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LIST OF ABBREVIATIONS 

AGM agmatine 

AMPA a-amino-3-hydroxy-5-methylisoxazole propionic acid 

CGRP calcitonin gene related peptide 

EAA excitatory amino acid 
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IC50 half-maximal inhibitory concentration 
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1. GENERAL BACKGROUND 

Nociception may be defined as the detection of noxious stimuli and the subsequent 

transmission of encoded information to the brain. In contrast, pain is essentially a 

perceptual process; it is an unpleasant sensory and emotional experience associated with 

actual or potential tissue damage (Wall and Melzack, 1986). Pain serves an important 

protective function, it warns of injury that should be avoided or treated [1]. Nociception, 

does not necessarily lead to the experience of pain. The highly individual and subjective 

nature of pain is one of the factors that makes it difficult to define and to treat clinically. It 

is very difficult to define the term 'painful stimuli' - stimuli that invariably elicit the 

perception of pain in all individuals. 

Several tissues have specialized sensory receptors, called nociceptors, that are activated 

by noxious insults. Nociceptors are the peripheral endings of sensitive primary sensory 

neurons whose cell bodies are located in the dorsal root ganglia and trigeminal ganglia. We 

consider three major classes of nociceptors: thermal, mechanical and polymodal 

nociceptors. In pathological situations activation of nociceptors can lead to two types of 

abnormal pain states: allodynia (results from stimuli that normally are innocuous) and 

hyperalgesia (an excessive response to noxious stimuli) [1]. Pain could be devided into 

several categories depending on a) the origin of pain (peripheral or central), b) the nature 

of pain (inflammatory, neurogenic or cancerous), c) the affected area (superficial, deep and 

visceral), d) the length of pain (subacut, acut, subchronic and chronic or persistent), etc. 

[2]. Transmission of nociceptive information is subject to modulation at several levels of 

the neuraxis including the dorsal horn of the spinal cord. Afferent impulses arriving in the 

dorsal horn initiate inhibitory mechanisms (endogenous antinociception), which limit the 

effect of subsequent impulses. Inhibition occurs through the effect of inhibitory 

neurotransmitters/neuromodulators released from the primary sensory neurons, local 

inhibitory interneurons and descending pathways from the brain. Thus in the dorsal horn, 

incoming nociceptive messages are modulated by several endogenous ligands acting on 

different receptors located pre- and/or postsynaptically. 

The aim of the thesis was to investigate the antinociceptive properties of three 

endogenously existing ligands - agmatine (AGM), endomorphin-1 (EM-1), kynurenic acid 

(KYNA) - acting on different receptor types at the spinal level using an inflammatory pain 

test in awake rats. 
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2. INFLAMMATORY PAIN 

Inflammation is a critical protective reaction to irritation, injury or infection, 

characterized by redness (rubor), heat (calor), swelling (tumor), loss of function (functio 

laesa) and pain (dolor). Although pain is a major complaint of patients with ongoing 

inflammation, pain is experienced predominantly when the inflamed site is stimulated. 

This lowered threshold for stimulation-induced pain is referred to as hyperalgesia. 

Cutaneous tissue damage provoked by chemical irritants (such as capsaicin, carrageenan), 

heat injury, local electrical stimulation or, in some cases, dermatological disease, is 

associated with two principal zones of pain [3]. The first, termed as the zone of 'primary' 

hyperalgesia, comprises the region of tissue damage itself and is characterized by 

spontaneous pain and an increased sensitivity to heat, mechanical (and chemical) stimuli. 

Primary hyperalgesia may involve a contribution of processes integrated in the central 

nervous system, but can predominantly be explained by events occurring at the level of 

peripheral nociceptors themselves. Inflammatory mediators released at the peripheral level 

act on primary afferent nociceptors to cause pain by either inducing activity in nociceptors 

(activation) or increasing nociceptor responses evoked by other stimuli (sensitization) 

(Table 1.) [4]. 

Activate Sensitize 

Bradykinin (Bi and B2 receptors) Prostaglandins 

Serotonin (5-HT3 receptor) Serotonin ( 5 HTIA, and 5 H T 7 receptor) 

Glutamate Noradrenaline 

Hydrogen ions Adenosine (A2 or A3 receptors) 

Adenosine triphosphate (P2X receptor) 

NO 

Nerve growth factor 

Table 1. Naturally occuring agents that activate or sensitize nociceptors 

Surrounding this area is the undamaged zone of 'secondary' hyperalgesia which displays 

an increase in sensitivity to mechanical stimuli, and which may also manifest 

supersensitivity to cold stimuli. Regarding the changes in heat sensitivity in secondary 

hyperalgesia the literature is inconsistent [5, 6]. Secondary hyperalgesia (and the 
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phenomenon of mechanical allodynia in general) can predominantly be attributed to central 

mechanisms (central sensitization). 

During inflammation, nociceptors become sensitized, discharge spontaneously [7]. 

Neurotransmitters, including calcitonin gene related peptide (CGRP) and substance P (SP), 

can be released from the peripheral endings of nociceptive primary afferents, and exert 

pro-inflammatory effects in peripheral tissues [8, 9]. The development of hyperexcitability 

of spinal cord neurons is also produced by various transmitter/receptor systems that 

constitute and modulate synaptic activation of the neurons. The key transmitter is 

glutamate that causes the spinal cord neuron to become more responsive to all of its inputs, 

resulting in central sensitization. The most plausible theory for central sensitization 

suggests that the JV-methyl-D-aspartate (NMDA) receptor occupies a central position in 

this phenomenon [10]. A number of endogenous mediators, including prostaglandins, nitric 

oxide (NO), opioids and adrenergic agonists, also influence the excitability of spinal 

neurons. Whereas prostaglandins and NO appear to facilitate spinal excitability, ci2-

adrenergic- and opioid-receptor agonists produce analgesia by presynaptic inhibition of C-

fibre neurotransmitter release and postsynaptic hyperpolarization of second-order neurons. 

Thus co-administration of intrathecal opioid- and <X2-adrenergic-receptor agonists or 

NMDA receptor antagonists results in analgesic synergy and highlights a role for 

combination therapy in clinical settings. 

3 . ENDOGENOUS PAIN CONTROLLING MECHANISMS AT THE SPINAL LEVEL 

In addition to the 'pronociceptive' mediators that carry the signal of pain, other 

antinociceptive (or pain relieving) molecules will inhibit the pain signal [11]. Activation of 

these proteins either prevent the release of pain-signaling neurotransmitter from the 

presynaptic neuron or cause hyperpolarization of the postsynaptic neuron resulting in 

failure of signal propagation in the second-order neuron. Transmission of nociceptive 

information is subject to modulation at several levels of the neuraxis including the dorsal 

horn of the spinal cord by neurotransmitters/neuromodulators released from the primary 

sensory neurons, segmental interneurons and descending pathways from the brain [2, 12]. 

The grey matter of the spinal cord may be divided on a cytoarchitectonic basis into 10 

laminae (Rexed laminae). Out of these, laminae I (marginal layer), II (substantia 

gelatinosa), III and IV (nucleus proprius) and V and VI (deep layers) comprise the dorsal 

horn. Nociceptive afferent fibres terminate in laminae I, II and V (Figure I.) [1, 3]. The 
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dorsal horn of the spinal cord contains a wide variety of such antinociceptive or 'pain-

relieving' mediators that are extensively defined. It indicates that the spinal cord is an 

excellent target tissue for site directed delivery of analgesics to 'stop' the pain signal at the 

first level of conduction. 

Inputs Outputs 
Spinothalamic 
Pos t - syn . dorsa l co lumn 
Spinocervical 
Spinocerebel lar 
S p i n o m e s e n cephal ic 
Spinoreticular ^ 

Projection 

Intersegmental 

Descending 
(Inhibition & excitation) 
PAG / Raphe / LC / reticulospinal / corticospinal 

Primary afferent 

An fibre 
high t/h mechanical/ 
thermal/chemical 
polymodal/cold 

C-fibre 
high t/h mechanical/ 
thermal/chemical 
polymoda l/silent 
warm 

1II.1V.V 

Ap fibre 
low t/h mechanical 

Figure 1. A schematic diagram showing the major sources of inputs into and outputs from the 
dorsal horn [13]. 

Abbreviations: LC - locus coeruleus; PAG -periaqueductal grey matter; post-syn. - postsynaptic; 
t/h - threshold. 

3.1. Primary sensory afferent's level 

Primary sensory afferent neurons have three functions with respect to their role in 

nociception: 1) detection of noxious stimuli (transduction), 2) passage of the resulting 

sensory input from peripheral terminals to the spinal cord (conduction) and 3) synaptic 

transfer of this input to neurons within specific laminae of the dorsal horn (transmission) 

[10]. 

A number of neurotransmitters are released from central sensory nerve endings of primary 

afferent fibres (A8 and C fibres) in laminae I, II, V (and X) [14, 15]: several opioids, 

excitatory amino acids (EAAs), SP, CGRP, vasoactive intestinal peptide (VIP), 

somatostatin, bombesin, galanin, etc. These substances influence the activity of several 

types of interneurons and projection neurons. 
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3.2. Interneuron's level 

Several neurotransmitters, released also from local excitatory and inhibitory 

interneurons in the dorsal horn, modulate nociceptive input [14,15]. 

3.2.1. Excitatory interneurons 

Although projection neurons may be directly (monosynaptically) activated by C, 

A8 and AP fibres, excitatory interneurons play a significant role in their indirect 

(polysynaptic) activation by primary afferent fibre input or via process of volume 

transmission [3, 16, 17]. Excitatory interneurons may also mediate feedback, excitatory 

actions on primary afferent fibre terminals. While the transmitters involved in mediating 

the actions of excitatory interneurons have not been fully characterized, EAAs are likely 

involved. Further, many neuropeptides, such as neurotensin, neuropeptide FF, VIP and SP, 

which have been detected in dorsal horn-localized interneurons, could be implicated [16, 

18-21]. Excitatory interneurons also represent a potential source of adenosine triphosphate, 

NO and prostaglandins with excitatory, pronociceptive actions. 

3.2.2. Inhibitory interneurons 

Inhibitory interneurons, by contrast, play an important modulatory role in limiting 

the flow of nociceptive information [3]. Inhibitory interneurons are themselves targetted by 

nocisponsive C and A8 fibres, as well as by AP fibres [16]. Although certain classes of 

inhibitory interneurons may attenuate the activity of excitatory interneurons, little direct 

information is available in this regard [18]. Indeed, most inhibitory interneurons likely 

regulate nociceptive transmission by directly targeting wide-dynamic-range and 

nocisponsive projection neurons and/or the terminals of nocisponsive (and non-

nocisponsive) primary afferent fibres [22]. This organization offers, thus, pre- and 

postsynaptic mechanisms for the inhibition of nociceptive input from primary afferent 

fibres. 

Many different neurochemical classes of inhibitory interneurons have been identified and 

these display various patterns of neurotransmitter/neuropeptide co-localization [16]. The 

followings are of particular note inasmuch as they can exert a principle role in nociception: 

cholinergic, opioidergic and gamma-amino-butyric acid(GABA)-ergic inhibitory 

interneurons [3, 16]. 
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3.3. Descending pathways 

Chemical and electrical stimulation of numerous cerebral structures can modulate 

nociception via spinal mechanisms mediated by pathways descending to the spinal cord 

[14]. These descending pathways may exert a bidirectional influence upon nociceptive 

processing in the dorsal horn, mediating processes of both descending inhibition and 

descending facilitation that can be indicated by: 1) multiple subtypes of receptor 

differentially coupled to intracellular transduction mechanisms and 2) a single receptor 

type localized on functionally-distinct classes of target neuron in the dorsal horn. Thus, 

receptor multiplicity and intracellular transduction mechanisms provide an indispensable 

framework for the comprehension and exploitation of the roles of individual transmitters in 

descending controls. Beside opioid-containing descending pathways projecting from the 

periaqueductal gray and rostral ventromedial medulla [23], noradrenaline and serotonin 

remain the most familiar and intensively investigated transmitters implicated in descending 

controls. Descending projections containing a further monoamine, dopamin, and many 

other neurotransmitters (generally not co-localized with monoaminergic pathways) also 

play a crucial role in mechanisms of dorsal inhibition and/or dorsal facilitation [24]. 

4 . RECEPTOR SYSTEMS INVOLVED IN PAIN CONTROLLING 

In the dorsal horn, incoming nociceptive messages are modulated by endogenous 

ligands acting on different receptors located pre- and/or postsynaptically. These receptors 

are also possible targets of different pharmacological active agents. 

4.1. Opioid receptors 

Opioids are widely used and generally efficacious in the management of pain [25]. 

They act via specific membrane-bound opioid receptors. The three main types of opioid 

receptors (p, 5 and K) are located within the superficial dorsal horn, in the lamina I and 

particularly in lamina II, located on primary afferent fibres presynaptically, but 

postsynaptic opioid binding sites are also supported immunohistochemically on 

glutamatergic interneurons [16, 26, 27]. The distribution of opioid receptors in the rat's 

spinal cord is: 70% p-, 23% 8- and 7% K-opioid binding sites [16]. Based on the 

distribution and on functional studies of opioid-induced activity, two major mechanisms 

for producing opioid analgesia have been proposed: presynaptic inhibition of 

neurotransmitter release from primary afferent fibres and postsynaptic hyperpolarization of 
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excitatory interneurons or projection neurons [16, 27, 28]. 

Since the demonstration of receptors for morphine (MO), the p-opioid receptors, over 

25 years ago, neuroscientists have searched for substances produced by the nervous system 

that activate these receptors. The search led to the discovery of the enkephalins, 

dynorphins and endorphins in the 1970s. These compounds display relatively low 

selectivity and efficacy at the p-opioid receptors [29]. In 1997, a novel group of peptides 

has been discovered by Zadina et al. in the brain and named endomorphins, having high 

selectivity towards the p-opioid receptors [30]. Another group, which joined the 

endogenous opioid peptide family in the last few years is the pronociceptin system 

comprising the peptides (nociceptin, nocistatin) derived from this prohormone. 

The presence of opioid receptors in high density in the dorsal horn of the spinal cord 

[31] provides the logical basis for spinal opioid use, however we should encounter the 

possible side-effects as well [32], Adverse effects of spinal opioid treatment vary 

according to the dose, whether the opioid is given intrathecally or epidurally and whether 

usage is acute or chronic [2], Tolerance to spinal opioids may occur with chronic use; it is 

a predictable consequence of the very high local concentrations of opioid in the 

cerebrospinal fluid. A safe method of converting from conventional parenteral routes to 

intrathecal administration is to use 1% of the former total daily dose [33]. 

4.1.1. Pharmacology of endomorphins 

The endomorphin family includes two peptides that differ in one amino acid: EM-1 

(Tyr-Pro-Trp-Phe-NH2) and EM-2 (Tyr-Pro-Phe-Phe-NH2), with molecular weights of 

665.7 and 626.7 kD, respectively (Figure 2). 

HO HO 

Endomorphin-1 Endomorphin-2 

Figure 2. The structures of endomorphins 
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These endogenous ligands differ from conventional endogenous opioid receptor ligands in 

their N-terminal sequence, peptide length and C-terminal amidation. Zadina et al. 

demonstrated that EM-1 and EM-2 have the highest affinities (K,=360 pM and 690 pM, 

respectively) and selectivities for the p-opioid receptor of synaptic plasma membranes 

prepared from rat brain of any compound are found so far in the mammalian nervous 

system [30]. It has been suggested that they possess partial rather than full agonist 

properties at p-sites and it is not, as yet, clear whether EM-1 and EM-2 act via identical or 

distinctive mechanisms [14]. The results of Sakurada et al. suggests that EM-1 and EM-2 

may produce antinociception through different subtypes of p-opioid receptor, since 

naloxazine (a selective pi-opioid receptor antagonist) and 3-methoxynaltrexone (heroin 

and morphine-6p-glucuronide receptor antagonist) blocked EM-2-, but did not effect EM-

1-induced antinociception at the spinal level [34]. 

The endomorphins' distribution in nociceptive pathways and in regions of high p-opioid 

receptor densitiy implicates them as particularly important for the modulation of pain. 

There are several studies on the antinociceptive properties of especially EM-1 in different 

animal models after its intrathecal administration [30, 35-45] (Table 2.). The 

administration of EM-1 elicits antinociception, although it has low efficacy, short-lasting 

effect and tolerance was also observed [46,47]. 

However, the EM-1 level in the spinal cord is lower than EM-2, we used EM-1 in our 

experiments. Endomorphins, especially EM-1, have several advantages compared to other 

p-opioids: the threshold dose of EM-1 for analgesia is well below that for respiratory 

depression and rewarding effects, furthermore the therapeutic ratio is more favorable for 

EM-1 compared to EM-2 [48], These results indicate a favorable therapeutic profile of 

EM-1 relative to other p opioids. 
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Author(s ) Species Dose Nocicept ive test ing Result 

Zadinaet a!., 1997 mice TF test Prolonged effect. 
EDS0 =0.8(0.4-1.2) pg. 

Stone et al., 1997 mice 0.02-5.72 pg TF test Dose-dependent, short lasting effect. 
0.0007-0.7 pg SP -induced behavioral assay Inhibited SP-elicited behavior. 

0.6-1.5 pg Dynorphin-induced mechanical allodynia -
von Frey 

Attenuated mechanical allodynia. 

Goldberg et al., 1998 mice 0.3-30 pg TF test Dose-dependent effect. 
ED50 =0.73 (0.45-1.16) pg. 

Przewlocka et al., 1999 rat 2.5, 5 and 10 pg TF and paw pressure test Dose-dependent effect 
Formalin test Reduced flinching-episodes. 
TF and cold-water TF after sciatic nerve 
cushing 

Dose-dependent effect. 

Wang et al., 1999 rat 0.2, 2 and 5 pg TF test Dose-dependent effect. 

Horvath et al., 1999 rat 0.1-100 pg cumulatively TF test Dose-dependent, short-lasting effect. 
Side-effect: motor impairment at the highest dose, acute 
tolerance. 

PWD test Transient effect (10 pg). 
Hao et al., 1999 rat 3-60 nmol (1.8-36 pg) Formalin test Dose-dependent suppression of the formalin-induced 

biphasic behavioral response. 
IDS0=12.5 (7.5-19.8) and 18.6 (10.2-30) nmol (7.5 and 
11.2 pg) in the first and second phase, respectively. 

Drew et al., 2000 rat 0.3-60 nmol (0.18-36 pg) TF test, Tail pressure test, Formalin test Dose-dependent effect. 
Li et al., 2001 rat and 

mice 
50 pg/kg Tail stimulation-vocalization test Raised pain threshold. 

Sakurada et al., 2001 mice 0.039-5 nmol (23.4 ng-3 pg) PWD test Dose-dependent effect. 
Sakurada et al., 2002 mice PWD test Dose-dependent effect. 
Labuz et al., 2002 rat 10 pg twice daily for 3 days TF test Tolerance on 3rd day. 

Paw pressure Tolerance on 3rd day. 

Table 2. Antinociceptive effect of intrathecal endomorphin-1 

Abbreviations: ED50 - half-maximal effective dose; ID50 - half-maximal inhibitory concentration; PWD - paw withdrawal; SP - substance P; TF - tail-flick. 
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4.2. a.2-adrenoceptors and imidazoline(I)-receptors 

The anatomical observations provide a substrate for innumerable algesiometric 

(behavioral), neurochemical (intracellular markers) and electrophysiological (activity of 

dorsal horn neurons) studies demonstrating that: 1) spinal application of noradrenaline [49] 

and 2) electrical stimulation of cerebral noradrenergic cell nuclei elicit robust 

antinociception [14]. Indeed, models of inflammatory and neuropathic painful states, 

studies of diverse stimulus modalities, and analyses of the effects of systemic and spinal 

drug delivery, all converge towards the conclusion that dorsal horn-localized Ofc-

adrenoceptors play a crucial role in the mediation of descending inhibition by 

noradrenergic projections to the dorsal horn [14]. While the antinociceptive properties of 

(¡^-adrenoceptor agonists predominantly reflect moderation of the excitatory influence of 

primary afferent fibres at projection neurons via a postsynaptic mechanism in the dorsal 

horn. They also involve a reduction in the release of pronociceptive transmitters, such as 

SP and glutamate, from their terminals (presynaptic inhibition) [14]. There is an 

overwhelming body of evidence that activation of segmental a2-adrenoceptors elicits 

antinociception both against acute nociceptive stimuli and, in most cases more markedly, 

under conditions of long-term peripheral inflammation and primary afferent fibre injury 

[49-52]. 

The proposal for the existence of sites that are distinct from a-adrenoceptors but can 

still recognize imidazoline-containing ligands arose from cardiovascular studies using 

agonists like clonidine (a sepecific (¡^-adrenoceptor agonist) [53]. Several studies have 

demonstrated that imidazol(ine)/guanidine compounds elicit central and peripheral effects 

through the interaction with non-adrenoceptor sites including I-binding-sites (receptors) 

[54]. I-receptor-binding protein containing fibres were detected in superficial laminae of 

the dorsal horn and at other stations in the central nervous system involved in the 

perception of and responses to pain [55]. Three types of I-binding-sites are known - termed 

Ii, WB and I3 sites [56]. They differ in their location, sensitivity and their signal-

transduction mechanisms [56-58]. Though 12-sites can be detected in the spinal cord, and 

have been implicated in the modulation of nociceptive processing, data remaining 

fragmentary and it is controversial as to whether they enhance or suppress nociception [14, 

56, 59]. 
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4.2.1. Pharmacology of A GM 

H 

H 2 N ^ ^ r 

NH 

Agmatine 

Figure 3. The structure of agmatine 

It has recently been discovered that AGM (Figure 3.) (decarboxylated arginine) and 

its biosynthetic enzyme (arginine decarboxylase) are broadly distributed in the central 

nervous system including, in all probability, the dorsal horn and are present in several 

mammalian organs including bovine and rat brain [14, 60-63]. In the whole brain the 

concentration of AGM is comparable to that of noradrenaline or dopamine [61]. The 

distribution of AGM-containing neurons is concentrated in regions of the brain that 

subserve visceral and neuroendocrine control, processing of emotions, pain perception and 

cognition [63]. Endogenous AGM also was detected in rodent's lumbosacral spinal cord in 

concentrations similar to those previously detected in brain. 

It is known, that AGM - like clonidine and other imidazole ring containing a 2 -

adrenoceptor agonists - possesses modest (micromolar) affinity for a2-adrenoceptors, as 

well as Ii and I2 sites, the later of which remain in search of an endogenous ligand [14, 61, 

62]. However, unlike clonidine, in some cases AGM has not been shown to have agonist 

activity at a2-adrenoceptors [64, 65]. The newest electrophysiological study suggests that 

AGM suppresses the transmission of nociceptive inputs at the spinal level mainly through 

the activation of I-receptors other than a2-adrenoceptors [66, 67]. Complicating the 

interpretation of its influence upon nociceptive processing, AGM behaves as an inhibitor 

of NO synthase, further expresses antagonist properties at NMDA receptors [68-71] and 

block the nicotinic cation channel suggested by radioligand binding and 

electrophysiological data [14, 72]. 

There are several evidences regarding the biological activity of AGM [61]. Beside its 

endocrine [73] and cardiovascular effects [74-76], AGM has antidepressant-like effect as 

well [77]. The evidence suggests a unique neuroprotective role for AGM in processes 

underlying persistent pain in neuronal injury and in hypoxic-ischemic models [78]. 

There have been only a few published reports on the analgesic properties of AGM after 

systemic administration [67, 79], It has been shown that systemic administration of AGM 
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enhances MO analgesia and also blocks tolerance to opioids in mice in 1996 [67], and 

attenuates all of the signs of the MO abstinence syndrome in rats [79]. In contrast to 

yohimbine (a selective a2-adrenoceptor antagonist), the mixed antagonist of I-receptors 

and OI2-adrenoceptors, idazoxan, reverses the enhanced analgesia seen with the 

combination of MO with AGM and is inactive against simple MO treatment [67]. No 

reports were available on its analgesic properties after intrathecal administration till 1999 

[60]. We were the first to report it using an inflammatory pain model in rats. 

4.3. Glutamate receptors 

Glutamate is a major transmitter of nociceptive information from primary afferent 

fibres to the dorsal horn, wherein it exerts excitatory, sensitizing actions upon both 

projection neurons and excitatory interneurons via: metabotropic and ionotropic, 

heteromeric, a-amino-3-hydroxy-5-methylisoxazole propionic acid (AMPA), kainate and 

predominantly, NMD A receptors in synergy with SP and CGRP [14]. 

The NMDA receptor appears to be of great importance in the induction and maintenance of 

spinal nociceptive events leading to hyperalgesia following tissue damage [80]. In 

supraspinal regions involved in nociceptive processing, NMDA receptors also participate 

in mechanisms of sensitization and neuronal excitation. 

However, the EAA antagonists were not particularly effective analgesics in acute 

nociceptive tests [81, 82], several studies have demonstrated that these agents are effective 

at producing antinociception in persistent nociceptive models [83-88]. Though, some 

authors mentioned that the dose required inducing antinociception also produced motor 

paralysis [50, 82, 89, 90]. 

4.3.1. Pharmacology of KYNA 

Degradation of the essential amino acid tryptophan along the kynurenine pathway 

yields several neuroactive intermediates, including free radical generator 3-

hydroxykynurenine, the excitotoxic NMDA receptor agonist quinolinic acid, and the 

NMDA and a7-nicotinic acetylcholine receptor antagonist KYNA [91]. KYNA (Figure 4.) 

is the only known endogenous NMDA receptor antagonist without an efficacious 

extracellular removal mechanism [92, 93]. It is formed in a 'dead end' side-arm of the 

kynurenine pathway. 
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OH 

Figure 4. The structure of kynurenic acid 

Among the three neuroactive kynurenines, KYNA has recently received the most 

attention. It is found in both centrally and peripherally and is synthetized in the central 

nervous system predominantly by glial cells [91, 93-95]. KYNA concentrations in human 

cerebrospinal fluid or in mammalian brains range from 10 to 150 nM [92, 96]. KYNA at 

high, non-physiological concentrations, is a broad-spectrum antagonist of ionotropic EAA 

receptors [97]. Accordingly, high concentrations of KYNA are anticonvulsant and provide 

excellent protection against excitotoxic injury [98], KYNA acts at the glycine (half-

maximal inhibitory concentration: IC5o~20 pM) as well as the NMDA recognition sites 

(IC5o~200 pM) of the NMDA receptor complex [99-101]. In larger concentrations (0.1-1 

mM) it also antagonizes the AMP A and kainate receptors [101, 102]. Recently it was 

proposed that KYNA may be a potent noncompetitive antagonist of acetylcholine a7 

nicotinic receptors (ICso~7 pM) [103]. Direct support for its physiological role in 

glutamatergic and cholinergic neurotransmission has been provided by in vivo studies in 

rats [91, 99]. 

Several data suggest the beneficial effect of KYNA as an anticonvulsant [101, 102, 

104], furthermore indicate its role in the pain perception [83, 90, 105-112]. Although 

Ganong et al. in 1983 have already suggested that KYNA influences pain transmission at 

the spinal level [100], to date only five studies were performed to investigate the 

antinociceptive effect of KYNA in rodents after intrathecal administration with 

inconsistent results [83, 90, 106, 112, 113] (Table 3.). Since it is eliminated rapidly via the 

urinary tract having short life-time [93, 94], it is relevant to suggest, that the continuous 

administration of KYNA would provide its constant level in the subarachnoid space and 

allow the administration of lower dose, which would not cause side-effects. 
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Author(s) Species Dose Noc icept ive testing Result 
Yaksh et al., 1989 rat 45 pg HP test No effect. 

10-50 pg Strychnine-induced touch-evoked agitation Dose-dependent effect. 
Raigorodszky et al., 1990 mice 0.1-10 mM (5 pi) 

(-0.95-9.5 pg) 
TF test 

Electrical stimulation - vocalization 

Mechanical sensitivity - tail-pinch 

Dose-dependent effect. 

Dose-dependent effect. 

Dose-dependent effect. 
Nasström et al., 1992 mice HP test 

TF test 

Formalin test 

ED50: 32.2 nmol (-6 pg). 

ED50 : 24.5 nmol (-4.6 pg). 

ED50: 41.5 nmol (-7.8 pg). 

Yamamoto et al., 1992 rat 160 nmol (-30 pg) PWD test No effect. 

15 and 60 nmol (-3-11 pg) PWD test after unilateral partial ligation of 
sciatic nerve 

No effect. 

Zhang et al., 2003 rat 0.1-100 nmol (0.2-20 pg) PWD test in carrageenan-induced inflammation Dose-dependent effect on the inflamed 
paws. 

Table 3. Antinociceptive effect of intrathecal kynurenic acid 

Abbreviations: ED50 - half-maximal effective dose; HP - hot plate; PWD - paw withdrawal; TF - tail-flick. 
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5 . BALANCED ANALGESIA 

'Balanced analgesia' consists of administration of analgesics acting on different 

systems to alleviate pain [114]. Considering the multitude of receptors involved in the 

modulation of pain perception and that the drug associations allow reliable analgesia with 

lower dose of each component, it would be more effective to influence these receptor 

systems simultaneously. Spinal administration of drug combinations that interfere with 

different receptor systems involved in transmission and modulation of nociceptive 

information may constitute efficacious method for relieving pain, which is resistant to 

conventional treatment, hence reducing the incidence of side-effects as well. 

5.1. Opioid-receptor agonists and NMD A receptor antagonists 

NMD A receptor activation not only increases the cell's response to pain stimuli, it also 

decreases neuronal sensitivity to opioid receptor agonists [7]. Since opioid and glutamate 

receptors are abundant in the spinal cord, the simulatenous activation and antagonism of 

these receptors, respectively could have a beneficial effect on the inhibition of pain 

sensation at low doses that cause minimal side-effects [115]. In addition to preventing 

central sensitization, animal studies indicate that the administration of an NMDA receptor 

antagonist reduces the development of tolerance to MO and prevents the withdrawal 

syndrome in MO-tolerant rats [25]. Therefore, agents that act as NMDA receptor 

antagonists have the potential to interfere with the development of pain states, potentiate 

the action of opioids and prevent the development of opioid tolerance. Although, there are 

several studies on the interaction between MO and NMDA receptor antagonists [50, 111, 

116-121], only one study is available about the interaction between the NMDA receptor 

antagonist S(+)-ketamine and the endogenous p-opioid receptor agonist EM-1 [122]. 

However, several studies have demonstrated the antinociceptive effect of the synthetic 

NMDA receptor antagonists [82], the dose required to produce antinociception was quite 

high and was found to produce motor paralysis. It leaded to the experimental use of the 

endogenously existing NMDA receptor antagonist KYNA. This hgand, similarly to other 

NMDA receptor antagonists, prevents the development of MO tolerance and withdrawal 

symptoms after intraperitoneal administration [111, 121]. No data are available about the 

interaction of two endogenously existing ligands acting on these receptors (KYNA and 

EM-1). 
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5.2. Opioid-receptor agonists and a/I-receptor agonists 

In line with the role of descending noradrenergic pathways in the expression of 

supraspinal opioidergic antinociception, spinal «^-adrenoceptors contribute to the 

'multiplicative' interaction between cerebral and segmental populations of opioid receptors 

[14]. Opioids and «^-adrenoceptors share common intracellular transduction mechanisms, 

notably suppression of adenylate-cyclase activity and a positive and negative influence 

upon K+- and Ca2+ -currents, respectively. Therefore, they similarly inhibit the activity of 

nocisponsive projection neurons. The roles of «^-adrenoceptors in the potentiation of 

opioid-induced analgesia at the spinal level are well recognized [52]. Correspondingly, 

several studies have demonstrated generally synergistic interaction on spinal 

antinociceptive properties of «^-adrenoceptor- and opioid-receptor agonists against both 

acute and chronic inflammatory and neuropathic pain [52, 122-124]. The clinical studies 

have shown that «^-adrenoceptor agonists reduce opioid analgesic requirements in patients. 

Indeed, upon both systemic and spinal delivery, they enhance the magnitude and duration 

of opioid-induced analgesia without a deterioration of side-effects. The adjunctive use of 

«^-adrenoceptor agonists with MO may also be beneficial even in patients who have 

become unresponsive to MO. 

However, AGM used alone did not affect the responses of the animals, exogenously 

administered AGM has several biological effects including its above mentioned ability to 

potentiate MO analgesia [67] and block symptoms of MO tolerance/ withdrawal symptoms 

in rats [54, 77]. According to the findigs of the Sanchez-Blazquez's laboratory, similarly to 

the peripherally applied AGM (10 mg/kg, subcutaneously), its intracerebroventricular 

administration (10 pg) in mice 30 min before MO increased the antinociceptive response to 

the opioid on tail-flick test [59]. These results suggest the existence of functional 

interactions between imidazoline and opioid receptors supraspinally. Unfortunately, these 

results do not correspond to others. While a single dose of agmatine (10 mg/kg, 

subcutaneously) enhanced MO antinociception in mice [67], no effect was observed in rats 

when AGM (10 mg/kg, intraperitoneally) was administered before MO on tail-flick test 

[54]. Recently, it was also demonstrated that AGM (10-200 mg/kg, intravenously) did not 

enhance the potency of the p-opioid receptor agonist fentanyl [125]. 
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6 . GOALS OF STUDIES 

Although, there are several methods and drugs for pain therapy, the most appropriate 

one is still not available. During the pain therapy we have to calculate with different side-

effects, toxicity and tolerance. These problems are associated with using the most of the 

synthetic drugs. However, there are several techniques employed to decrease side-effects: 

a) local drug administration, b) the application of endogenous ligands/substances, c) 

receptor-specific drug administration, d) the use of low dose combinations of several 

agents that produce the same therapeutic effects as a single drug applied in a higher dose, 

and e) continuous drug administration. 

a) The elucidation of types of receptors present pre- and postsynaptically around 

nociceptive transmission neurons in the dorsal horn has led to the use of spinal drug 

administration as a pain management technique [25]. The availability of spinal drug 

administration has led to interest in the use of agents, which are not traditionally 

considered for use by the spinal route. There is a principal reason to consider giving 

drugs spinally, i.e. intrathecal administration may result in a reduced systemic side-

effect profile by more direct and smaller required dose application of the analgesic 

agent to the site of action [11]. The best way to examine the action of a drug at the 

spinal level in a behaving/awake animal is to introduce the drug into the spinal 

subarachnoid fluid and thereby bathe the spinal cord in the pharmacologically active 

solution [126, 127]. Drug delivery to rats by indwelling catheter represents a well-

established, highly replicable, site-specific and reliable method for accessing the lower 

parts of the spinal cord [11]. 

b) The most important advantage of using endogenous ligands is that they are ubiquitous, 

their synthesizing and breakdown enzymes (or the mechanism of their excretion) are 

also available in the body, thus have lower toxicity. On the other hand, the endogenous 

ligands generally have lower specificity and affinity for their receptors, and their 

effectivity compared to the synthetic drugs is lower. Furthermore, they have almost a 

short-lasting effect that might inhibit their introduction in human pain therapy. 

c) The application of relatively low doses of an agent acting at specific receptor type 

within the spinal cord with the relative avoidance of side-effects has been a major 

advance in the management of some pain problems [25]. 
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d) There is another alternative strategy termed 'poly-receptor targeting' or 'dirty drug 

pharmacology', which consists of conducting clinical trials with mixtures of 

compounds that act on several different receptor populations [128]. If a substance, 

which is known to cause numerous side-effects alone, is used in combination, a smaller 

dose of it is required to attain the same effect, and accordingly the frequency of the 

occurrence and the severity of the side-effects may be lower. 

e) Drug solutions may be given either as a bolus dose or infused slowly at a constant rate 

[129]. The main advantage for giving a drug by infusion is a precise control of the 

drug concentrations to fit the individual needs of the patient. For drugs with a narrow 

therapeutic window, infusion maintains an effective constant drug concentration by 

eliminating wide fluctuations between the peak (maximum) and trough (minimum) 

drug concentration. Furthermore, continuous drug administration allows the application 

of lower concentrations of the drugs, which decreases the appearance of side-effects. 

Although, bolus drug administration results faster onset compared to the infusion, the 

duration of the effect is more advantageous using continuous drug administration. The 

continuous application could be one possibility whereby the short-lasting effect of 

endogenous substances might be overcome. 

In order to obtain the most effective way of pain relief we applied almost all of the 

above mentioned techniques simultaneously. Exactly, we administered the combination of 

several endogenous ligands into the subarachnoid space as a bolus injection and/or 

cumulative injections and/or in continuous infusion via chronic intrathecal catheter. The 

aim of our study was to investigate the antinociceptive potency of different endogenous 

ligands and their interactions at the spinal level. 

The endogenous ligands generally have lower specificity and affinity for their receptors. 

Furthermore, since their effectivity compared to the synthetic drugs is lower, their 

continuous administration is relevant. As the main points of developmental pharmacology 

of pain are the inhibition of the excitatory pathways (glutamate, neuropeptides) and the 

exaggeration of the inhibitory pathways (GABA, opioids and monoamines), using NMDA 

receptor antagonists, opioid and adrenerg receptor agonists is indicated in pain therapy. 

Therefore the first aim of the study was to investigate the antinociceptive properties of 

several endogenous ligands, e.g. the p-opioid receptor agonist EM-1, the <X2-

adrenoceptor/I-receptor-agonist AGM and the NMDA receptor antagonist KYNA on 

carrageenan-induced inflammation. The second goal of the study was to analyse the 
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possible interaction of the mixture of these endogenously existing ligands at the spinal 

level. 

Therefore the aims of the thesis were: 
1. to determine whether the AGM pre- or posttreatment influences carrageenan-induced 

thermal hyperalgesia, 

2. to investigate whether AGM influences or not the antinociceptive properties of the 

cumulatively administered MO, 

3. to investigate the antinociceptive properties of continuously administered EM-1, AGM 

and KYNA on carrageenan-induced inflammation, and 

4. to analyse the possible interaction of the continuously administered mixture of these 

endogenously existing ligands (EM-l+AGM or EM-1+KYNA) at the spinal level. 

7. METHODS AND EXPERIMENTAL DESIGN 

7.2. Intrathecal catheterization 

Firstly, we prepared the intrathecal catheters. A 13 cm length of a polyethylene tube 

(PE-10) was cutted and we made a knot in it at 4.5 cm. The longer part of the catheter was 

enlarged by simply stretching to reduce the outer diameter by about 20-30 %, and then 

cutted to 8.5 cm. 

The procedures involved in the animal surgery and testing were approved by the 

Institutional Animal Care Committee of the University of Szeged, Faculty of Medicine. 

Male Wistar rats were anaesthetized with a mixture of ketamine hydrochloride (S(+)-

ketamine; Pfizer Med-Inform) and xylazine (Rompun TS; Bayer AG, Leverkusen, 

Germany) (72 and 8 mg/kg intraperitoneally), and mounted in a stereotaxic instrument 

[126]. A midline incision was made on the skull, extending from a line between the ears to 

a point approximately 2 cm caudal, and the fascia was retracted from the scull. The 

superficial neck muscles were retracted by firmly drawing until the underlying neck 

musculature was seen. This underlying muscle is naturally split on midline. A small 

scrapper was used to free the muscles from their point of insertion on the ocipital crest of 

the skull. At that time, the back of the skull was visible and with minor retraction the 

fascial layer, connecting the base of the skull to the first vertebra - atlanto-occipital 

membrane, could easily be seen. To gain a better exposure of the membrane and facilitate 

its incision, the rat's head was rotated approximately 30° forward by lowering the incisor 
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bar and a small incision was then made on the membrane. When the incision has been 

carried out correctly, there was an outwelling of cerebrospinal fluid. Prior to catheter 

insertion, it was sterilized by immersion in 70% ethanol and fully flushed with distilled 

water. To facilitate the insertion and penetration, the catheter was carefully advanced 

caudally while rotating it. To retain the animal's spine straight during the insertion we 

should apply a slight drawing to the tail. The intrathecal catheter was passed 8.5 cm 

caudally into the subarachnoid space, which serves to place the catheter tip between 

vertebrae Thl2 and L2 corresponding to the spinal segments, which innervate the 

hindpaws [127, 130]. Once the catheter has been inserted, the muscles of the skull and the 

incision were sutured. To clear the catheter of any debris, we flushed it with distilled water. 

After surgery, the rats were housed individually, and had free access to food and water. 

Rats exhibiting postoperative neurologic deficits (about 10%) were excluded. The rats 

were allowed to recover for at least 4 days before testing, and assigned to the treatment 

groups (n=4-12 rats/group) randomly. 

7.2. Nociceptive testing 

We used the PWD test (Figure 5.) to measure the antinociceptive effects of the applied 

substances on carrageenan-induced inflammation [131]. 

Figure 5. The paw withdrawal apparatus (Ugo Basile, Italy) 

To assess nociceptive responses to thermal stimuli, rats were placed in a clear plastic 

chamber with a glass floor and allowed to acclimate to their environment for 20 min before 
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testing. After the acclimation period, the radiant heat source was positioned under the glass 

floor directly beneath the hindpaw. The radiant heat source was connected to a computer, 

that could activate the lamp and started an electronic timer. The heat stimulus was 

interrupted when the animal withdrawed the heated hindpaw (withdrawal latency). The 

baseline hindpaw withdrawal latencies (pre-carrageenan baseline values at -180 min) were 

measured. Unilateral inflammation was induced by intraplantar injection of 1.5 mg/0.1 ml 

X carrageenan (Sigma-Aldrich Kit., Budapest, Hungary) into one of the hindpaws, that 

induces a period of hyperalgesia to peripheral thermal and mechanical stimulation peaking 

at 2-3 h after the injection. The PWD latencies were obtained again 3 h after carrageenan 

injection (post-carrageenan baseline values at 0 min), and at 10-min intervals subsequently 

for 130 min in the series of continuous infusion treatments. In case of bolus injections and 

cumulative treatment the latencies were obtained 10 and 30 min after the injections for 90 

min. The values obtained at 10 and 30 min after each dose were averaged for the value for 

that dose. 

7.3. Drugs applied intrathecally 

Agmatine sulfate (AGM, FW=228.3), endomorphin-1 (EM-1, FW=610.7), kynurenic 

acid (KYNA, FW=189.2) (Sigma-Aldrich Kft., Budapest, Hungary) and morphine HC1 

(MO, Alkaloida, Tiszavasvari, Hungary) were administered by itself and/or in combination 

intrathecally in form of a single injection, cumulatively and/or continuous infusion. Sterile 

physiological saline was used as control in all series. 

The way of drug administrations: 

a) Single administration: 5 pi of the drug solution was injected and then flushed with an 

additional 10 pi of physiological saline over 30 s. During the pre- and posttreatments 

the drug was administered in a single intrathecal injection before (pretreatment) the 

carrageenan administration or 3 hours thereafter (posttreatment). 

b) Repeated administration: in 30 min intervals different doses of the drug were 

administered cumulatively as a repeated single injection (5 pi drug solution + 10 pi 

physiological saline). 

c) Continuous infusion: the duration of the infusion was 60 min, the total volume was 60 

pi, which was flushed with an additional 10 pi of physiological saline, the flow rate 

was adjusted 1 pl/min. 
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7.4. Statistical analysis 

Data are presented as means ± S.E.M. Analysis of variance (ANOVA) of data for 

repeated measures was used for overall effects. The area under the curve (AUC) values 

were obtained by calculating the area during and after drug administration in case of the 

continuous infusion treatment. These data sets were examined by one-way ANOVA. The 

significance of differences between experimental and control values was calculated by 

using paired analysis (single and repeated administration) and the Neuman-Keuls test for 

post hoc comparison (continuous infusion). A probability level of 0.05 (p<0.05) was 

considered significant. 

7.5. Experimental series 

7.5.1. Single drug studies 

7.5.1.1. Single administration 

Pretreatment: AGM (1, 10, 50 or 100 pg) was administered after the determination of 

baseline latencies (-180 min), but before the carrageenan injection (n=8-10 rats/group). 

Posttreatment: AGM was administered (50 or 100 pg) after the determination of the post-

carrageenan baseline values (0 min) (n=9 rats/group). 

7.5.1.2. Repeated administration 
AGM: AGM was administered cumulatively (50-100-150 pg) after the determination of 

the post-carrageenan baseline values (0 min) as a posttreatment (n=8 rats/group). 

MO: MO was administered cumulatively (1-4-5 pg) after the determination of the post-

carrageenan baseline values (n=8 rats/group). 

7.5.1.3. Continuous infusion 

One group of experiments was performed to determine the time course and dose-response 

effects of EM-1 (0.1, 0.3 or 1 pg/min), AGM (0.3, 1 or 3 pg/min) and KYNA (0.1, 0.25,1 

or 4 pg/min) by itself administering them in continuous intrathecal infusion (n=4-10 

rats/group). 

7.5.2. Drug combination studies 

7.5.2.1. Single AGM and repeated MO administration 

Pretreatment: AGM (50 or 100 pg) was administered after the determination of the 

baseline latencies (-180 min), but before the carrageenan injection. MO was administered 
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in cumulative doses (1-4-5 pg) after the determination of the post-carrageenan baseline 

values (0 min) (n=8-9 rats/group). 

Posttreatment: AGM (50 or 100 pg) was administered after the determination of the post-

carrageenan baseline values together the first dose of MO (1 pg). MO was administered in 

cumulative doses (1-4-5 pg) (n=10 rats/group). 

7.5.2.2. Continuous infusion 

AGM + EM-1: In this series we administered AGM (0.3, 1 or 3 pg/min) in combination 

with EM-1 (0.1,0.3 or 1 pg/min) in a fixed dose ratio 3:1 (n=6-l 1 rats/group). 

KYNA + EM-1: This group of experiments involved the administration of EM-1 (0.1, 0.3 

or 1 pg/min) and KYNA (0.01, 0.03 or 0.1 pg/min) in a fixed dose ratio 10:1 (n=6-9 

rats/group). 

8. RESULTS 

There was no significant difference in PWD responses to noxious thermal stimuli 

between the right and left hindpaws prior to intraplantar injection of carrageenan. 

Carrageenan injection induced inflammation of the injected hindpaw as evidenced by 

oedema. The PWD latencies of the carrageenan-injected paw were reduced significantly in 

non-pretreated animals, and there were not significant differences between the non-

pretreated groups. Thus, thermal hyperalgesia was consistently produced in rats with 

carrageenan-induced inflammation. Thermal hyperalgesia persisted throughout the whole 

investigation in the control group animals. 

8.1. Single drug studies 

8.1.1. Single administration 

In a preliminary experiment, we observed some behavioral effects of different 

doses of AGM (1-500 pg) (data are not shown). Doses larger than 250 pg caused extreme 

behavior changes, vocalization, agitation and fighting. Therefore in further experiments we 

applied lower doses. 

Pretreatment 

AGM pretreatment did not influence the paw withdrawal latencies of the non-inflamed 

paws (data are not shown). As regards the inflamed side, 1 and 10 pg doses of AGM were 

ineffective (data are not shown). The higer doses of AGM pretreatment (50 and 100 pg) 
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significantly attenuated the carrageenan-induced hyperalgesia at 0 and 30 min compared to 

the control treatment (Figure 6/A). The effect of 100 pg AGM was completely lost by 60 

min, whereas the dose of 50 pg exhibited a longer duration (ceiling effect). 

Posttreatment 

AGM posttreatment did not influence the PWD latencies of the non-injected paws (data 

are not shown). On the inflamed paws higher doses of AGM (50 or 100 pg) caused 

significant increase in the PWD latencies compared to saline-treated group (Figure 6/B). 
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Figure 6. Effects of agmatine pretreatment (A) or posttreatment (B) on the inflamed paws. The 
results are expressed as means ± S.E.M. The symbol + denotes a significant difference between the 
results of the treated and the control group (p<0.05). 
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8.1.2. Repeated administration 

Each dose of MO alone significantly increased the PWD latency on the normal paw 

as compared to the control group (Figure 7/A) indicating its influence on the normal pain 

threshold. Furthermore, MO dose-dependently decreased the carrageenan-induced 

hyperalgesia on the inflamed side (Figure 7/B). At the highest dose (10 pg cumulatively) 

the PWD latency almost reached the pre-carrageenan values, since the significant 

difference from the baseline value (-180 min) could not be observed. 
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Figure 7. Effect of cumulative MO treatment on the normal (A) and inflamed (B) paws. The results 
are expressed as means ± S.E.M. The symbol * denotes significant difference compared to the 
baseline values, the symbol + denotes a significant difference compared to the post-carrageenan 
values, and the symbol # denotes significant difference compared to the control group (p<0.05). 

8.1.3. Continuous infusion 

EM-1 

Similarly to our recently published data [132], the intrathecally administered EM-1 

(0.1, 0.3 and 1 pg/min) did not alter the PWD latency on the normal side significantly 

(Figure 8/A), although the highest dose tended to show a slight increasing in the 

nociceptive threshold. EM-1 caused a dose-dependent decrease in the thermal hyperalgesia 

(Figure 8/B) indicated by the significant increase in PWD latency as compared to the 

control group. The antinociceptive effect appeared 20 min after the beginning of the 

infusion, and the cessation of administration resulted in a gradual decrease in the PWD 

latencies. 
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Figure 8. Time-response effects of endomorphin-1 (EM-1) on the normal (A) and on the inflamed 
paws (B). The red line between the arrows represents the duration of the microinfusion. Values are 
means ± S.E.M. The symbol * denotes a significant difference between the results of the treated 
and the control group (p<0.05). 

AGM 

None of the administered doses of AGM (0.3-3 pg/min) changed the PWD latencies 

significantly on the normal side (Figure 9/A). AGM caused a dose-dependent increase in 

PWD latency on the inflamed side during and after the infusion (Figure 9/B). The highest 

dose caused significant increases in PWD latency at some time points compared to the 

control group, though significant differences from the pre-carrageenan baseline values (-

180 min) were observed at all time points. This suggests that the hyperalgesia was merely 

decreased, but not relieved. Analysis of the AUC data also revealed that the hyperalgesia 

decreased dose-dependently during the drug administration (Figure 9/C), and the cessation 

of administration resulted in a decrease of PWD latency; however, the 3 pg/min dose 

caused a significant increase at that time, too (Figure 9/D). It should be mentioned that the 

highest dose resulted in a temporary excitation in 50% of the animals. 
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Figure 9. Time-response effects of agmatine (AGM) on the normal (A) and on the inflamed paws 
(B). The red line between the arrows represents the duration of the microinfusion. Values are 
means ± S.E.M. The symbols denote significant differences between the results of the AGM treated 
and the control group (p<0.05) using different doses of AGM (+: 0.3 pg/min; *: 1 pg/min; #: 3 
pg/min). 

C,D: The antinociceptive effects of different doses of agmatine (AGM) during drug administration 
(C) and after its termination (D) on the inflamed paws are presented as AUC values. Values are 
means ± S.E.M. The symbol * denotes significant difference between the results of the treated and 
control group (p<0.05). 

K Y N A 

The smaller doses of KYNA (0.1 and 0.25 pg/min) were ineffective on both sides. In 

higher doses (1 and 4 pg/min) it caused a significant increase in PWD latency during the 

infusion on the non-inflamed paw (Figure 10/A) and significantly decreased the 

hyperalgesia on the inflamed side (Figure 10/B). 
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Figure 10. Curves indicating the time-response effects of different doses of kynurenic acid 
(KYNA) on the normal (A) and on the inflamed paws (B). The red line between the arrows 
represents the duration of the microinfusion. Values are means ± S.E.M. The symbol * denotes a 
significant difference between the results of the treated and the control group animals (p<0.05). 

The dose of 4 pg/min resulted in maximal increase (cut-off time, 20 s) in pain threshold 

throughout the observation period (130 min) on both sides, however, a dose-dependent 

motor impairment could also be observed (Table 4.). This side-effect was temporary and 

reversible. It should be stressed that the antinociceptive effect might not have been a 

consequence of motor paralysis, because the animals did not show any sign of pain. Since 

only the lowest dose (0.1 pg/min) did not cause motor impairment, it was the highest dose 

used for the further drug combination studies. 

Dose of KYNA (pg/min) Number of cases Incidence of motor 
impairment 

0.10 9 0.00% 

0.25 9 11.11% 

1.00 6 83.33% 

4.00 4 100.00% 

Table 4. The table indicates the dose-dependent incidence of motor impairment induced by the 
continuous intrathecal injection of KYNA. 
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8.2. Drug combination studies 

8.2.1. Single and repeated administration 

AGM + MO co-administration 

Both pre- and posttreatment with AGM was almost ineffective on the normal side 

(Figure 11 /A, B), but dose-dependently increased the antinociceptive effect of MO on the 

inflamed side (Figure 11/C, D), however the pretreatment was more effective, i.e. the 

latency attained the pre-carrageenan value (-180 min). Furthermore, MO prevented the 

reappearance of hyperalgesia produced by 100 pg AGM pretreatment (See section 8.1.1., 

Figure 6). 
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Figure 11. Effects of agmatine pretreatment (A, C) and agmatine posttreatment (B, D) on morphine 
(MO) induced antinociception (1-4-5 pg cumulatively) on the normal (A, B) and inflamed (C, D) 
paws. The symbol + denotes a significant difference between the results of the combination treated 
and MO treated group (p<0.05). 
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8.2.2. Continuous infusion 

AGM + EM-1 co-administration 

The lower doses of AGM + EM-1 did not result in any potentiated antinociception 

as compared to the EM-1 treated group (data are not shown). The time-response curves 

indicated that the combination of the highest dose of AGM (3 pg/min) + EM-1 (1 pg/min) 

on the normal side caused significant increases at 10 min as compared with EM-1 

treatment alone, suggesting that the antinociceptive effect appeared 10 min earlier (Figure 

12/A). On the inflamed side, the highest dose of AGM significantly potentiated the 

antihyperalgesic effect of EM-1 during the infusion (Figure 12/B). The AUC analysis 

showed that the combination gave rise to a potentiated effect on the inflamed side during 

(Figure 12/C) and after (Figure 12/D) the administration of the drugs as compared to the 

EM-1 treatment. The combination treatment resulted in a significant potentiation compared 

to the AGM treatment alone on both sides during the administration. It should also be 

mentioned that the highest dose caused a temporary excitation in 30% of the animals, 

which could interfere with the measurements. 
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Figure 12. Time-response effects of the highest dose combination of endomorphin-1 (EM-1) and 
agmatine (AGM) on the normal (A) and on the inflamed (B) paws. The red line between the arrows 
represents the duration of the microinfusion. Values are means ± S.E.M. The symbol + denotes 
significant difference between the results of the combination treated and EM-1 treated group 
(p<0.05). 

C, D: The antinociceptive effects of 1 pg/min endomorphin-1 (EM-1) and 3 pg/min agmatine 
(AGM) alone and in combination during drug administration (C) and after its termination (D) on 
the normal and inflamed paws are presented as AUC values. Values are means ± S.E.M. The 
symbols + and * denote significant difference between the results of the combination treated and 
EM-1 or AGM treated group (p<0.05). 

KYN A + EM-1 co-administration 

The combination of the two drugs did not significantly modify the nociceptive 

threshold at any dose for the non-inflamed paw (data are not shown). The highest dose 

combination was effective on the inflamed side (Figure 13/A), because this cocktail caused 

an immediate, significant increase in PWD latency, and its effectiveness was significantly 

higher than that of 1 pg/min EM-1 administered by itself. Animals receiving the 
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combinations exhibited no sign of motor dysfunction or other unusual behavior. The AUC 

during the infusion (10-60 min) revealed a dose-dependent, potentiated interaction between 

KYNA and EM-1 (Figure 13/B). 
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Figure 13. A: Time-response effects of the highest dose combination of endomorphin-1 (EM-1) 
and kynurenic acid (KYNA) on the inflamed paw. 
Values are means ± S.E.M. The symbol + denotes significant difference between the results of the 
combination treated and EM-1 treated group (p<0.05). 

B: The antinociceptive effects of endomorphin-1 (EM-1) and kynurenic acid (KYNA) 
combinations (fixed dose ratios 10:1) during the infusion (10-60 min) on the inflamed paws are 
presented as AUC values. 
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9. DISCUSSION 

Considerable excitement was elicited by the discovery of receptors and transmitters, 

which have important role in pain perception in the seventies and eighties. 
« 

Correspondingly, efforts were devoted to develop drugs, which mimic or reinforce 

physiologically-engaged, endogenous opioidergic, monoaminergic or other mechanisms of 

antinociception. Unfortunately, for a variety of reasons, comparatively little progress in the 

development of improved analgesic agents has been achieved via this approach. For 

example, difficulties in dissociating the sedative/hypotensive actions of «^-adrenoceptor 

agonists from their analgesic properties. Other factors, such as problems encountered in the 

cloning of opioid receptors and in the identification of endogenous ligands for p-opioid 

receptors may also be relevant [30]. 

Beside the difficulties in drug choice, the way of administration should also be 

considered. The local drug application is more favorable and advantageous compared to 

systemic administration. The reasons are the doses required are smaller and the side-effects 

appear with lower frequency. The intrathecal drug delivery (when the drug is applied into 

the subarachnoid space) is one of the local drug administration forms with benefits and 

drawbacks. The over-riding goal of spinal drug delivery is just that: to selectively access 

segmental targets without affecting other regions, thereby avoiding potentially detrimental 

side-effects and maximizing analgesic efficacy [14]. This principle of spatially-delimited, 

regional analgesia implies prevention of drug access not only to peripheral tissues but also 

to the brain, and even to regions of the spinal cord distant from the injection catheter tip. 

Corresponding to the pharmacokinetic profile, certain lipophilicity sufficient to permit 

tissue penetration is essential. A further difficulty is rostral diffusion via the cerebrospinal 

fluid to higher centres. It should also be called those gains in therapeutic window due to 

avoidance of supraspinal and peripheral side-effects may be offset by cardiovascular and 

motor perturbation due to actions at spinal populations of preganglionic neurons and 

motoneurons, respectively. While spinal administration may permit major gains in terms of 

potency, efficacy, rapidity, regionally of action and therapeutic window, all these potential 

advantages require careful experimental and clinical evaluation, taking into account the 

pharmacokinetic profiles of drugs upon their intrathecal administration. 

We should also consider the advantages of drug combination analgesics over 

monotherapy [133]. The main reasons for developing combination analgesics are to gain 
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efficacy by displaying additive or synergistic analgesia, and to result in an improved safety 

profil with reduced toxicity - less or no side-effects. Other potential benefits of combining 

analgesics include increasing the duration of analgesia, which may improve patient 

compliance in clinical usage. 

9.1. Endomorphin-1 

Regarding the in vivo studies with EM-1 on nociception, in all cases, this endogenously 

existing ligand exhibited potent antinociceptive effect, although the potency of the drug 

and the duration of the effect depended on the species, on the pain tests applied or on the 

route of administration [34, 46, 47, 124, 132, 134-146 and see the section 4.1.1.] Thus, 

there are some controversies concerning the data on the duration of action of 

endomorphins. The short course of action suggests their rapid degradation by 

aminopeptidases [147], however their in vivo metabolism remains unknown. 

The most important finding from our studies is the potent antihyperalgesic effect of EM-1 

during continuous administration on an inflammatory pain model in rat. The studies 

indicated that EM-1 had no significant effect on the nociceptive threshold of the non-

inflamed paws in the applied doses. The cessation of the infusion resulted in a gradual 

decrease in the PWD latencies suggesting the short-lasting effect of this tetrapeptide. 

9.2. Agmatine 

Up to now two other studies had evaluated its spinal effects using awake mice and rats 

[71, 148]. According to their findings intrathecally administered AGM to rodents 

decreased hyperalgesia accompanying inflammation, normalized the mechanical 

hypersensitivity produced by chemical or mechanical nerve injury, and reduced autotomy-

like behavior and lesion size after excitotoxic spinal cord injury. AGM produced these 

effects in the absence of antinociceptive effects in acute pain test [71, 148]. An 

electrophysiological study by Hou et al. has found that intrathecal AGM dose-dependently 

supressed the nociceptive discharges of thalamic parafascicular neurons induced by tail-

pinch that could be blocked significantly by intrathecal idazoxan [66]. 

Our study examined the antinociceptive potency of AGM after intrathecal administration 

on carrageenan-induced hyperalgesia. Intrathecal pre- or posttreatment of AGM did not 

influence the PWD latencies of the normal paws. Both pre- and posttreatment of AGM 

decreased the carrageenan-induced hyperalgesia, but did not relieve it. In preliminary 
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experiments doses larger than 250 pg caused behavioral changes as well, the rats became 

restless in their cage, as was observed in rabbits by Szabo et al., too [76]. The current study 

demonstrated important interactions between AGM and opioids. Both pre- and 

posttreatment increased MO-induced analgesia, though pretreatment had higher efficacy. It 

may be concluded that AGM is more effective in preventing the development of 

inflammation than relieving it. During continuous intrathecal administration AGM had low 

antinociceptive efficacy alone, but potentiated the effect of EM-1. The potentiating effect 

of AGM on opioid analgesia may be related to several mechanisms: first, AGM binds to 

oc2-adrenoceptors [61], and drugs such as clonidine which bind to these receptors also have 

prominent potentiating effects on the opioid-induced antinociception. These data suggest 

that AGM may increase the effect of opioids by a clonidine-like effect. Thus, it is likely 

that an a2-mechanism explains the present results. Alternatively, AGM acting as an agonist 

at I-receptors could be responsible for its beneficial effects on opioid-induced 

antinociception [66]. A further explanation may be a neural NO synthase inhibition by 

AGM in the central nervous system. Our studies indicate that AGM can greatly influence 

the analgesic actions of specific opioid receptor agonists after intrathecal administration. 

The combination of AGM with other analgesics in relatively small doses is particularly 

appealing because of the potential for this drug to produce side-effects. With the 

combination of low doses of AGM plus opioids (MO and EM-1) that produced substantial 

analgesic effects, no side-effects were seen. The potential clinical consideration of spinal 

AGM treatment with the appropriate preclinical toxicological studies would appear to have 

at least theoretical support from the present studies. 

9.3. Kynurenic acid 

When the endogenous NMDA receptor antagonist KYNA was administered as a 

continuous intrathecal infusion alone [142], it was not an appropriate antinociceptive agent 

because of its side-effects (motor paralysis) observed at the effective antinociceptive doses. 

The paralytic effect of KYNA might be due to its action on the motoneurons similar to that 

of other NMDA receptor antagonists [82], Similarly to other EAA receptor antagonists, 

KYNA has a limited therapeutic range and may therefore not be particularly useful alone 

as an analgesic agent for the treatment of clinical pain. The only, but important, exception 

might be the application of this drug during surgery, when the reversible motor paralysis 

might be advantageous. Although, a recent review suggests a neuroprotectiv 
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KYNA [102], further toxicological studies need to support its safety. Schwarcz et al. have 

recently proposed that endogenous, physiological concentrations of KYNA might be 

sufficient to act at an undefined binding site in the brain to prevent glutamate-induced 

neuronal death [149]. The new site that is involved could be a nicotinic acetylcholine 

receptor, as kynurenic acid can block a7 nicotinic acetylcholine receptors with an IC50 

concentration similar to its affinity at the NMDA-receptor glycine site [150]. Since 

agonists at the al nicotinic acetylcholine receptors exert antinociceptive properties, KYNA 

- as an antagonist at this receptor site - could not act actually this way as an 

antinociceptive endogenous ligand [151]. In low doses, KYNA potentiated the 

antihyperalgesic effect of EM-1 in this inflammatory pain model. Termination of the 

infusion was followed by a gradual decrease of the effects, suggesting that this method 

provides well-controlled antinociception. An important attribute of the present potentiation 

was the lack of side-effects, suggesting that the combined drug delivery will serve in 

principle to enhance the therapeutic ratio of the treatment. The interaction of the 

endogenous substances KYNA and EM-1, which act at different receptor types, is 

beneficial in attenuating carrageenan-induced thermal hyperalgesia without adverse 

effects. 
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10. SUMMARY 

The thesis studied the antinociceptive properties of three endogenous ligands: EM-1, 

AGM and KYNA acting on different receptors. We investigated their interactions on 

nociception at the spinal level using heat pain model (PWD test) on acut inflammatory 

model. The endogenous ligands were administered via chronic intrathecal catheter 

implanted into male Wistar rats. 

The following observations have been made: 

1. Intrathecal pre- or posttreatment of AGM decreased the carrageenan-induced 

hyperalgesia, but did not relieve it, without significant influence on the normal paw 

latencies. The higher doses (more than 200 pg) resulted in side-effects: vocalization 

and fighting lasted for several hours in all animals and accompanied by a decrease in 

PWD latency of the normal paw. 

2. Both AGM pre- and posttreatment increased MO-induced analgesia, however the 

pretreatment had higher efficacy. 

3. Intrathecally administered EM-1 did not alter the PWD latency significantly on the 

non-inflamed paw. It resulted in a dose-dependent decrease in the thermal hyperalgesia 

during the infusion. 

4. Continuous AGM infusion did not change the nociceptive threshold on the normal side, 

but caused a dose-dependent increase in PWD latency on the inflamed side during and 

after the infusion. The thermal hyperalgesia was merely decreased but not relieved. The 

highest dose treatment resulted in also a temporary excitation as a side-effect in 50% of 

the animals. 

5. The continuous intrathecal infusion of KYNA resulted in a dose-dependent increase on 

PWD latency on the normal and inflamed paws too, accompanied by a dose-dependent, 

reversible motor impairment as a severe side-effect. 

6. On the inflamed side, AGM significantly potentiated the antihyperalgesic effect of EM-

1 during the infusion. It should also be mentioned that the highest dose combination 

caused a temporary excitation in 30% of the animals. 

7. In low doses, KYNA potentiated the antihyperalgesic effect of EM-1 in the 

inflammatory pain model without causing side-effects. Termination of the infusion was 

followed by a gradual decrease of the effects, suggesting that this method provides 

well-controlled antinociception. 
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Site directed delivery (intrathecal) of relatively small doses of analgesics to the isolated 

region of the central nervous system (the spinal cord) may serve to promote higher quality 

of life in specific patient populations that are experiencing needless pain and suffering 

unrelieved by conventional and less invasive therapies. 

There are at least two important advantages of our results. Firstly, the antinociceptive 

properties of these intrathecally administered combinations are well controlled. 

Furthermore, the application of the endogenous antinociceptive ligands may have a 

number of advantages. The applied combinations (KYNA or AGM and EM-1) provided 

higher efficacy than either individual component of the combinations. Additionally, these 

combinations might be useful to reduce the development of opioid tolerance and 

withdrawal symptoms. These results suggest a novel direction for the development of pain 

strategies that focus on the co-administration of endogenously existing ligands into the 

subarachnoid space acting on different receptors. 
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