and these
inhibitory effects are blocked by CB1 and CB2 receptor antagonists, respectively
(Richardson et al., 1998; Calignano et al., 1998). Several electrophysiological and
behavioral studies demonstrate that spinally administered natural, synthetic and
endogenous cannabinoids have reproducible antinociceptive (Hohmann and
Herkenham, 1998; Drew et al., 2000) and antihyperalgesic effects in animal models of
acute and inflammatory nociception (Richardson et al., 1998). Intracerebral
microinjections of cannabinoid receptor agonists into different brain areas, involved in
the descending pain inhibitory pathway (Lichtman et al., 1996; Martin et al., 1999) also
produce antinociceptive effects. Furthermore, peripheral noxious stimulation has caused
the release of anandamide in the PAG (Walker et al., 1999).

The antinociceptive doses of cannabinoids have frequently been accompanied by side
effects, which limited the use for treatment of chronic pain states. Catalepsy, motor
deficits, and hypothermia are among the effects observed after the administration of
centrally acting cannabinoids (Dewey, 1986; Pertwee, 1988; Maccarrone and Wenger,
2005). At the same time, these side effects may be advantageous for treatment in
different other disorders, including obesity, psychoses, stroke, multiple sclerosis, drug
addiction and movement disorders (Basavarajappa and Hungund, 2005; Di Marzo and
Petrocellis, 2006). Selective CB2 receptor agonist ligands may be beneficial in the
treatment of inflammatory and neuropathic pain states (Guindon and Hohmann, 2008),
myocardiac ischemia and atherosclerosis (Pacher et al., 2008), as well as in

degenerative bone diseases, such as rheumatoid arthritis (Lunn et al., 2007).

One alternative strategy might be to develop selective CB1 receptor agonists that do not
penetrate the blood—brain barrier, thereby decrease the side effects. Another option is to
develop peripherally acting selective inhibitors of endocannabinoids metabolism to
elevate the level of endocannabinoids, and so would increase the activation of both CB1
and CB2 receptors. Kathuria has described a class of potent, selective and systemically
active inhibitors of FAAH and affirmed potent effects in neuropathic pain symptoms
(Kathuria et al., 2003). Inhibitors of MAGL have also been developed (Ghafouri et al.,
2004). One of the noteworthy features of these inhibitors is brain impermeability
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(Gafouri et al., 2004; Karbarz et al., 2009); after all, they do not exhibit the adverse side

effects of central CB1 receptor activation (Esfandyari et al., 2007).

It is supposed that the local application of endogenous ligands or their derivatives acting
in a different receptors may provide effective antinociception without unbeneficial side

effects.

Hemopressin (HP)

HP, a nonapeptide (H-Pro-Val-Asn-Phe-Lys-Leu-Leu-Ser-His-OH), is a product of the
hemoglobin o chain, discovered in rat brain, and so named because it can cause small
decreases in blood pressure (Rioli et. al., 2003; Lippton et al., 2006). A number of in
vitro studies show that HP acts as a CB1 receptor inverse agonist, and it can act on both
peripheral and central pain pathways in vivo ( Heimann et al. 2007; Dodd et al., 2010).
These studies showed that HP pretreatment caused antinociceptive effects at systemic,
local and spinal levels. The authors proposed that after CB1 blockade by the inverse
agonist HP, the released endocannabinoids might induce antinociception by interfering

with other pain transmission mechanisms (Heimann et al., 2007).

Aims of the study

e The aim of the study was to investigate the antiallodynic effects of the
new EM-2 derivatives at spinal level, in a chronic pain model (EMD1-4;
Table 1).

e The dose-depend effect of novel EM2 ligands compared with morphine as
a gold standard in joint inflammation model at spinal level was to be
studied.

e The antinociceptive potency of anandamide and 2 AG, applied
intrathecally in joint inflammation model was to be characterized.

e The effects of hemopressin on the mechanical pain threshold in a joint

inflammation model at spinal level was to be determined.
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e The influence of the intrathecal administration of synthetic CB1 and CB2

antagonists and hemopressin on the effects of 2-AG was to be described.

Materials and Methods

Animal experiments

After institutional ethical approval had been obtained (Institutional Animal Care
Committee of the Faculty of Medicine at the University of Szeged), in the first case,
male Wistar rats (Charles River strain, Bioplan, Budapest, Hungary; 334+3.8 g; n=7-
14/group), and in the second case, male Wistar rats (232+2.0 g) were used and housed
in groups of 5-6 per cage, with free access to food and water, and with a natural
light/dark cycle. Animal suffering and the number of animals per group were kept at a

minimum.

Drugs

The following drugs were purchased: ketamine hydrochloride (Calypsol, Richter
Gedeon RT, Budapest, Hungary), xylazine hydrochloride (Rompun, Bayer,
Leverkusen, Germany), Gentamycin (Sanofi-Aventis, Budapest, Hungary),
monosodium iodoacetate (MIA), A-carrageenan, anandamide (Sigma-Aldrich Ltd.
Budapest, Hungary) and morphine hydrochloride (Hungaropharma, Budapest,
Hungary). EM-2 and its derivatives (Table 1) and hemopressin were synthesized by the
Institute of Biochemistry, Biological Research Center, Hungarian Academy of
Sciences, Szeged, Hungary).

2-AG and AM 251 (CB1 receptor antagonist; Tocris Bioscience, Bristol, UK).
SSR144528-2 (SSR, CB2 receptor antagonist) was a generous gift from Sanofi
Avensis, France).

In the first case, all substances were dissolved in saline. In the second case, anandamide
and 2-AG were dissolved in ethanol: Tween = 2:1, respectively. Stock solutions were
diluted with saline to a final ethanol concentration of 10%. AM 251 and SSR were
dissolved in dimethylsulfoxide (DMSO; Sigma—Aldrich, Ltd., Budapest, Hungary) and
ethanol, and it was further diluted with distilled water. The concentration of DMSO and
ethanol was 15 % and 9 , respectively. I.t. administered drugs were injected over 120 s

in a volume of 10 plL, followed by a 10 pL flush of physiological saline. I.t.
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administrated drugs were injected over 120 s in a volume of 10 uL flush of

physiological saline.

Experiments

Intrathecal catheterization

The animal surgery and testing procedures were approved by the Institutional Animal
Care Committee of the University of Szeged, Faculty of Medicine.

Rats were anesthetized with a mixture of ketamine hydrochloride and xylazine (72 and
8 mg/kg i.p., respectively). An i.t. catheter (PE-10 tubing; Intramedic, Clay Adams;
Becton Dickinson; Parsippany, NJ; I.D. 0.28 mm; O.D. 0.61 mm) was inserted via the
cisterna magna and passed 8.5 cm caudally into the subarachnoid space (Yaks and
Rudy, 1976), which served to place the catheter tip between the T12 and L2 vertebrae,
corresponding to the spinal segments that innervate the hindpaws (Dobos et al., 2003).
After surgery, rats were housed individually and had free access to food and water.
Animals exhibiting postoperative neurologic deficits (about 10 %), and also those that
did not show paralysis of one of the hindpaws after the administration of 100 pg
lidocaine (about 0.5 %) were excluded (Dobos et al., 2003). The rats were allowed to
recover for at least four days before testing, and were assigned randomly to the
treatment groups. The observer was blind to the treatment administered. Repeated i.t.

injections in the same animals were separated by 5-7 days.
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Table 1. The applied drugs and doses, the number of the animals in each group, in vitro

characteristics an in vivo potency

Kl
Doses (ug) and number |nM | EC50 | Emax | Half- | ED25(CI)
of animals M | (nM) | (%) [life |(ung)
OR
03 1 3 10
Saline
EM-2: Tyr-Pro- 1.3 5.7
Phe-Phe-NH2 8 8 9 | 5 212 163 | min 6.3
[1.30-
10.00]
EMDL1: Tyr-
(1S,2R)Ache- 10 9 | 10 |15] 92 168 53
[1.73-
Phe-pFPhe-NH2 8.85]
EMD2: Tyr- 0.8
(1S,2R)Ache- 10 10 | 10 | 2 273 173 7.2
Phe-
(2S,3S)bMePhe- [2.95-
NH2 10.00]
EMD3: Dmt- 0.1
(1S,2R)Ache- 10 |9 | 14 3 51 176 | >20h 1.6
[1.02-
Phe-pFPhe-NH2 2.11]
EMDA4: Dmt- 0.4
(1S,2R)Ache- 10 10 | 8 | 7 17 159 | >20h 2.6
Phe-
(2S,3S)bMePhe- [0.31-
NH2 4.81]
Morphine 9

Abbreviations: Ki MOR: The inhibitory constants (Ki) on MOR. ECso: potency of
ligands on [35S]GTPyS functional assay. Emax: Efficacy of ligands on [35S]GTPyS

functional assay. Half-life: half-life of ligands in a crude rat brain membrane
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homogenate. ED2s: 25 % effective dose after i.t. administration. Cl: confidence interval.
The in vitro data are from Mallareddy et al., 2011.

Induction of inflammation

Series 1
Osteoarthritis was induced by injecting MIA (1 mg/30ulL) into the tibiotarsal joint of

the right hindleg on two consecutive days.

Series 2

The inflammation was elicited by injecting carrageenan (carrageenan is a family of
linear sulphated polysaccharides that are extracted from red edible seaweeds) (300
ug/30ul) into one of the tibiotarsal joints (on the paralyzed side during lidocaine
administration) (Dobos et al., 2003; Mecs et al., 2009).

Both treatments were given to gently restrained conscious animals, using a 27-gauge
needle, without anesthesia so as to exclude any drug interaction. These injections did
not elicit signs of major distress. Animals were allowed to recover for 14 days after
MIA, which had consistently been shown to cause severe end-stage cartilage destruction
resulting in osteoarthritis-like joint pain (Steinmeyer et al., 1997; Bove et al., 2003).

Carrageenan induced allodynia peaked at 2—3 h after the injection.

In both experiments, to determine the changes in the size of the inflamed joint, the
anteroposterior and mediolateral diameters of the paw were measured at the level of the
ankle joint with a digital caliper. The cross section area was calculated with the formula

a x b x z, where a and b signify the radius in the two aspects.

Behavioral nociceptive testing

The threshold for withdrawal from mechanical stimulation to the plantar aspect of the
hindpaws was assessed using a dynamic plantar aesthesiometer (Ugo Basile, Comerio,
Italy), which consists of an elevated wire mesh platform to allow access to the ventral
surface of the hindpaws. Prior to baseline testing, each rat was habituated to a testing
box with a wire-mesh grid floor for at least 20 min.
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Measurements were done with a straight metal needle (diameter 0.5 mm) that exerts an
increasing upward force at a constant rate (4.25 g/s) with a maximum cut-off force of 50
g over an 8 s period. The measurement was stopped when the paw was withdrawn, and

the results were expressed as PWD thresholds in grams.

Experimental protocols

Series 1

After baseline determination of the tibiotarsal joint diameter and mechanical paw
withdrawal (PWD) threshold (pre-MIA baseline values on Day 1), MIA was injected.
These measurements were repeated 7 and 14 days later, and then, the i.t. catheterization
was performed. One week later, the non-paralyzed rats were selected, and after the post-
MIA baseline value determination, the different ligands were administered (Table 1).
The control group received physiological saline. In the positive control group, animals
were treated with 10 pg morphine. The pain thresholds were registered 10, 20, 30, 45,
60, 70, 90 and 120 min after the i.t. injection. The mean of the values obtained between
10-30, 45-70 and 90-120 min were analyzed.

Series 2

After baseline determination of the joint diameter and mechanical PWD threshold (pre-
carrageenan baseline value at -180 min), carrageenan was injected. These
measurements were carried out again 3 hours after carrageenan injection (post-
carrageenan baseline values at 0 min). After post-carrageenan baseline determination,
HP (0.3, 1, 3, 10, 30 pg), 2-AG (1, 10, 100, 200 pg) or anandamide (10, 30, 100, 200
ug) was given i.t. and mechanical sensitivity was defined at 10, 20, 30, 45, 60, 75, 90
and 105 min post-administration. The control group received physiological saline
(vehicle of HP) or vehicle of 2-AG/anandamide.

Since vehicle-treated groups did not differ from the saline-treated one, we merged the
data of these animals. To determine the involvement of CB1 and CB2 receptors in the
effects of 2-AG, separate groups of animals were pretreated with AM 251 (antagonist
of CB1 receptors, 10 pug) or SSR (antagonist of CB2 receptors, 15 pg) 20 min before
200 pg 2-AG injection. The control group was injected with vehicles of 2-AG and CB-
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antagonists. To investigate the potential antagonistic effects of HP on the 2-AG induced
antinociception, we co-administered 3 or 30 pg HP with 200 pg 2-AG.

At the end of the experiment, the joint diameters were measured again.

We did not examine the motor behavior systematically, nor did we quantify it, but the
animals’ behavior was observed, and in most animals there were no signs of altered
behavior (immobility, flaccidity, excitation or motor weakness). However, the
administration of 10 pg EMD3 produced paralysis, and 100 or 200 ug doses of
anandamide caused temporary (during the injection) vocalization and excitation,
suggesting a pain-inducing potential of anandamide (Horvath et al., 2008; Tuboly et al.,
2009).

Statistical analysis

Data are presented as means = SEM. Data sets were examined by one way or repeated
measures of ANOVA. Post hoc comparisons were carried out with the Fisher LSD test.
A p value lower than 0.05 was considered significant. Data analyses were performed
with the STATISTICA (Statistica Inc., Tulsa, Oklahoma, USA) software.

In the first series, the PWD thresholds on the inflamed side were transformed to %
maximum possible effect (%MPE) by the following formula: %MPE = (observed
threshold — post-MIA baseline threshold) / (50 — post-MIA baseline threshold) x 100.
Therefore, 100% MPE means perfect relief of allodynia (equivalent to cut-off value [50
g] for all measurements), while 0 % MPE means that the observed threshold is
equivalent to the post-MIA baseline value. Area under the curve (AUC) values were
obtained by calculating the area between 0 and 120 min to construct dose response
curves for different doses of endomorphine ligands. AUC 5500 (AUCmax) value would
mean complete relief of hyperalgesia (50 g) during the whole period. We observed
almost no effect regarding the AUC values after saline treatment (AUCmin = 2813 +
227). The mean AUC values were used for linear regression analysis (least square
method) to determine the ED2s values with 95% confidence intervals (Cl). The 25%
effective dose (ED2s) means the dose that yielded 25% increase in the PWD latency for
the whole period (3485).
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Results

Joint edema

Series 1

MIA injection caused permanent but moderate increase in joint cross-section area

compared with the contralateral side (48.4+0.37 vs 38.3+0.15 mm?, p<0.01).

Series 2

3 hours after the injection of carrageenan into the ankle, there was significant (p<0.01)
increase in joint cross-section area compared with pre-injection control levels (from
36+0.1 mm? to 73+0.5 mm?).

These conspicuous increases in joint sizes were the result of edema formation,
confirming that the MIA and carrageenan treatment resulted in an inflammatory
reaction (Bar-Yehudaet al., 2009). None of the treatments influenced the degree of
edema; the cross section of the ankle was 49.5+0.53 mm? at the end of the first
experiments, and in the second series, it was 72+0.5 mm?, which did not differ from the

post-MIA and post-carrageenan baseline values.

Mechanosensitivity

Series 1

Basal PWD threshold was 41+0.6 g, and MIA caused significant decrease in PWD
threshold on the injected side. This threshold was lowest 1 week after MIA (15+0.6 g),
and later it stabilized at 24+0.5 g.

MIA did not have significant influence on the non-inflamed side (434+0.5 g). None of
the treatments changed the mechanosensitivity on the non-inflamed side; therefore,
results were analyzed only on the inflamed paws.

All the drugs had antinociceptive potency; therefore, we compared the effects of
different doses of the analogues with parent EM-2. As for the lowest dose (0.3 pg),
ANOVA with repeated measurements showed significant effects of time (F2,104=9.6,

p<0.001) and interaction (Fi0,104=2.4, p<0.05). The post hoc comparison revealed that
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EMD3 and EMD4 produced significant antinociception, while EM-2 and the other two
ands were ineffective in this dose (Figure A).
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Figure A.
Figure A. Time-course effects of EM2 and the derivatives at 0.3 pg dose. Each point
signifies the mean + SEM of the results. * indicates a significant (p < 0.05) difference as
compared with the saline-treated group. # denotes a significant difference as compared

with the EM-2-treated group.
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Figure B.
Figure B. Time-course effects of EM2 and the derivatives at 3 pug dose. Each point
signifies the mean + SEM of the results. * indicates a significant (p < 0.05) difference as
compared with the saline-treated group. # denotes a significant difference as compared
with the EM-2-treated group.
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At 3 pg, all of the ligands produced antiallodynia. ANOVA with repeated
measurements showed significant effects of treatment (Fss5=5.4, p<0.001) and time
(F2,110=5.6, p<0.01). Post hoc comparison showed that EMD3 was more effective than
EM-2 during the last investigated interval (75-120 min) (Figure B).

Regarding the highest dose (10 png), EMD3 caused prolonged paralysis of the animals;
therefore, we could not analyze their data on the pain test. ANOVA with repeated
measurements showed significant effects of treatment (Fs50=8.4, p<0.001) and time
(F2,100=19.8, p<0.001). Post hoc comparison showed that all the drugs were effective
compared to the control group at the first and second investigation period; however,
EMD4 was effective during the whole period compared to both control and EM-2
treated groups. Morphine, as a positive control, produced long-lasting and highly
effective antinociception. EM-2, EMD1 and EMD2 were as effective as morphine only
in the first investigated period (10-30 min), while the effect of EMD4 did not differ

significantly from morphine during the whole period (Figure C).
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Figure C. Time-course effects of EM2, morphine and the derivatives at 10 ug dose.
Each point signifies the mean + SEM of the results. * indicates a significant (p < 0.05)
difference as compared with the saline-treated group. # denotes a significant difference
as compared with the EM-2-treated group.
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Figure D. The dose-dependent effects of EM and derivatives (AUC values between 0
and 120 min).

As for the dose-response curves of the ligands, we observed that in the case of EMD3
the steepness of the curve was higher, and the curve of EMD4 was also slightly left-

shifted (Figure D). However, ED2s values did not reveal a significant difference
between these ligands (Table 1).

Series 2

The basal mechanical PWD threshold was 45+0.4 g, and carrageenan caused significant
decrease in PWD threshold on the inflamed side (10+0.3 g), but it did not have a
significant influence on the non-inflamed side. None of the treatments changed the
mechanosensitivity on the normal side; therefore, results were analyzed only on the
inflamed paws.

Neither did HP cause significant antiallodynic effect compared to the control group, nor
were any motor impairments observed in this wide dose-range (0.3-30 pg) (Figure E).
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Figure E. Time-course and dose-dependent effects of hemopressin (HP) on the inflamed

side. Each point signifies the mean = SEM of the results.
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Figure F. Time-course and dose-dependent effects of 2-arachidonoyl-glycerol (2-AG)

on the inflamed side.

2-AG by itself produced a dose-dependent antiallodynic effect, which developed

gradually, and it reached a maximum between 45 and 60 min (Figure F). ANOVA with

repeated measures showed significant effects of treatment (Fs4s=4.7, p<0.005) and time

(F9,432=94.3, p<0.001). Thus, 1 ug 2-AG was ineffective, while 200 pg caused a

prolonged antinociceptive effect.
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Anandamide elicited a dose-dependent antinociceptive effect, which reached a
maximum approximately at 20 min post-administration (Figure G). ANOVA with
repeated measures showed significant effects of treatment (Fs47=5.2, p<0.005), time
(Fo,423=68.5, p<0.001), and interaction (Fss,423=1.9, p<0.005). Thus, 10 pg anandamide
was ineffective, while 200 pg caused a prolonged effect.
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Figure G. Time-course and dose-dependent effects of anandamide on the inflamed side.
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Figure H. Time-course and effects of AM 251, 2-AG and AM2 51 pretreatment.

Regarding the effects of antagonists AM 251 and SSR at CB1 and CB2 receptors,

respectively, none of the substances influenced the pain threshold in themselves
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(Figures H and 1). AM 251 pretreatment antagonized the antiallodynic effect of 2-AG
(200 pg), while SSR did not influence it (Figures H and I).
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Figure I. Time-course and effects of SSR, 2-AG and SSR pretreatment.

Co-treatment of 3 pg or 30 ug HP with 200 pug 2-AG significantly decreased the
antinociceptive effect of 2-AG (Figures J and K).
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Figure J. Time-course and effect of HP 3 pg, 2-AG 200 pg and 2-AG 200 pg

pretreatment.
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Figure K. Time-course and effects of HP 30 ug, 2-AG 200 pg and 2-AG 200 pg

pretreatment.

Discussion

Series 1

Methylated amino acids have been used to modify the conformational mobility of the
side chains (Hruby et al., 1997). An earlier study has shown that replacement of Tyr! by
Dmt resulted in marked increases in receptor-binding affinity and bioactivity in
numerous opioid peptide agonists and antagonists (Byant et al, 2003). Replacement of
Pro? by alicyclic p-amino acids, pseudoprolines or piperidine-2 , -3 and -4-carboxylic
acids resulted in increased affinity for the MOR and enhanced proteolytic stability
(Keller et al., 2001; Keresztes et al., 2008; Stamiszewska et al, 2008; Fichna et al.,
2010). Phe* in EM-1 has been suggested to be flexible and independent of the
preceding three amino acids in terms of the orientation required by the receptor binding
site (Paterlini et al., 2000). However, the results obtained for EM analogues in which
Phe® and Phe* were replaced by PMePhe showed not only that the N-terminal tripeptide
portion of the EMs contains key factors for the binding to the MOR, but also that the

appropriate orientation of the C-terminal aromatic chain is important (Tomboly et al.,
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2004). The insertion of pFPhe in place of the Phe* in enkephalin or endomorphins
resulted in increased potency in functional assays (Toth et al., 1990; Mallareddy et al.,
2011).

Regarding the in vivo antinociceptive potency of endomorphin derivatives, several
studies have investigated the effects of the ligands after systemic or i.c.v. administration
In acute pain tests, while only a few studies are available on the effects of derivatives at
spinal level. Furthermore, no data have been available about their effects in chronic
pain models. Thus, different cyclic analogues of EM-2 induced more potent and/or
prolonged antinociception in the hot-plate (Hp) test after i.c.v. administration in mice
compared to the parent ligand (Kruszynski et al., 2005; Perlikowska et al., 2009;
Perlikowska et al., 2010). EM analogues containing D-amino acids also induced
effective antinociception in mice assessed in Hp or TF test after i.c.v. administration
(Liu et al., 2007; Perlikowska et al., 2010). EM analogues containing other natural (e.g.
arginine) or non-natural aminoacids (e.g. phenylglycine or homophenylalanine) had
more prolonged and/or more potent antinociception in acute heat pain tests after i.c.v.
administration in mice (Gao et al., 2006; Yu et al., 2007; Wang et al., 2011). A number
of studies proved that in contrast to the parent ligands, some analogues can produce
antinociception after peripheral administration, too, which suggests that these
substances can pass through the blood-brain barrier (Hau et al., 2002; Kruszynski et al.,
2005; Shi et al., 2007; Perlikowska et al., 2010; Bedini et al, 2010; Wang et al, 2011).
A few studies have found that analogues of EMs can antagonize opioid-induced
antinociception after i.t. or i.c.v. administration in Hp or TF tests in mice (Sakurada et
al., 2002; Fichna et al., 2005; Kruszynski et al, 2005; Mizoguchi et al, 2006).

EM-2 analogs containing N-methylated amino acids consecutively in each position
showed the strongest analgesic effect when administered centrally in the Hp test in
mice (Kruszynski et al., 2005). An earlier study showed that a dimethyl-analogue of
EM-2 (Dmt!-EM-2) produced antinociception after i.t. injection in formalin test (rats)
(Labuz et al., 2003). The effect evoked by Dmt}-EM-2 was similar to antinociceptive
effect of EM-2 in the first phase, but it was much stronger in the second phase. As for
our results, we found that EMD1 and EMD2 had similar effects as EM-2, and this is in
agreement with their K; values for MOR, too (Mallaredy et al, 2011). EMD3 and
EMD4 showed high potency to the MOR in vitro, and these ligands had also long half-

life in a crude rat brain membrane homogenate (Mallaredy et al., 2011). Therefore, the
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activation of the MOR and their high metabolic stability could have led to prolonged
antinociception in our model.

All of the above mentioned studies applied acute heat or chemical pain models.
However, osteoarthritis, a widespread condition, affects several million patients in the
world accompanied by chronic pain. Intra-articular injection of MIA in the joint of rats
disrupts chondrocyte metabolism resulting in cartilage degeneration and subsequent
nociceptive behavior that has been described as a model of osteoarthritis (OA) pain
(Bove et al., 2010). An earlier study showed that the systemic administration of
morphine reversed the hindlimb weight bearing decrease in this model (Pomonis et al.,
2005). A recent study proved that MIA-induced joint pain is associated with significant
changes in the spinal cord, too (Lee et al., 2011). Our study showed that i.t. applied
morphine, EM-2 and derivatives can decrease the MIA-induced mechanical allodynia,
supporting the role of the opioid receptors in the spinal cord in this type of pain as well.
We found that new EM-2 analogues with unnatural amino acids produced dose-
dependent antinociception. In agreement with the in vitro results, the ligands with high
potency at MOR and long half-life (EMD3 and EMD4) were the most effective in the
In vivo tests.

To our knowledge, our results have been the first to demonstrate that complex
modification of endomorphins by the introduction of Dmt, alicyclic B-amino acids,
BMePhe, and pFPhe in the EM-2 can induce effective and prolonged antinociception in
a chronic arthritis model. This structural modification of EM-2 might be a promising
strategy to enhance bioavailability of peptides and may serve a role in the development
of novel endomorphin analogues with increased therapeutic potential. Further studies

are required to clarify the possible side-effects of these ligands.

Series 2

Our results showed that i.t. administration of HP after the induction of joint
inflammation did not influence mechanical allodynia in a wide dose-range, but it did
inhibit the antinociceptive effects of 2-AG.

So far only a few studies have investigated the in vivo and in vitro characteristics of HP.
Conformation-state sensitive antibodies have been used for the investigation of binding
characteristics of HP to different opioid, cannabinoid, adrenergic, bradykinin and

angiotensin receptors in cell-lines and striatum (Heimann et al., 2007). It has been found
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that HP is an inverse agonist of CB1 receptors; thus, HP is able to block the constitutive
activity of CB1 but not CB2 receptors (Heimann et al., 2007). A recent study has
demonstrated that HP can antagonize CB1 agonist-induced internalization of the CB2
receptors in vitro (Dodd et al., 2010). As for the few earlier in vivo results, it has been
observed that HP causes hypotension by the activation of nitric oxide release (Rioli et
al., 2003; Blais et al., 2005; Lippton et al., 2006), and it induces hypophagia only in
mice with functional CB1 receptors (Dodd et al., 2010).

Regarding the antinociceptive potency of HP, Dale et al. have found that intraplantarly
administered HP (0.1-20 pg) did not affect the paw pressure threshold in the non-
inflamed paws, but co-treatment with carrageenan or bradykinin significantly decreased
the development of mechanical allodynia, as measured with the paw pressure test, and
the effect was not inhibited by an opioid antagonist (Dale et al., 2005). Since the
contralaterally administered HP was also effective in this respect, the data suggest
systemic effects of the ligand. Orally (50 or 100 pg/kg) or i.t. (0.5 or 5 pg) administered
HP pretreatments were also effective in the same test (Heimann et al., 2007). l.p.
administered HP (50 or 500 pg/kg) exhibited marked antinociceptive potency in the
acetic acid-induced visceral nociception model. This high dose of HP did not impair
motor activity or alter pentobarbital-induced sleeping time, indicating the absence of
unwanted sedative or motor side-effects. Unfortunately, we did not observe similar
antinociceptive effects in our model. It is possible that the controversial results might be
due to differences in the timing of the administration. That is, we applied HP after that
mechanical allodynia had been established (post-treatment), while earlier studies
prevented the development of the hyperalgesia (pre-treatment). Furthermore, there were
differences either regarding the applied pain test (paw pressure vs von-Frey) or the site
of administration of carrageenan (intraplantar vs intra-joint administration). In
agreement with our results, the latest evidence suggests inefficacy of HP at spinal level
in an acute heat pain test and in a neuropathic pain model (Hama and Sagen, 2011,
Hama and Sagen, 2011). As for the HP pre-treatment before formalin administration,
low dose of HP (3 pg) decreased, but higher dose (10 pg) enhanced the formalin-
induced nocifensive behavior. The authors have observed the inefficacy of HP as an
antagonist after CB1 receptor activation. This is in contrast with our results, since HP,
similarly to the synthetic CB1 antagonist, antagonized the antinociceptive effect of 2-

AG in our study. We suppose that the differences in the pain models and the applied
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cannabinoid ligand (WIN 55,212-2 vs 2-AG) might be the explanation of the different

results.

Spinally administered anandamide and 2-AG significantly decreased the mechanical
inflammatory pain sensitivity. The use of cannabinoids for the management of a wide
range of painful disorders has been well documented at spinal, supraspinal, and
peripheral levels (Pertwee, 2001; Hohmann, 2002; Guindon et al., 2007), while data
about the endogenous ligands are scarce, especially at spinal level. Earlier studies have
shown that i.t. anandamide decreases the acute heat pain sensitivity (in Hp and TF tests)
and the carrageenan-induced thermal hyperalgesia in rodents, and that both the CB1 and
TRPV1 receptors play a role in these effects (Yaksh et al., 2006; Horvath et al., 2008;
Tuboly et al., 2009). To our knowledge, we have been the first to offer evidence to
suggest that anandamide inhibits mechanical allodynia at the spinal level as well. Since
several systems may be influenced by anandamide (e.g. CB-, TRPV1- glycine and
serotonin-3 receptors), their net effect may be observed under these circumstances
(Hajos et al., 2001; Oz et al., 2002; Kim et al., 2005; Lozovaya et al., 2005; Oz, 2006;
Hejazi et al., 2006). As the high dose of anandamide caused temporary pain, the
desensitization of TRPV1 receptors can also be involved in its antinociceptive effect, as
suggested earlier (van der Stelt et al. 2005; Horvath et al., 2005). Therefore, it is
possible that alterations in the release of excitatory and inhibitory transmitters can
modify the activation of projection neurons, either pre-synaptically from primary

sensory neurons or post-synaptically from interneurons, or both.

2-AG, similarly to anandamide, reduced allodynia in the carrageenan-induced arthritis
model, and its antinociceptive effect was inhibited by a CB1 antagonist, while it was
not influenced by a CB2 antagonist. This is the most abundant endogenous
cannabinoid, and its concentration in the brain is 50-500 times as high as that of
anandamide. It has also been identified peripherally (Kondo et al., 1998; Agarwal et al.,
2000). 2-AG is a full agonist for CB1 and CB: receptors with no direct binding to the
TRPV1 receptor (Mechoulam et al., 1995). It is also a substrate for cyclooxygenase-2
(COX-2), and 2-AG is capable of suppressing elevation of COX-2 expression by
activating the CB1 receptors (Kozak et al., 2000; Zhang and Chen, 2008). There is only
little evidence to support the antinociceptive potency of 2-AG. Endogenous 2-AG has

been implicated as a major transmitter involved in endocannabinoid-mediated stress-
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induced analgesia (Hohmann et al., 2005; Suplita et al., 2006). Thus, 2-AG, but not
anandamide, is mobilized in the lumbar spinal cord following exposure to footshock
stress, and spinal 2-AG levels show marked -correlation with stress-induced
antinociception (Suplita et al., 2006; Hohmann et al., 2006). Additionally, i.t.
administration of an inhibitor of the 2-AG hydrolyzing enzyme, MAGL, enhances
stress-induced antinociception in a CB1-dependent manner (Suplita et al., 2006). In
systemic administration to mice, 2-AG (EDso=12.5 mg/kg) has caused antinociception
in acute pain tests, immobility, reduction of spontaneous activity, and lowering of rectal
temperature (Mechoulam et al., 1995; Ben Shabat, 1998). Topical administration of 2-
AG has also decreased the nocifensive behavior in a formalin test, decreased
mechanical allodynia and thermal hyperalgesia in a neuropathic pain model, and it has
also been effective in the alleviation of inflammatory joint pain (Guindon et al. 2007;
Desroches et al., 2008; Mecs et al., 2010). The local antinociceptive effects of 2-AG
have been prevented by CB1 and/or CB2 antagonists (Guindon et al., 2007; Desroches
et al., 2008; Mecs et al., 2010). As far as the spinal level is concerned, we have been the
first to show its antinociceptive potency, and that the effect is reversed by a CB1
antagonist drug (but not by a CB2 antagonist), suggesting that the antiallodynic effect
of 2-AG is mainly due to the activation of CB1 receptors at spinal level. CB1 receptors,
the molecular targets of 2-AG, are located on primary afferent fiber endings and/or on
intrinsic interneurons in the dorsal horn of the spinal cord (Nyilas et al., 2009; Hegyi et
al., 2009) therefore, their activation could lead to the observed antinociception.

It is important to consider that these ligands can influence the activity of neurons in the
DRG too, since the cannabinoid receptors can be found on DRG neurons (Bridges et al.,
2003; Sagar et al., 2005), and it has been shown that i.t. injection of sodium fluorescein
results in massive staining in the DRG both in the cellular and fiber portions (Abram et
al., 2006). As for the ineffectivity of CB1 and CB2 antagonists on inflamed and on the
non-inflamed sides in themselves, a number of scenarios may be suggested. First, it
might be supposed that the mechanical pain threshold after carrageenan administration
(~10-15 g) is a very low value, which could not be further decreased by an antagonist.
However, the threshold on the normal side did not change either; therefore, this is not
likely. Another possibility is that the endogenously released cannabinoids have no
significant inhibitory effect on the mechanical threshold in inflammatory circumstances,

either on the normal, or on the inflamed side. Similar results have been found in a bone
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cancer-induced pain model (Curto-Reyes et al., 2010) however, other studies have
shown that i.t. injection of CB1 receptor antagonists can evoke nociceptive responses
(Chapman, 1999; Lever and Malcangio, 2002). It is assumed that the differences in the
pain models can lead to these controversial findings. However, the level of the released
endogenous cannabinoids was not determined in our study; therefore, it cannot be
decided whether this is due to the lack of production or the lack of effect of endogenous

cannabinoid agonists.

In conclusion, we found that HP was not capable of influencing the established
mechanical allodynia in a model of arthritic pain, but it inhibited the antinociceptive
effects of 2-AG at spinal level. Furthermore, these findings are the first to demonstrate
the antinociceptive potency of 2-AG at spinal level, and to report on the effect of

anandamide on mechanical allodynia in an arthritic pain model.
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Summary

It has been verified that derivatives of EM2 have similar in vivo potency to the

original ligand in the osteoarthritic pain model.

Effects of EMD3 and EMD4 were more prolonged suggesting long-lasting
stability and high affinity to MOR, in vivo.

Compared to morphine, which is a long-lasting pain analgetic, the EM2, EMD1
and EMD3 were efficient only in the first period (10-30 min), while the EMD4

was effective all along the period.

Intrathecal administration of hemopressin was not capable of influencing the
mechanical allodynia in a wide dose—range in the model of arthritic pain, but it

inhibited the antinociceptive effects of 2-AG at spinal level.

Spinally administered anandamide and 2-AG significantly decreased mechanical

inflammatory pain sensitivity.

We proved the antinociceptive potency of 2-AG and that the effect is reversed by
a CB1 antagonist drug, suggesting that the antiallodynic effect of 2-AG is

mainly due to the activation of CB1 receptors at spinal level.
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Glu - glutamate

Gly - glycine

GPCR - G-protein coupled receptor

GTP - guanisine triphosphate

HP - hemopressin

Hp - hot plate

5-HT - serotonin

KOR - kappa-opioid receptor

Laminae Ili - inner zone of laminae 11
Laminae llo - outer zone of laminae Il

LC - locus coeruleus

LPb - lateral parabrachial area

MAGL - monoacylglycerol lipase

MIA — monosodium iodoacetate

MOR - mu-opioid receptor

%MPE - % maximum possible effect
NAC - nucleus accumbens

NADA - N-arachidonoyl-dopamine
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NE - norepinephrine

NGF - nerve growth factor

NHS - National Health Service
NK1 - neurokinin 1

NMDA receptor - N-methyl-D-aspartate receptor
NOP - nociceptin

NRM - nucleus raphe magnus

NS - nociceptive-specific

NTS - nucleus of the solitary tract
OA - osteoarthritis

ORL - orphanine receptor-like
PAG - periaqueductal grey matter
PBN - parabrachial nuclei

PE - phosphatidylethanolamine
PFC - prefrontal cortex

Phe - phenylalanine

pFPhe - para-fluorophenylalanine
Pro - proline

RVM - rostroventral medulla
PWD - paw withdrawal test

SEM - standard error of the mean
Sl - primary somatosensory cortex
SIl - secondary somatosensory cortex
TF - tail-flick

TM - transmembrane

TNF - tumor necrosis factor

TRP - transiens receptor potencial
Trp - tryptophane

TRPV1 - transient receptor potential vanilloid 1
Tyr - tyrozine

VPI - ventroposteroinferior

VPL - ventroposterolateral

VPM - ventroposteromedial
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VTA - ventral tegmental area
WDR - wide dynamic range neuron



