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ABSTRACT

Various endogenous substances are involved in the control of nociception both at the
segmental and at the higher levels of central nervous system. These substances include
acetylcholine, which modify pain processing in a wide variety of experimentally induced or
clinically related pain states by interacting with specific receptors. Acetylcholine is the
endogenous ligand for the cholinergic receptor system with muscarinic and nicotinic receptors,
and systemic or intrathecal stimulation of these receptors results in modulation of pain responses
in animals and humans.

In this study, the role of cholinergic system in nociception in the naked mole-rat
(Helerocephalus glaber) was evaluated. The study explored the antinociceptive effects of the
muscarinic receptor agonist, oxotremorine (10, 20, 50 and 100 pg/kg body weight) and the
nicotinic receptor agonist, epibatidine (0.5, 1, 2 and 3 pg/kg body weight) using three commonly
used nociceptive tests. These were the formalin (20pl, 10%), the hot plate (60 °C) and the tail
flick (56 °C) tests. To elucidate possible interaction with opioidergic system, a general opioid
receptor antagonist, naloxone, was simultaneously administered with the cholinergic agonists.
Muscarinic (atropine) and nicotinic (mecamylamine) blockers were used for antagonistic
reactions.

In the formalin test, the duration the animal took licking/biting the injected paw was
scored in blocks of 5 minutes for a duration of 60 minutes, whereas in the hot plate test the
latency (s) the animal took to react to the thermal pain was recorded. In the tail flick test, tail-
flick withdrawal latency (s) was scored. The selected high doses (20, 50 or 100 pg/kg) of

oxotremorine induced a statistically significant (P<0.05) dose-dependent reduction in the mean

Xiv



time spent licking/biting the injected paw in both the first and second phases of the formalin test.
In both early and late phases of formalin test, the effect of oxotremorine on the mean time spent
licking/biting the injected paw was reversed by atropine.

The animals treated with epibatidine (1, 2, or 3 pg/kg) showed a statistically significant
(P<0.05) reduction in the mean time spent in licking/biting the injected paw in both early and late
phases of the formalin test. When mecamylamine was administered together with epibatidine (2
pg /kg), it significantly increased the mean time spent in licking/biting the injected paw in both
phases of the formalin test. In the hot-plate test, oxotremorine (20, 30 or 50 pg /kg) and
epibatidine (1, 2 or 3pg/kg) caused a significantly different dose-dependant increase in the hot-
plate response latency. The effects of oxotremorine and epibatidine were blocked by atropine and
mecamylamine, respectively. In the tail-flick test, oxotremorine (20, 30 or 50 pg /kg) and
epibatidine (1, 2 or 3pg/kg) caused a significantly different dose-dependant increase in the tail-
flick response latency. In the same test, the effects of oxotremorine and epibatidine were blocked
by atropine and mecamylamine, respectively. In all the three nociceptive tests, naloxone in
combination with oxotremorine or epibatidine exhibited synergism of their effects.
Administration of atropine, mecamylamine or naloxone alone did not show any significant effect
on the nociceptive behaviour in any of the three tests.

In conclusion, the study showed that oxotremorine and epibatidine are effective
antinociceptive drugs in the naked mole-rat and that naloxone is able to potentiate their
antinociceptive effects. The data further reveals that the cholinergic system is crucial in pain

regulation in the naked mole-rat.
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CHAPTKR1

1:0 INTRODUCTION

Pain is an unpleasant sensory and emotional experience associated with actual or potential
tissue damage (IASP, 1979; Merskey el ai, 1986). Animals are sometimes subjected to stimuli
that disrupt the physical well-being of their body. The ability to detect such stimuli and take
action to minimize their effects revolves around nociception which is a basic feature of animals
(Kavaliers, 1988). Animals with such capability possess nociceptors and effectors, which respond
to the sensory input to induce either reflex and/or non-reflex behavioural responses. The capacity
to detect noxious events is vital for the survival of all animals. Animals that have various forms
of neuropathological conditions like congenital insensitivity to intense stimuli (Dennis and
Melzack, 1983) have greatly reduced life expectancies. One common feature is that all animal
species posses distinctive behavioural responses to noxious stimulation (Dennis and Melzack,
1983).

Different species of animals respond differently to noxious stimuli. Such differences also
exist in members of the same species. There is evidence indicating that sex (Bodman el al.,
1988), age (Kavaliers and Hirst, 1983), developmental changes (Hamm and Kinsley, 1988), and
geographical location (Innes and Kavaliers, 1987) influence nociception in animals.

Pain is one of the foremost causes of suffering in humans as well as in animals. Several
antinociceptive agents for pain suppression are available, but most of them are not always
adequate and are often associated with several adverse effects. The nociceptive system has been

investigated in a number of animals including mice and rats (Hunskaar, 1987a; Abram and



O’Connor, 1995; Abelson, 2005), in Fish (Olson et al., 1978; Kavaliers, 1984), in amphibia
(Pezalla, 1983; Pezalla and Stevens, 1984), in lizards (Mauk el al., 1981), in aves (Gentle and
Hill, 1987; Hughes and Sufka. 1991), and in wild rodents (Kanui and Hole, 1990; Towett and
Kanui, 1993.1995; Park el al., 2008). The use of different types of animal species is useful for
shedding light on evaluation of nociception, and the pharmacological and physiological
mechanisms that regulate pain behaviour.

The naked mole-rat is a good model for studying pain mechanisms in animals. Most of
the reported work on pain research in the naked mole rat involved the opioidergic systems (Kanui
and Hole, 1990; Kanui et al.. 1993; Towett et al., 2006, 2009). However, there is ample evidence
indicating the importance of other systems such as the serotonergic, adrenergic and cholinergic in
pain regulation in other rodents (Prado and Gon9alves, 1997; Hai-Chun et al., 2001; Abelson and
Hoglund, 2002a, 2002b. 2004; Abelson et al., 2004, 2006). Acetylcholine appears to be an
essential neurotransmitter in spinal pain modulation (Fiirst, 1999; Abelson et al., 2006; Cervero,
2009). Thus it is important to investigate the role of cholinergic system in pain modulation in
different species of animals. This study was performed to provide such information. Such a study

has never been reported in the naked mole-rat, a fossorial rodent having unique anatomy and

physiology.

11 OBJECTIVES
1:11 THE GENERAL OBJECTIVE

The main objective of this study was to evaluate, using common behavioural nociceptive
tests, the antinociceptive effects of cholinergic agonists and antagonists, and to determine any

existence of interactions with opioidergic system in the naked mole-rat.



1:1.2 SPECIFIC OBJECT IVES

The specific objectives of this study were:-

To investigate the effects of oxotremorine (a muscarinic receptor agonist) on pain induced

behaviour in the formalin, the hot-plate and the tail-flick tests.

* To investigate the effects of co-administration of oxotremorine and atropine or naloxone
on pain induced behaviour using the formalin, the hot-plate and the tail-flick tests.

* To investigate the effects of epibatidine (a nicotinic receptor agonist) on pain induced
behaviour in the formalin, the hot-plate and the tail-flick tests.

e To investigate the effects of co-administration of epibatidine and mecamylamine or

naloxone on pain induced behaviour in the formalin, the hot-plate and the tail-flick tests.

1:2 HYPOTHESIS

121 Null Hypothesis
The cholinergic system does not play any role in pain modulation and antinociception, and

neither have any interaction with the opioidergic system in the naked mole-rat.



CHAPTER 2

2.0 LITERATURE REVIEW

2:1 THE NAKED MOLE-RAT (Heterocephalus glaber)

The naked mole-rat (Heterocephalus glaber), a subterranean rodent belongs to the family
Bathyergidae. The animal inhabits the hot, dry regions of Kenya, Somalia and Ethiopia. The
rodent has a eusocial structure that resembles that of termites, and lives in colonies of 75-250
individuals with only one breeding female (Jarvis, 1981; Sherman el al., 1992; Faulkes et al;,
2004). They live in an environment characterised by high humidity (>70%), high temperature
(30-32°C), high carbon dioxide concentration (0.5-2%) and low oxygen concentration (15-20%)
(Sherman et al.,, 1992). The naked mole-rat shows peculiar and interesting physiology. The
metabolic rate is low (McNab, 1966, 1968; Jarvis, 1978; Park et al., 2008) and its
thermoregulatory capacity is very poor, and it has been classified as a poikilotherm mammal
(Jarvis, 1978). Furthermore, the mole-rat lacks subcutaneous fat and sweat glands, and conserves
water by excreting dry fecal pellets, and by producing concentrated urine (Sherman et al., 1992;
Towett and Kanui, 1993). The mole-rat has a comparatively long lifespan; in captivity some
animals have survived over 26 years (Sherman and Jarvis, 2002). It is an appropriate animal
model for human aging research (Buffenstein and Jarvis, 2002; Buffenstein, 2005).

The naked mole-rat has an interesting and unique nociceptive system. It has been reported
that the animal completely lacks cutaneous C-fibre immunoreactive to substance P and calcitonin
gene-related peptide (Park ei al., 2003, 2008). When treated with morphine or pethidine, they
show aggressive behaviour and hyperalgesia instead of analgesia in the hot-plate test (Kanui and

Hole, 1990; Towett and Kanui, 1993). This appears to be related to different properties of p-, 6-



and K-receptors in mole-rats, compared to other rodents (Towett ei al., 2006). Analgesic effects
of non-steroidal and steroidal anti-inflammatory drugs have been investigated in the animal
(Kanui el al., 1993; Karim ei al., 1993). Other analgesiometric tests, such as formalin-test, have
been used to demonstrate analgesic effects of opioids in the naked mole-rat (Kanui el al., 1993;
Karim el al., 1993; Towett ei al., 2009). In view of the cited data, the naked mole-rat appears to
be a very interesting animal model for pain research.
2:2 PAIN PHYSIOLOGY
2:2.1 Definition of Pain

Pain is a complex physiological phenomenon that often has a physical cause, associated to
injury to the body outside of the nervous system (Beecher, 1957). It is also extremely difficult to
recognize and interpret in animals. Pain has been defined by the International Association for the
study of Pain (IASP) as “An unpleasant sensory and emotional experience associated with actual
or potential tissue damage, or described in terms of such damage (IASP, 1979). Pain perception
is a subjective experience in that it differs not only in different subjects, but also in the same
subject at different times and in different situations. In the case of injury to the body outside the
nervous system, pain is initiated by mechanical, thermal or chemical changes in non-nervous
tissues; this causes activation of specific nerves which relay to spinal centres concerned with the
detection of injury, and thence to the thalamus and cortex. The animal's reaction to pain that
arises from the threat of tissue damage may prevent or greatly reduce further damage (Dennis and
Melzack, 1983). This depends on the time interval between the initial contact of a potentially

damaging stimulus and the onset of tissue damage. Such a threat-related, damage-minimizing

system causes pain sensation.



2:2.2 Pain Terminologies

The pain terminologies defined by a group of researchers led by Merskey (1986) for use
in pain research are as follows:

A noxious stimulus is one which is damaging to normal tissue. A nociceptor is a
specialized receptor or nerve ending that detects pain in the body. In animals, pain threshold is
the reflex signs of reaction to noxious stimuli. These include actions that are visualized as
lameness or biting and scratching at an irritation site, or obscure signs, such as loss of appetite,
lassititude, and dysuria. The primary' pain-related responses are autonomic, somatic motor, and
motivational affective (Melzack and Casey, 1968).

Analgesia is the absence of pain in response to stimulation which would normally be

painful, while hypoalgesia is diminished pain response to normally painful stimulus.
Hyperaesthesia is an increased sensitivity to stimulation, excluding the special senses. In some
conditions, excitation of pain fibers becomes greater as pain stimulus continues, leading to a
condition called hyperalgesia.
Hyperalgesia is therefore defined as an increased response to a stimulus which is normally
painful. The state of increased response to stimuli can be induced by heat, exposure to ultraviolet
radiation, or injection of hyperalgesic agents such as prostaglandins, histamines, bradykinins, and
capsaicin, into the skin (Nakamura-Craig and Smith, 1989). Hyperalgesia may also result from
opioid tolerance or in some cases following acute opioid administration (Towett and Kanui,
1993, 1995; Towett el al,, 2006, 2009).

Cutaneous injury causes hyperalgesia to heat and mechanical stimuli. The hyperalgesia

that occurs at the site of injury is referred to as primary hyperalgesia while hyperalgesia felt in



the area surrounding the injury is known as secondary hyperalgesia (Hardy et al., 1950; LaMotte
el al., 1982, 1991; Raja el al.. 1984). It has been demonstrated that primary hyperalgesia to heat
stimuli is mediated by sensitization of peripheral A8 - and C - fibres (Meyer and Campbell, 1981;
LaMotte el al., 1982; Torebjdrk el al., 1992). Secondary hyperalgesia is due to the sensitization
of neurons in the central nervous system caused by discharges of nociceptive afferents (A6 - and
C - fibres) (Simone el al., 1991; LaMotte el al., 1991; 1992). When nociceptors are stimulated
they release excitatory amino acids and other peptides like substance P, neurokinin-A, vasoactive
intestinal peptide and calcitonin gene-related peptide (CGRP) in the central nervous system
(Gamse el al., 1979; Sorkin and McAdoo, 1993). The agents have a sensitizing effect on
nociceptors and can cause hyperalgesia.

The N-methyl-D-aspartate (NMDA) receptors are essential for development of central
sensitization (Haley el al., 1990: Coderre el al., 1993; Woolf and Chong, 1983; Dolan el al.,
2000; Wamcle el al., 2000). NMDA receptor activation results in the production of a number of
intracellular second messengers, including nitric oxide and prostaglandins, which are also closely
associated with the development of hyperalgesia (Malmberg and Yaksh, 1992; Meller el al.,
1994; Dolan and Nolan. 1999).

Allodynia is pain from normally non-painful stimuli. It is due to activity in non-
nociceptive. myelinated, fast conducting. A0 tactile afferents, which evoke pain in the event of
inflammation or after nerve injury (Price et al., 1989; 1992; lorebjork et al., 1992). Nociceptor
activity originating in the area of the injury triggers and maintains a state ot central sensitization
that amplifies the sensory effects of AP tactile input, rendering it painful (Price et al., 1989; 1992;

Kajander el al., 1992; Torebjdrk el al., 1995).



Pain threshold can be influenced by a number of factors, including diurnal variation, race,
sex, age, circulatory change, skin temperature, trauma, anxiety and fear (Beecher, 1957; Rosland,
1991, Hole and Tjolsen. 1993). Analgesic agents are capable of altering pain threshold in animals
and humans. Hyperalgesia, sweating, fatigue and high partial pressure of carbon dioxide do also
influence pain threshold in both humans and animals (Beecher, 1957). Finally, Pain tolerance
level is the greatest level of pain which a subject is prepared to tolerate.

2:3 PERIPHERAL MECHANISMS OF NOCICEPTION

Peripheral mechanisms of nociception are among the multiple mechanisms that can
produce pain, identified as peripheral sensitization or nociceptor activation and structural
organization.

2:3.1 Pain Transmission

Nociception is the sole mechanism underlying physiological activities that lead to a
painful sensation. Nociception comprises the processes of detection, transduction, conduction and
perception. Transduction is the conversion of a noxious thermal, mechanical or chemical stimulus
into electrical activity that comprises action potentials in the peripheral terminals of A8 - and C -
fibres. Transduction is mediated by nociceptors and nociceptive afferents (Beital and Dubner,
1976; LaMotte el al., 1982).

The transducer ion channels are non-selective cation or sodium channels that are gated by
temperature, chemical ligands and mechanical shearing forces (Ephrem and Dennis, 1994). Once
they are activated, the channels open and sodium or calcium ions flow into the nociceptor
peripheral terminal producing an inward current that depolarizes the membrane. It the

depolarizing current is sufficient to activate voltage-gated sodium channels, they will open,



further depolarizing the membrane and initiating a burst of action potentials (Ephrem and Dennis,
1994).

The conduction of the action potentials is the passage from the peripheral terminals along
axons to the central terminal of nociceptors in the central nervous system. Transmission of action
potentials occurs through synaptic transfer and modulation of input from one neuron to the other.
The nociceptive pathways can be described as a three-neuron chain that transmits nociceptive
information from the periphery to the cerebral cortex. The first-order neurons, which constitute
the nociceptive afferents. have their cell bodies in the dorsal root ganglion from where two axons
project, one to the peripheral tissues and the other to the dorsal horn of the spinal cord. In the
spinal cord, the signal is switched over to the second order neurons and ascends to the thalamus
or other regions of the brainstem. From the thalamus, the third-order neurons project to the
cerebrocortex, (Cross, 1994; Millan, 1999).

2:3.2 Naociceptors

Peripheral neural mechanisms of pain sensitivity in various species ot animals have been
extensively investigated (lggo. 1959, 1960; Burgess and Perl. 1967; Burgess et al., 1968; Perl,
1968; Bessou and Perl, 1969; Iggo and Ogawa, 1971; Beital and Dubner, 1976; Georgopoulos,
1976). In most peripheral tissues throughout the body, such as the skin, the muscles, joints and
viscera, the presence of nociceptors has been described. The nociceptors are free nerve-endings
that have their cell bodies outside the spinal column in the dorsal root ganglion. Nociceptors can
be directly activated by strong mechanical, thermal or chemical stimuli, or activated after being
sensitized during tissue injury, inflammation, ischemia or low pH (Cross, 1994; Willis and

Westlund, 1997; Riedel and Neeck, 2001). One of the fundamental influences on nociceptive



sensitivity is the pH of the surrounding tissue. High local proton concentrations occur in many
inflammatory states (Steen et al., 1992; Steen and Reeh, 1993). Decreased pH contributes to
sensitization of polymodal nociceptors (Handwerker el al., 1991, 1992; Reeh and Steen, 1996).

Altered pH of the local chemical environment of peripheral nociceptors is a particularly
important factor in inducing mechanical sensitization and ischemic pain (Steen el al., 1992; Steen
and Reeh, 1993; Dray. 1995). A combination of inflammatory and chemical mediators with
altered tissue pH appears to be more effective in inducing sensitization than individual chemical
mediators alone (Handwerker et al., 1992).

The presence, specificity and threshold of the nociceptor transducers are the most
important filters in the activation of nociceptors and define the different classes of primary
sensory neurons as unimodal. which react only to one type of stimulus (e.g. noxious heat) or
polymodal, which react to several kinds of stimuli. Polymodal primary sensory neurons are more
common than the unimodal variety. Some nociceptor neurons are effectively silent; they fail to
react under normal circumstances to any non-damaging stimulus because the basal threshold of
their transducers is high (Almeida el al., 2004).

The nociceptors are associated with the first-order neurons. There are two types ol first-
order afferent nerve fibres; A6-and C-fibres. The AS-fibres are thinly myelinated, 2-6 pm in
diameter and conduct nerve signals with a velocity of about 30-100 m/s. The C-libres are
unmyelinated and thereby thinner (0.4-1.2 pm) than the AS-fibres. The C-fibres are also slower in
conducting nerve signals with a velocity of 12-30 m/s (Besson and Chaouch, 1987; Almeida el

al., 2004). Both the A5-and C-fibres are abundant in the skin, muscular and articular tissues.
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Noxious stimuli when applied to the skin, excites nociceptors resulting in the generation
of impulses and the perception of pain that can be divided into two components, referred to as
sharp rapidly conducted pain and the slow, dull longer lasting pain (Campbell and LaMotte,
1983). There is evidence that these two types of pain are mediated by two different afferent
fibres. The A5-fibres mediate the sharp pain, while C-fibres mediate the dull or burning pain
(Zotterman, 1939; lggo and Ogaw'a, 1971; Torebjork and Hallin, 1973; lania el al., 2004). The
dual sensation of pain is attributed to the different nerve fibre conduction velocity.

The A6- and the C-fibres can transmit both innocuous and noxious stimuli. However, the
threshold for the response of these receptors to noxious stimuli is variable, with the activity
increasing with the intensity of stimulation, and in all cases, the maximal response is only
produced by frankly noxious stimuli (Bessou and Perl, 1969; Beital and Dubner, 1976;
Georgopoulos, 1976). The majority of nociceptors so far examined are excited by a number of
stimuli i.e. strong mechanical stimuli, noxious heat and chemical irritants (Armstrong el al.,
1953; lggo, 1959; Fjalibrant and lIggo, 1961; Burgess and Perl, 1967; Bessou and Perl, 1969;
Iggo and Ogawa, 1971). These receptors are thus referred to as polymodal nociceptors and are
connected to unmyelinated afferents (Bessou and Perl, 1969).

The C-fibres transmit pain more slowly than the A-fibres do because the C-tibres are
smaller and lack a myelin sheath, (Chakour el al., 1996). The C-fibres polymodal nociceptors that
have been demonstrated using electrophysiological studies in several mammalian species,
including the cat (Bessou and Perl, 1969; Beck el al., 1974), the monkey (Burgess and Perl,
1973; Beital and Dubner. 1976: Georgopoulos. 1976) and man (Torebjork and Hallin, 1974).

Thermal threshold of C-polymodal nociceptors in the monkey is in the range of 45-55" C (Beital



and Dubner. 1976). When the temperature is raised from the threshold level to 50-53° C, the C-
polymodal nociceptors become sensitized on further application of heat, and also other chemical
irritant stimuli (Bessou and Perl. 1969; Beital and Dubner, 1976). Sensitization is manifested by a
reduction in the threshold temperature, an increase in the frequency of discharge, a reduction in
the response latency, and the presence of after-discharge (Beital and Dubner, 1976). Therefore,
hyperalgesia and hyperesthesia caused by nociceptive stimulation can be explained on the basis
of sensitization (Besson and Chauoch, 1987).

Application of injurious stimuli such as scratching or ultraviolet light, or injection of
irritant substances to the skin may also cause sensitization (Lynn, 1977; Reeh et al., 1987; Clarke
and Harris, 2004). The studies that have been undertaken so far on mammalian nociceptors,
demonstrated that sensitization may be produced using heat, mechanical, adenosine triphosphate
(ATP) and acid pH stimulation (Reeh and Steen, 1996). Chemical mediators released into the
tissues following an injury promote sensitization of peripheral nociceptors. The key mediators
that have been identified include histamine, bradykinins, serotonin, potassium ions, ATP,
protons, prostaglandins, nitric oxide, leukotrienes and cytokines (Handwerker, 1976; King el al.,
1976; Dray, 1995; Ji et al., 2003).

The effects of these mediators involve binding to specific receptors, activation of ion
channels for depolarization, release of a range of neuropeptides to promote neurogenic
inflammation, activation of intracellular second messenger systems and alteration of neuronal
properties by modifying gene transcription (Dray. 1995; Bevan. 1996). A number of receptors
and second messenger systems may be activated following the release of different inflammatory

mediators (Mizamura and Kumazawa, 1996).



The chemical mediators have been found to play a major role for both the peripheral and
central sensitization mechanisms. As opposed to central sensitization, peripheral sensitization
mechanisms produce increases in pain sensitivity restricted to the site of inflammation. The
intracellular contents release is further augmented by inflammatory cells recruited to the site of
damage (Levine and Reichling, 1999). Central sensitization requires brief but intense nociceptor
activity produced by sensitized nociceptors during inflammation and by spontaneous ectopic
activity generated in sensory neurons after nerve injury. The C-polymodal nociceptors can also
be sensitized by prolonged intense thermal stimuli above 55° C (Bessou and Perl, 1969; Beital
and Dubner. 1976; Georgopoulos, 1976), transient contact with a very hot object (>75° C) or
when the stimulation is repeated at short intervals. The inactivation is due to gross destruction of
tissue, presumably including the nerve terminal.

The A-polymodal nociceptors are associated with A8 fibres and are activated by high
threshold mechanical and thermal stimuli, and their characteristics are almost like those of C-
polymodal nociceptors (Georgopoulos. 1976). The receptors are also capable of being sensitized
by thermal stimuli. Receptors that are exclusively excited by thermal nociceptive stimuli (heat or
cold) have been rarely reported (Iggo, 1959; Georgopoulos, 1976). These receptors do not seem
to form a large population, compared to polymodal A5 and C-nociceptors (Bessou and Chauoch,
1987).

Nociceptors that are excited best by strong mechanical stimulation, unimodal
mechanoreceptors, have been described (Iggo, 1960; Burgess and Perl, 1967; Burgess el al
1968; Perl, 1968: Bessou and Perl. 1969; Georgopoulos, 1976). These receptors driven by A5-

and C-fibres are not excited by noxious heat, intense cold or algesic chemicals. Repeated



applications of noxious heat stimuli may however sensitize these receptors to heat (Fitzgerald and
Lynn, 1977).
2:3.3 Mechanisms of Nociceptor Activation

The mechanisms of activation of nociceptors by natural stimuli are not clearly
known. However, a direct effect of the stimuli and an indirect effect involving algogenic agents
have been suggested (Besson and Chauoch. 1987). The short response latency observed
following noxious stimulation of C-polymodal fibres (Iggo, 1959; Hensel and Boman, 1960)
suggests acute peripheral sensitization on the receptor. Severe nociceptive stimuli can also cause
tissue injury resulting in the release of biologically active agents (Lim, 1970). These algogens in
turn excite the nociceptor. Administration of such algogens to intact or inflammed skin has been
shown to produce pain of different qualities (Armstrong el al., 1953). Capsaicin is the pungent
ingredient of peppers that activates transient potential vanniloid-l (TRPV1) receptor and
produces an intense but transient pain owing to activation of TRPV1-expressing nociceptors (Ji,
et al., 2002). Capsaicin causes both sensitization and desensitization of nociceptive fibres to
noxious stimuli (Schmelz el al., 2003). Repeated administration of capsaicin produces
desensitization due to depletion of substance P and CGRP.

While capsaicin always evokes pain but never itching, histamine always provokes itching
but rarely pain (Schmelz el al.. 2003). The pruritic potency of inflammatory mediators is
characterized by their ability to activate histamine positive mechano-insensitive C-fibres
(Schmelz et al., 2003). However, concomitant activation of mechano-sensitive and mechano-
insensitive histamine negative nociceptors will decrease the itch. lherefore the itch sensation is

based on both, activity in the "itch-pathway" and absence of activity in the "pain-pathway"
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(Schmelz el al., 2003). Ihis may therefore indicate that the mechanism of actions of different
algogens is at least in part different. The role of the algogens in the mechanism of nociceptor
stimulation has also been investigated using elcetrophysiological methods (Dash and Deshpande,
1975; Handwerker. 1976; King el al., 1976).

The algogens that have received a lot of emphasis are prostaglandins of the E series which
tend to sensitize nociceptors to other algogens (Ferreira, 1972) and also to mechanical stimulation
(Ferreira el al., 1973; Moncada el al., 1975; Handwerker. 1976). Corticosteroids are potent anti-
inflammatory' agents and capable of depressing the sensitizing effect of algogenic endogenous
substances (King el al.. 1976). The possible role in peripheral neural mechanisms and sites of
action of algogenic agents have been suggested to be either at the receptor or terminal portions of
the sensory fibres (Dash and Deshpande, 1975). Peripheral nociceptive function may be modified
by substances released by the peripheral terminals of primary nociceptive afferent when activated
(Lynn, 1977).

Since polymodal receptors respond to a wide range of stimuli, it is apparent that different
molecular receptors and second messenger systems are involved in excitation and sensitization
for different stimulation modalities (Mizamura and Kumazawa, 1996). It is therefore important to
note that nociceptors may become differentially sensitized to thermal, mechanical and/or
chemical stimuli. An individual nociceptor can potentially exhibit sensitization to thermal stimuli
for example, while retaining normal sensitivity to mechanical or chemical stimuli.

2:4 SPINAL ANI) SUPRASPINAL CONTROL OF NOCICEPTION
About 70% of nociceptive fibres enter the spinal cord through the dorsal root, but the rest

double back and enter the ventral root. The grey matter of the spinal cord has ten layers or



laminae. The important ones that ;ire directly involved in pain modulation are lamina | (marginal
zone), lamina Il (substantia gelatinosa), lamina V (part of "nucleus proprius of dorsal horn” with
IV, VI), laminae VII and VIII (intermediate spinal grey matter with X). Unmyelinated C-fibres
synapse in laminae 1to V. while A6-fibres synapse in laminae I, V and X (Willis and Westlund,
1997; Beydoun and Misha-Miroslav, 2003).

2:4.1 Organization and Physiology of the Dorsal Horn of the Spinal Cord

The spinal cord laminae reflect neuronal groupings as seen in cytoarchitectonic studies
(using Nissl’s stains) based on shapes, sizes, density and distribution of neuronal cell bodies
(Rexed, 1952, 1954). Such lamination has been noted in the rat (Steiner and Turner, 1972), and in
the monkey (Scheibel and Scheibel, 1968; Light and Perl. 1979a. 1979b; Ralston and Ralston,
1979). Laminae I-VI altogether makes up the dorsal horn. Lamina | consists of small, medium
and large-sized cells that are scattered and their cell bodies have a primarily horizontal
arrangement (Rexed. 1952. 1954: Scheibel and Scheibel. 1968; Light and Perl, 1979a). The large
lamina | (LI) neurons also known as marginal cells occupy the dorsal margin of lamina |
(Waldeyer, 1888). This layer of the spinal cord is usually referred to as the marginal zone of
Waldeyer.

The marginal cell bodies are flattened between the overlying white matter and the
underlying LIl (Waldeyer. 1888; Rexed. 1952, 1954; Scheibel and Scheibel, 1968). Gobel (1978)
classified LI cells into two groups. The LI cells comprise pyramidal and multipolar cells that can
be further subdivided into two subgroups respectively. The dendrites ol the marginal cells travel
between the plane of the white matter and the outer cells of LIl (Cajal, 1909; Scheibel and

Scheibel, 1968: Kumazawa and Perl, 1978; Light et al., 1979) but occasionally, dip down into
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LIl. Marginal cells of LI have axons that project for long distances but also have local
connections with other LI neurons via short axons or collaterals via Lissauer’s tract
(Szentagothai. 1964).

Christensen and Perl (1970) reported that the marginal cells in LI respond to peripheral
stimulation in either one of the three ways: the first group of cells responded only to mechanical
nociceptive stimulation. The second group was responsive to mechanical and thermal nociceptive
fibres. The presence of nociceptive neurons in LI has also been confirmed in the rat (Menetrey el
al., 1977; Kumazawa and Perl, 1978: Cervero el al.. 1979).

Lamina Il (Rexed, 1952, 1954) is a well-defined layer running from the medial side of the
dorsal horn, across it. around the apex and down the lateral side. 1he layer also referred to as
substantia gelatinosa (SG) is covered dorsally and laterally by Lamina 1 and consists of small
closely packed cells with radial orientation with respect to the surface of the cord (Rexed, 1952,
1954; Szentagothai, 1964). Two distinct cell types were described by Cajal (1909), the central
cells and the border cells, also called the islet and stalked cells respectively (Gobel, 1978; Light
and Perl, 1979b: Ralston and Ralston, 1979). The dendrites of Lamina Il cells remain largely
within Lamina Il and are extensively branched (Szentagothai, 1964; Scheibel and Scheibel.
1968). The axons of both these cells are thought to end within the substantia gelatinosa
(Szentagothai, 1964; Sugiura, 1975) and on this basis; the substantia gelatinosa is regarded as a
closed system. Central cells appear to have axons that remain within LIl (Gobel. 1975, 1978,
Bennet et al.,, 1980). The substantia gelatinosa (SG) is made up of neurons that respond

exclusively to noxious stimuli (Light et al., 1979; Wall et al., 1979; Bennet el al., 1980, Fiirst,
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1999). It is mainly at the SG where the afferent A5-and C-fibres terminate and where the switch-
over to second order neurons occurs.

It has been observed that pain from the viscera is sometimes referred to the skin. This is
due to a viscero-somatic convergence. Viscero-somatic convergence occurs in Lamina V and
VIII of the spinal cord (Selzer and Spencer, 1969). Milne et al., (1981) demonstrated that in the
monkey viscero-somatic convergence of both visceral or testicular and cutaneous nociceptors
occurred on spinothalamic neurons. Thus some of the neurons showing convergence project to
the thalamus.

2:4.2 Spinal Cord Pathways

From the dorsal horn, the nociceptive information is transmitted to the brain via the
second-order neurons. These neurons have their cell bodies in the dorsal horn and their axon
terminations in the brain, and are mainly of two types, wide-dvnhamic-range (WDR) and
nociceptive-specific (NS) neurons. The WDR neurons respond to non-noxious and noxious
stimuli, while the NS neurons respond solely to noxious stimuli. The second-order neurons reach
the brain via afferent pathways (Cross, 1994: Almeida et al., 2004).

There are five main ascending spinal pathways involved in nociception, these are the
spinothalamic tract, the spinoreticular tract, the dorsal column sub-pathway, the spinocervical
tract and spinomesencephalic tract. The spinothalamocortical connections are the major
ascending central pathways for pain in the antero-lateral quadrant ol the spinal cord (Willis,
1985; Palecek et al.. 2002). The pathways terminate in the contralateral thalamus via two
projections. In the lateral projection, the spinothalamic axons mainly originate in laminae | and V

and terminate in the ventral posterior lateral nucleus and the ventral posterior inferior part of the
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lateral thalamus. In the medial projection, axons originate from deeper parts of the dorsal horn,
and from the ventral horn, and terminate in the central lateral locus. The thalamus is considered
the most important relay for reception and processing of nociceptive information at the
supraspinal level. The lateral part of the thalamus is thought to be involved in the sensory-
discriminative component of pain, while the medial part is involved in motivational-affective
aspects of pain (Hodge and Apkarian. 1990; Cross, 1994; Willis and Westlund, 1997; Almeida el
al., 2004; Abelson. 2005). Spinothalamic neurons respond well to cutaneous noxious, mechanical
and heat stimuli (Kenshalo et al., 1979; Surmeier el al., 1986). Responses of spinothalamic
neurons to mechanical stimuli can be enhanced after strong stimulation ot C-fibres, as shown
following capsaicin intradermal treatment (Dougherty and Willis, 1992).

The spinoreticular tract is a major secondary pathway that is important for nociceptive
signaling (Kevetter el al.. 1982; Willis, 1985). The neurons of this tract originate from the same
areas as for the spinothalamic tract. On reaching, the dorsal and ventral horn the spinoreticular
tract axons run as far as the nuclei of reticular formation. These neurons have both nociceptive
and non-nociceptive inputs. The tract projects into the nucleus gigantocellularis and nucleus
parvocellularis of the medulla (Willis, 1985). lhe spinoreticular tract is thought to be concerned
with generalized cortical activation that includes arousal, autonomic, and somatomotor escape
and orientating responses associated with pain (Price. 1999).

The spinocervical tract is predominantly associated with transmission of tactile stimuli
but may also act as a minor pathway for noxious information. Its neurons originate in layers Il
and IV of dorsal horn and ascend in the postero-lateral cord and end in the lateral cervical nucleus

where most of its neurons cross over and project to the thalamus.
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The dorsal column sub-pathway originates from neurons of layers Il and IV of the spinal
cord and project to the dorsal column nuclei. The sub-pathway is known to conduct information
from low threshold mechanoreceptors (Willis and Coggeshall. 1991) and transmission of visceral
nociceptive signals in the rat (Palecek et al., 2002).

The spinomesencephalic tract includes projections to different areas in the midbrain. Most
axons originate in laminae 1 and IV-VI, but some have their origin in lamina X or in the ventral
hom. The tract terminates in regions such as periaqueductal gray (PAG), nucleus cuneiformis,
intercolliculus nucleus, deep layers of the superior colliculus, and anterior and posterior pretectal
nuclei. The projections to the PAG seem to contribute to arousal, autonomic, aversive behaviour
and orientating responses associated with pain (Willis and Westlund, 1997; Almeida et al., 2004;
Abelson, 2005).

In addition, several other ascending nociceptive pathways have been described. The
spino-limbic tracts consist of the spinorcticulothalamic, the spinoamygdalar, and the
spinohypothalamic pathways (Burstein et al., 1987. 1990). Neurons of the spinohypothalamic
tract originate from similar areas as those of spinothalamic tract and terminate into the
hypothalamus, a structure that contributes to responses associated with painful stimulation
(Almeida et al., 2004).

The nociceptive information is transmitted from the thalamus to the cerebral cortex via
third-order neurons. Depending on their origin, the neurons terminate in different parts of the
cortex. Neurons from the lateral thalamic nuclei project to the primary somatosensory cortex,
where a conscious localization and characterization of the pain occurs. Neurons from the medial

nuclei are projected to the Anterior Cingulate Gyrus, which has been suggested to be involved in
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perception of suffering, and emotional reactions to pain. Several other areas of the cerebral cortex
have also been described as important for processing of nociceptive information and the
experience of pain. The secondary somatosensory cortex, regions of the interior and anterior
parietal cortex, the insular cortex and the medial prefrontal cortex have all been identified as
regions activated by noxious stimuli from cutaneous and intramuscular tissue (Cross, 1994; Davis
ct al., 1997; Casey. 1999; Riedel and Neeck, 2001; Timmermann et al,, 2001, Abelson, 2005).
2:4.3 Gate Control Theory of Pain

The gate control theory of Melzack and Wall (1965) is the basis of most research work on
pain mechanisms. At the dorsal horn of the spinal cord three components of the gate control
interact. They are the sensory afferents, the segmental cells, and the descending controls. The
sensory afferents include the nociceptive and the low-threshold large-diameter afferents. The
segmental cells are cells within the central nervous system whose role is to select and compute
combinations that terminate on them (Wall, 1983).

Melzack and Wall (1965) in their gate control system model proposed that the substantia
gelatinosa (SG) acts as a gating mechanism to control afferent input before it affects the spinal
nociceptive neurons (T cells) located in the dorsal horn. The theory suggests that the inhibitory
action of SG on nociceptive transmission is influenced by the activity of primary afferents.
Stimulation of large fibres enhances the inhibitory effect ol SG neurons, while stimulation of
small fibres (A8- and C-fibres) reduces it. For the gate to operate properly, it was suggested that
an on-going activity in A8- and C-fibres, a stimulus-evoked activity, and a relative balance of
activity in large verses small libres need to be present. It was postulated that tonic activity in

small fibres would keep the gate partly open, while an input over large fibres would close the
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gate, thus limiting the output from the nociceptive neurons. Descending pathways are also
capable of altering the gate, by probably setting the excitability level of both the pre-and
postsynaptic mechanisms.

One of the main features of this theory is that output from the SG neurons is determined
by the activity in low and high thresholds afferents that converge onto them. The dorsal horn
neurons, including those receiving inputs trom nociceptors receive convergent inputs from low
and high thresholds afferents (Wall, 1967; 1973; Pomeranz el al., 1968; Wagman and Price,
1969; Gregor and Zimmerman, 1972). Some studies have demonstrated the gate control system
activity when large diameter afferents inhibits nociceptive transmission and cutaneous afferents
induce analgesia (Wall and Sweet, 1967; Gregor and Zinunerman. 1972; Cervero el al., 1976).
Spinal cord stimulation has also been shown to inhibit nociceptive responses in Lamina V cells
(Hillman and Wall. 1969; Foreman el al., 1976). Evidence supporting the role of descending
control systems in the gate theory has been well demonstrated (Wall. 1967; Hillman and Wall,
1969; Reynolds, 1969: Schmidt, 1973; Cervero el al., 1976).

2:44 Dorsal Horn Ncuroehcmicals

There are endogenous substances involved in the control of nociception both at the
segmental and at the higher levels of central nervous system. I|hese substances include several
amino acids, opioids, acetylcholine, noradrenaline, serotonin (5-hydroxytryptamine or 5-HT),
gamma-amino butyric acid (GABA) and dopamine (Yaksh. 1991). The substances modify pain
processing in a wide variety of experimentally induced or clinically related pain states by
interacting with specific receptors (Pert. 1987; Nicoll el al.. 1990; Vaksh, 1991). Most of these

substances are released to the spinal cord from the terminals of descending systems originating
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from supraspinal structures. These include opioidergic, GABAergic. noradrenergic, serotonergic
and cholinergic systems.

In the superficial dorsal horn, a large variety of receptor classes and neurotransmitters
exist. Peripheral noxious stimuli lead to nociceptor activation followed by release of
neurotransmitters in the dorsal horn. The most important neurotransmitter classes for nociceptive
transmission are neuropeptides and excitatory amino acids such as glutamate and aspartate. The
major neurotransmitter released from primary aflercnts is substance P (SP). an 1l-amino acid
polypeptide and a neuromediator for thin nociceptive afferent fibres. SP is found in great
concentrations at the level of the dorsal roots and dorsal horn (Takahashi and Otsuka, 1975;
Otsuka and Konishi. 1976). Thus, the primary afferent neuron transmits neural stimuli centrally
and releases neuromediators of inflammation peripherally into surrounding tissue. SP is released
from peripheral nerve endings at the site of injury (Lynn. 1977; Lembeck and Holzer, 1979)
where it induces neurogenic inflammation. SP also sensitizes nociceptors to further challenges
with its sub-threshold doses and also to other analgesic agents such as dopamine or prostacyclin
(Nakamura and Smith, 1989). This shows that the effects of SP on nociceptors are exerted via
peripheral receptors. SP present in primary afferent fibres is involved in excitatory transmission
processes related to the passage of nociceptive information in the spinal cord. SP modulates the
excitability of dorsal horn neurons. It usually co-exists with calcitonin-gene-related-peptide
(CGRP) in the same sensory neurons (Wiesellleld-Mallin et al., 1984).

Other substances that act as neurotransmitters in primary alferent fibres are excitatory
amino acids and adenosine 5 -triphosphate. Ihe nociceptive transmission by excitatory amino

acids, such as glutamate and aspartate, is mediated by ionotropic and metabotropic glutamate
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receptors. The ionotropic receptors can be divided into three sub-categories; N-methyl-D-
aspartic acid (NMDA), a-amino-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) and
kainate receptors (Hurst, 1999. Hao-Jun et al., 2002. 2003; Spivak et al., 2004; Chu and Moenter.
2005). The metabotropic glutamate receptors (mGIuRs) consist of at least eight subtypes and are
present in the spinal cord (Coggeshall and Carlton. 1997; Fiirst, 1999; Millan. 1999; Riedel and
Neeck, 2001).

Nitric oxide also plays an important role in nociceptive transmission. Nitric oxide has
been shown to contribute to the antinociceptive actions of opioids as well as of adrenergic and
cholinergic agonists, at both spinal and supraspinal levels (lwamoto and Marion, 1994a; lwamoto
and Marion. 1994b: Xu and Tseng, 1994; Xu et al., 1997). Nitric oxide production plays a pivotal
role in the mechanisms of central sensitization and has been proposed to initiate presynaptic
glutamate release. (Fiirst. 1999). It has been proposed that the activation of the NMDA receptor
leads to an influx of calcium ion. which activates the enzyme nitric oxide synthetase. Intracellular
nitric oxide release stimulates transduction of protein kinase C. increases the effects of glutamate,
and may interfere with release of inhibitory neurolransmitters Irom inhibitory neurons (Carr and
Cousins, 1998: Basbaum, 1999). The nitric oxide antagonists prevent central sensitization and
enhance the antinociceptive effect of oxotremorine (Machelska et al., 1999). The stimulation of
muscarinic and nicotinic receptors by cholinergic agonists is pivotal in the modulation of spinal
antinociceptive mechanisms by nitric oxide (Xu et al., 1996. 2000).

2:45 Opioidergic system
The opioidergic system is important in supraspinal as well as spinal antinociceptive

mechanisms. Opioidergic mechanisms arc mediated by three types of opioid receptors i.e. p-,
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and 5- receptors. The p-receptor is generally considered the most essential in antinociceptive
actions, but if-, and 8- receptors have also been shown to mediate antinociception. In addition,
there is a fourth type of opioid receptor the e-receptor, which is thought to mediate p-endorphin-
induced analgesia, but the existence of such a receptor is still controversial. Activation of opioid
receptors can inhibit Ca' channels specifically on afferent C-fibres and thereby inhibit their
spinal activity. Opioid receptors are also present on interneurons and cell bodies of second-order
neurons, where the nociceptive information can be blocked (Taddese el al., 1995; Ossipov el al.,
2004). The various subtypes of opioid receptors have high al Unity tor naloxone (Yaksh, 1987a).
Opioid receptors in the spinal cord are found throughout the spinal gray matter, with a higher
density in the dorsal horn (Fields el al., 1980; Slater and Patel, 1983; Morris and Herz, 1987).
Opioid receptors arc also found pre- and postsynaptic to small primary afferent terminals
(LaMotte el al., 1976: Gamse el al., 1979; Fields el al., 1980; Yaksh, 1987b). In addition, the
opioidergic system has been found to interact with NMDA receptors, which might contribute to
the antinociceptive actions of opioids, but also to development of tolerance to and dependence ol
opioid agonists. The opioids may act by modulating the NMDA receptor-mediated
electrophysiological events or by interacting at an intracellular level (Mao. 1999).
2:4.6 GABAergic system

The GABAergic system is one of the descending systems implicated in modulation of
nociception at the spinal cord level (Hole and Berge, 1981; Berge, 1986; llunskaar, 1987a).
Studies have shown that GABA is an inhibitory neurotransmitter in the central nervous system of

vertebrates. (Schmidt, 1973: Roberts, 1984). There are at least two subclasses of GABA
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receptors, GABA-A and GABA-B (Algiers and Nicoll, 1982; Bowery et al., 1984). These
receptors are widely distributed in the central nervous system (Nicoll etal., 1990).

Intrathecal injections of GABA-B agonists have been shown to produce a measurable
effect on thermal nociception in the rat (Wilson and Yaksh. 1978). Activation of GABA-B
receptors can also depress substance P release from peripheral sensory neurons. Krogsgaard-
Larsen, (1984) reported potent antinociceptive effect by specific GABA-A agonists in animals
and man. GABAergic receptors are Cl- channel whose activation leads to CI- influx,
hyparpolarisation leading to analgesia.

Administration of GABA agonist, muscimol, can potentiate morphine analgesia in the
hot-plate and tail-flick tests in rodents (Biggio et al.. 1977). Intensification of morphine analgesia
in the hot-plate test in both naive and tolerant mice has also been documented after injection of
GABA-transaminase inhibitors (Contreras et al., 1979).

2:4.7 Noradrenergic system

The Noradrenergic system is one of the diffusely organized systems in the central nervous
system, but mainly’ associated to nucleus locus coeruleus (Nicoll et al, 1990).
Pharmacophysiological studies in the peripheral and the central nervous systems indicate that
noradrenaline can act on four distinct receptor subtypes: alpha-1 (ct|. alpha-2 (02), beta-1 (Pi) and
beta-2 (P2)-

Activation of bulbospinal noradrenergic pathways by brainstem manipulations strongly
inhibits the activity of dorsal horn neurons (McCreery et al., 1979) and produces a behavioural
analgesia in animals (Segal and Sandberg. 1977), and iontophoretic application of noradrenaline

depresses neuronal responses in dorsal horn to noxious stimulation (Bngberg and Ryall, 1966,
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Belcher et al.. 1978). These reports suggest that the descending noradrenergic systems exercise a
tonic inhibitory influence on spinal mechanisms mediating nociception and that modulation of
pain transmission may differ with the analgesic tests.

2:4.8 Serotonergic system

The involvement of central serotonergic systems in the regulation of nociceptive
information is well documented (Belcher et al., 1978; Yaksh. 1979; \aksh and Wilson, 1979;
Kuraishi et al.. 1983. 1985; Roberts. 1984; Bcrge, 1986). Most of the afferents utilizing serotonin
(5-hydoxytryptaminc) originate from the nuclei of the median raphe. Diffuse afferents from these
nuclei innervate virtually all levels of the central nervous system from sacral spinal cord up
through telencephalon (Nicoll et al., 1990). 1his discrete distribution of 5-hydoxytryptamine
(5-HT) provides the basis for an influence on numerous central nervous system functions such as
endocrine activity. appetite, sleep mechanisms, sexual behaviour, temperature regulation, motor
activity and some cognitive functions including memory and learning (Slater and Blundell, 1980,
Cox etal, 1981; Steinbusch. 1981; Lin et al., 1983; Nicoll et al., 1990).

The 5-11T receptors are the receptors for serotonin. They arc located on the cell membrane
of nerve cells and other cell types in animals and mediate the effects of serotonin as the
endogenous ligand and of a broad range of pharmaceutical and hallucinogenic drugs. 5-111
receptors mediate the pre- and postsynaptic actions of 5-HT. 1hey are classified into seven
groups (5-HT |.7), comprising a total of at least 14 structurally and pharmacologically distinct
mammalian receptor subtypes (Hoyer et al.. 1994). With the exception ol the 5-HT3 receptor, a

ligand gated ion channel, all other 5-HT receptors are G protein coupled seven transmembrane
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(or heptahelical) receptors that activate an intracellular second messenger cascade (Hannon and
Hoyer, 2008). Serotonergic action is terminated primarily via uptake of 5-HT from the synapse.

It has been shown that serotonergic systems may enhance or leave unaltered the
behavioural responses, depending on the type ol noxious input (Fasmer el al., 1983, 1985; Berge
ei al., 1985). Further, different serotonergic mechanisms modulate complex and reflex responses
to noxious stimulation (Ogren and Berge, 1984).

2:4.9 Cholinergic system

The cholinergic system is extremely diffuse, innervating most regions ot the central
nervous system (Nicoll el al., 1990). 1llie ellects ol this system are mediated through muscarinic
and nicotinic receptors. Muscarinic actions can be excitatory or inhibitory while nicotinic actions
are usually excitatory. There is evidence that cholinergic system is involved in the modulation ol
nociception (Pert. 1987).

Activation of muscarinic receptors may cause inhibition or enhancement ol nociceptive
reactions in experimental animals (Pert, 1987). However, activation of nicotinic receptors has
been reported to cause an increase in hot-plate latencies in mice and also in tail-flick latencies to
radiant heat in rats and mice (Sahley and Bcrnston. 1979). Muscarinic receptors are G-protein
coupled receptors with seven trans-membrane domains. 1he muscarinic receptors were defined as
receptors activated by muscarine and blocked by atropine (Dale, 1914). It was later demonstrated
that the effects mediated by muscarinic receptors were associated to four subtypes ol receptors
(Waelbroeck et al., 1990, Abelson el al.. 2006). The well defined subtypes discovered through
pharmacological studies were termed M|, M2, M3 and M4 (Caulifield and Birdsall, 1998).

However, genetic and molecular biological studies have characterised five genetic subtypes
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termed as m 1. m2, m3. m4 and m5. The first four code for pharmacologic types MI-M4 The fifth.
mb, corresponds to a subtype of receptor which has not been detected pharmacologically, ml and
m2 were determined based upon partial sequencing of M| and M2 receptor proteins, the others
were found by searching for homology, using bioinforinatic techniques. The receptor subtypes
differ in function with regard to their specific G-protein coupling and second messenger
activation. Muscarinic receptors have been found in the spinal grey matter, including the
superficial laminae, in several species such as humans and rats (Gilberg and Aquilonius, 1985,
Gilberg el al., 1989: Hoglund and Baghdoyan. 1997. Abelson. 2005).

Nicotinic receptors are ligand-gated ion-channels transmembrane proteins and defined as,
receptors that were activated by nicotine and blocked by curare (Dale, 1914). The receptor
consists of five subunits arranged symmetrically in the cell membrane to lorm a central pore. The
existing subunits types can be divided into two amine categories: the a subunits (a1-9) that
possess adjacent cysteines for acetylcholine binding, and the non- a subunits (PI-4, vy, ft and e)
that lack the cysteines (Sargent, 1993; Corringer el al.. 2000; Le Novere and Changeux, 2001).
Various nicotinic receptor subtypes are present in the spinal cord, also in the superficial laminae.
However, the nicotinic receptors appear to exist in lower quantities than muscarinic receptors
(Abelson, 2005).

The acetylcholinergic receptor system has been found to interact with most other receptor
systems in the spinal cord. Muscarinic receptors have been shown to be involved in spinal
antinociceptive mechanisms mediated by the GABAergic (Baba, el al., 1998; Chen and Pan,
2003), opioidergic (Harris el al.. 1969: Pert, 1975; Chen and Pan, 2001), and adrenergic

(Detweiler et al.. 1993; Klimscha el al.. 1997; Pan et al., 1999; Honda el al., 2002, 2003)
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receptor systems. Nicotinic receptors are also involved in modulation of nociceptive signals by
other receptor systems. In addition, both muscarinic and nicotinic receptors have been suggested
to play an important role in the antinociceptive mechanism of nitric oxide in the spinal cord (Xu
etal., 1996. 2000).

2.5 BRAINSTEM NUCLEI INVOLVED IN PAIN MODULATION

It has been demonstrated by electrophysiological studies that a number of brainstem sites
are involved in the induction of analgesia. 1lhe nucleus raphe magnus, the nucleus reticularis
paragigantocellularis of the ventral medulla, the periaqueductal gray matter of the
mesencenphalon. the nucleus locus coeruleus and basal ganglia are the live main supraspinal
areas known to be involved in pain modulation (Reynolds, 1969; Mayer et al., 1971; Liebeskind
et al., 1973; Hayes et al., 1979; Hole and Berge, 1981; Berge, 1986: Baker, 1988; Chudler and
Dong, 1995).

The Nucleus Raphe Magnus (NRM) contains serotonergic and noradrenergic neurons that
project to the spinal dorsal horn. Electrical stimulation ol the nucleus produces behaviourally
defined analgesia, and also reduces the response ol spinal dorsal horn neurons to noxious
peripheral stimulation (Guilbaud el al.. 1977). lhe findings from earlier studies suggest that
NRM exercises tonic inhibition on spinal nociceptive reflexes via the descending serotonergic
neurons (Willis and Coggeshall, 1978: Hole and Berge, 1981; Berge, 1986) and bulbospinal
noradrenergic neurons (Sagen and Proudlit, 1981; Hammond and 'i aksh, 1°84).

The Nucleus Reticularis Paragigantocellularis (NRPG) is one ol the brainstem nuclei

involved in nociceptive regulation (Takagi, 1980). Electrical stimulation ot this centre is reported
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to readily elicit behavioural analgesia (Akaikc el al., 1978). lhe NRPG neurons form part of the
negative feedback loop mediating analgesia (Azami et al., 1981).

Electrical stimulation of Periaqueductal Gray Matter (PAG) nuclei is documented to
produce analgesia (Reynolds. 1969). and also to reduce responses of dorsal hom neurons to
noxious peripheral stimuli (Liebeskind et al., 1973). Aversive behavioural responses, or
behavioural analgesia with or without the autonomic changes, usually associated with stress and
pain, may be elicited following stimulation of PAG (Lovick, 1985; Sheng and Gary, 1995).

The Nucleus Locus Coeruleus (LC) consists predominantly of noradrenaline-containing
cell bodies and is suggested to be the major source of noradrenergic nerves to the ventral and
dorsal columns of the spinal cord (Nvgren and Oslon, 1977). Activation ol LC has been shown to
produce inhibition of spinal dorsal hom nociceptors (Hodge et al., 1983) and antinociception in
behavioural nociceptive tests (Segal anti Sandberg, 1977; Jones and Gebhart, 1986). The
antinociceptive effect is mediated in part by postsynaptic (“.adrenoreceptors (Jones and Gebhart,
1986).

The basal ganglia have been shown to be important for processing ot nociceptive
somatosensory information. The basal ganglia are involved in the sensory-discriminative
dimension of pain, the affective dimension ot pain, modulation ol nociceptive information, and
sensory gating of nociceptive inlorination to higher motor areas (Baker, 1988; Chudler and Dong,
1995, Abelson. 2005).

2.6 NOCICEPTIVE BEHAVIOURAL TESTS
The behavioural measurement of antinociception is an indirect method of gaining access

into the sensorium of the subject. Several nociceptive tests have been developed to facilitate the
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assessment of nociceptive behaviours in animals, Ihe tests differ in the intensity, duration and
avoidance of the noxious stimulus. The different kinds of pain induced by different pain tests
may be mediated and modulated in varying degrees in the central nervous system (Dennis and
Melzack. 1980). An ideal nociceptive test is one where the noxious input exclusively activates
pain fibres, i.e. small diameter AS- and/or C-fibres and that the behavioural output assessed by
the investigator should likewise occur only as a result ol a specific noxious input.

The hot plate and tail flick tests are two of the most common thermal analgesiometric
tests that are widely used in mammals (D’Amour and Smith, 1941; Woolie and MacDonald,
1944). Another nociceptive test that has become very popular for investigating chronic pain
mechanisms is the formalin test (Dubuisson and Dennis, 1977). lhe three tests elicit motor
responses that are used to assess pain threshold.

2:6.1 The Hot-plate test

The hot-plate lest measures the response to a brief noxious heat stimulus. This test was
initially used for measuring the ability of drugs to inhibit the reflex responses of mice placed in
contact with a hot surface maintained at constant temperatures between 55 and 70 C (Woolie and
MacDonald, 1944). Uddy, (1950. 1953) and his associates described what is known customarily
as a constant temperature hot-plate test, where the temperature was maintained at 55 £ 0.5 C.
The constant temperature hot-plate test has since been used extensively and with some success. It
has been claimed, however, by some authors that the method may demonstrate none or only weak
analgesia of non-narcotics and narcotic antagonists (Ankier, 1974; laber, 1974, Hunskaar el al.,

1986h).
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Ankier (1974) was able to demonstrate the antinociceptive activity of narcotics, and
narcotic antagonists, when he performed a hot-plate test at 50, 55. and 59( C in mice. Later,
Hunskaar et al.. (1986a) described an increasing temperature hot-plate test in mice and rats. The
antinociceptive effects of weak narcotic and non-narcotie analgesics were demonstrated when the
hot-plate temperature was increased in steps of 2° C trom 42 C to 52 C It was therefore
concluded that the increasing temperature hot-plate lest was a useful test in both mice and rats for
evaluating and screening both narcotic and non-narcotic analgesics.

Some of the pain-related behavioural responses observed when an animal is put on a hot
plate include jumping, kicking and dancing, thumping of the toot, lilting the foot oft the plate,
and licking the forepaws, the hindpaws or both (Hunskaar et al., 1986a). Licking of the forepaws,
hindpaws or both have been the main criteria lor determining the endpoint (Woolfe and
MacDonald, 1944; Eddy et al., 1950; Eddy and Leimbuch, 1953; Ankier, 1974; O’Callaghan and
Holtzman. 1975; Yaksh and Rudy, 1977; Berge et al., 1983; Hunskaar et al.. 1986a). However,
most researchers have used the latency to the licking or stepping of the hindpaw rather than the
licking of the forepaws because the latter has a relatively shorter latency and may not be elicited
by noxious stimuli (Hunskaar et at.. 1986a). lhe hot-plate test has been used to evaluate pain
behaviour in the naked mole-rat, using an UTC Inc., \\oodland Hills, CA, model j5D
analgesiomcter (Kanui and Hole, 1990; Towelt and Kanui. 1993). The hot plate temperature was
set at 60° C because the animal appeared to have a higher pain-threshold than other rodents

(Kanui and Hole. 1990). The response to the hot-plate test is complex due to involvement of

supraspinal functions.
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2:6.2 The Tail-flick test

The tail-flick test in rodents developed by D'Amour and Smith, (1941) has been a
standard method for investigating nociception and analgesia. The test has been applied in mice
and rats (Woolfe and Macdonald. 1944; Gamble and Milne, 1989; Mogil el al., 1996, 1997). The
success of the tail-flick assay is dependent on gentle restraint of the animal. Animal is placed in a
restraining tube with its tail protruding out. Iliermal stimulus is applied to the tail and the latency
to a flick of the tail is recorded. The test has a number of limitations despite its regular use for
screening drugs and studying pain mechanisms in animals. The test employs a transient stimulus
which may not reflect clinical pain. Studies have also been undertaken to e\aluate the etlect of
the animal restraint during the tail-flick test believed to induce fear and discomfort which may
distort nociception (Hargreaves el al.. 1988). lail-skin temperature has also been reported to
influence tail-flick latency in this test (Tjolsen et al., 1988). Despite these drawbacks, the tail-
flick test is useful for studying the tail-flick reflex, a spinally integrated nociceptive reflex, and
also for evaluating efficacy of new drugs, especially opiates. Prior to this study, the tail-flick test
had not been used in the naked mole-rat.
2:6.3 The Formalin test

The formalin test was originally described for rats and mice by Dubuisson and Dennis,
(1977). In this test a small amount of diluted formalin is injected into one of the paws of the
animal. This induces a licking response whose time eourse has been divided into an "early phase
and a “late phase” (Hunskaar et al., 1985b).

The formalin test has proved a useful model for studying tonic as well as phasic pain in

animals such as mice (Hunskaar et al., 1985a, 1986b; Hunskaar. 1987a; Hunskaar and Hole,
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1987; Rosland et al.. 1990), monkeys (Alreja et al., 1984). rats and cats (Dubuisson and Dennis,
1977; Dennis et al., 1980: Dennis and Melzack, 1980,1983; Abbott et al., 1982. Abbott, 1988;
Gamble and Milne. 1990), rabbits, (Carli et al., 1981). guinea-pigs, (Takahashi el al., 1984),
crocodiles (Kanui el al., 1990), domestic lowls (Hughes and Sutka. 1991) and naked mole-rats
(Kanui el al., 1990,1993; Karim et al., 1993; Towett el al., 2009). It is also useful for
demonstrating anti-inflammatory and analgesic effects of drugs. 1 he formalin test is also reported
to have a fair degree of objectivity, validity, reproducibility and quantiliability (Alreja el al.,
1984) besides being simple to perform. The test has been used for investigating analgesic effects
of oxotremorinc, the muscarinic receptor agonist (Yaksh el al., 1985; Capone el al., 1999;
Abelson and Hoglund. 2002b), epibatidine. the nicotinic receptor agonist in rats and mice (Qian
et al., 1993; Curzon et al., 1998: Boyce et al., 2000), morphine, nefopam and paracetamol
(Kanui el al., 1993), codeine, naproxen and dexamethasone (Karim el al., 1993), opioid peptides
(Towett el al., 2009).
2:6.4 The Chemically Induced Writhing test

The chemically induced writhing lest uses a chemical irritant for studying visceral pain
although it has also been used to study cutaneous pain (Emilio and Eladio, 1998). It involves
administering an irritant, for instance acetic acid, into the peritoneal cavity of an animal. The
noxious agent causes a behavioural response in the experimental animal. In rats and mice, the
behavioural response consists of a wave ol constriction and elongation passing caudally along the
abdominal wall. This is sometimes accompanied by twisting ol the trunk and followed by
extension of the hind limbs (Vander Wende and Margolin, 1956: Siegmund et al.. 1957; Collier

et al., 1968; Hayashi and lakemori, 1971; Bentley, el al.. 1981; Schmauss and Yaksh, 1984).
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Besides acetic acid, the other irritants that have been used to induce the abdominal
constriction response in rodents are acetylcholine (Collier et al., 1968; Bentley et al., 1981),
sodium chloride, distilled water, phenylbenzoquinone, hypertonic saline and bradykinins
(Siegmund et al 1957; i-mele and Shanaman, 1963; Collier et al., 1968). The conventional
abdominal constriction test has been modified and used to study the antinociceptive effects ol
drugs (Bentley et al., 1981). In the modified test, drugs to be tested are administered
intraperitoneallv six minutes after the acetic acid. 1 he abdominal constriction test is commonly
used in investigating the antinociceptive elfects ol drugs.

The main drawback for the test is that the animal is not able to terminate the noxious
input and may be considered ethically unacceptable (Zimmerman, 1983). The test is time
consuming and produces many false positives (Emele and Shanaman. 1963). Like other pain
tests, the abdominal constriction test has been used in rodents and to a small extent in other small
animals.

2:6.5 The Paw pressure test

This test is suitable for studying inflammatory processes. The test involves intradermal
injection of yeast (Randall and Selitto. 1957) or any other irritant such as carragecnin (Vinegar et
al., 1976) into the hindpaw of an animal. In the injected animal vocalization or struggle may be
elicited when the injected area is touched.

The test has put a lot of light on the mechanisms of hyperalgesia and the importance of
various algogens such as prostaglandins (Ferreira, 1972) and substance P, (Nakamura and Smith,
1989) in pain mechanisms. The test is also good for dillerentiating the analgesics that

predominantly act peripherally from those that mainly have central cllects (1 lunskaar, 1987a).
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2:6.6 Adjuvant Induced Arthritis

The test provides a chronic pain model for studying the effects ol analgesics. Sodium
urate crystals or Mycobacterium butyrium with Freud’s adjuvant (Pircio et al., 1975) have been
used to induce polyarthritis in rats. Oedema of the paw and vocalization following manipulation
of the joint are two of the pain responses that have been used to study ellects ol analgesics in this
test.
2:7  ANALGESIC DRUGS

Analgesic drugs are agents that cause analgesia by suppressing or controlling the
development of pain mechanisms (Sindrup and Jensen, 1999). Some ol the analgesic drugs used
in pain management are opioids, steroidal anti-inflammatory agents and non-steroidal anti-
inflammatory drugs. Cholinergic agents have not been readily applied lor pain management due
to the undesirable side effects that override the resultant antinociceptive effects.
2:7.1 Opioid Drugs

The endogenous opioid peptides as well as the exogenous opiates cause analgesia by
acting on the same systems in the body ol an animal and have been described in a wide range ot
species and phyla of vertebrates and invertebrates (Kavaliers. 1988). Activation ot opioid systems
results in the release of “endorphins” (Yaksh, 198 a), |our major pro-hormone families have
been identified and sequenced. These are pro-enkephalin (enkephalins), pro-opiomelanocortin
(endorphins), pro-dynorphin (dynorphins), and pro-nociceptin/orphanin 1Q (Kakidani et al.,
1982; Noda et al. 1982: Yaksh, 1987a; Rossier, et al., 1993).

Electrophysiological studies have demonstrated that opiates with an action in the spinal

cord are capable of depressing the responses of spinal neurons excited by noxious stimuli (Le
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Bars et al., 1975; Duggan et al., 1977: Linspahr and Piercey, 19S0). Behavioural studies
demonstrated that the distinct classes of p. 6. and kopioid receptors in the spinal dorsal horn arc
able to modulate nociceptive processing in a behaviourablv relevant manner (Tyres, 1980; Upton
et al., 1982; Schmauss et al.. 19X3; Ward and Takcmori, 1983; Sehmauss and Yaksh, 1984;
Yaksh, 1987b).

Direct injection of opiates into the cerebral ventricles or several brainstem loci have been
reported to produce analgesia as measured by behalioural models in animals (Dickenson et al.,
1979; Dennis and Melzack, 1980; Le Bars et al., 1980; Azami et al., 1981; Berge, 1986), This
shows that opioids may also exert their analgesic effect supraspinally. Ihe supraspinal sites
where opiates can act are the periaqueductal gray (Lewis and Gebhart. 1977: Urea et al., 1977),
the nucleus raphe magnus (Proudfit and Anderson, 1975; fields etal.. 1977: Yaksh, 1979; Yaksh
and Wilson, 1979) and the reticular formation (Mayer and Hill, 1978; Satoh et al., 1979).

Opiates can elicit both excitatory and depressi\e physiological etlects in the animal
(Klemm, 1981). The effects of opiate receptor activation are mediated by a G-protein, which
couples the receptor directly to ion channels (Nicoll et al.. 1990: Sabbc and ‘i aksh. 1990). There
is evidence that p and 5 opioid agonists inhibit neuronal activity by increasing potassium

conductance, whereas k agonists cause the same effect by inhibiting directly the entry ot calcium

(Sabbe and Yaksh. 1990).

2:7.2 Steroidal Anti-inflammatory Drugs

Anti-inflammatory steroids are so far the most potent anti-inflammatory agents. Ihey are
capable of suppressing the cardinal signs of inflammation regardless of the cause. It is clearly

established that this class of drugs at least exert their anti-inflammatory properties by inhibiting
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phospholipase A2 and indirectly b causing the release of an inhibitory protein, which has been
variously termed macrocortin. lipomodulin. renocortin or lipocortin (Vane and Hotting, 1987).
Steroids stimulate both the release and re-synthesis of lipocortin by binding onto specific
membrane receptors. Lipocortin neutralizes oth the cyclooxygenase and lipoxygenase pathways
by inhibiting phospholipase A: activity.

Steroidal anti-inflammatory drugs cause analgesia in those conditions characterized by
inflammation. For instance, the analgesic effect of hydrocortisone and dexamethasone has been
demonstrated in the late phase of the formalin test (Hunsl iar and Hole. 1987). It is suggested that
the analgesic effect of steroids can be attributed to their anti-inflammatory eltects and
subsequently reduced symptoms of inflammation (Hunskaar and Hole, 1987).

2:7.3 Non-Steroidal Anti-inflammatory Drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most widely used analgesic,
anti-rheumatic and antipyretic drugs. The mechanism ot action for NSAIDs may include an
interference with oxidative phosphorylation, the displacement ol endogenous anti-inflammatory
peptide from plasma protein, interference with migration ot leucocytes, inhibition ot leucocy'tic-
phagocytosis, stabilization ot Iysosomal membranes, inhibition ot the generation ot
lipoperoxides, and hyperpolarization ot neuronal membranes (Ferreira and Vane, 1974). The
main effect is, however, the inhibition of the synthesis ot prostaglandins.

On tissue injury algogens such as bradykinins, histamines, serotonin, dopamine,
acetylcholine, acids and prostaglandins are released (Ferreira and Vane. 1974). Systemic
administration of these algogens has been shown to produce pain-related behaviour in animals

(Guzman and Lim. 1968). Prostaglandins (PGs) are synthesized from arachidonic acid following
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a chain of reactions controlled by enzymes. The en/ymes that catalyse the reactions are
phospholipase A; and cyclooxygenase. NSAIDs prevent PG biosynthesis by inhibiting
cyclooxygenase enzyme and thus block the conversion of araehidonic acid to cyclic
endoperoxides. The mode of action senes 10 curtail the production of PGs which are potent
inflammatory mediators (Vane and Betting. 1987). TTii elfect can therefore explain the anti-
inflammatory actions of NSAIDs (Ferreira. 1972).

The nociceptive response induced b\ PGs when ..dministered alone is small, suggesting
that they have minimal effects on pain receptors but icilitate the response to other stimuli
affecting nociceptors (Ferreira, 1972; Handwerker, 1976; King et al., 1976). It has been
demonstrated that NSAIDs may also exert their analgesic effect centrally (Ferreira el al., 1978;
Ferreira. 1983: Hunskaar et al., 1985a). Several PG biosynthesis inhibitors are capable of
counteracting hyperalgesia induced b> intrathecal administration ot PGs, (Ferreira et al., 1978,
Ferreira, 1983). It has been shown that the behaviour caused by intrathecal administration of
substance P is reduced b\ a pre-treatment with intraperitoneal aspirin or paracetamol (Hunskaar
et al., 1985a). Another study demonstrated that the serotonergic systems may play a role in the
analgesic effect of paracetamol in mice (Hunskaar, T>87a). Hie differences in potency ot
NSAIDs also suggest that they have other modes of action in addition to their common effect on
cyclooxgenase enzyme.

2:7.4  Cholinergic Drugs

The cholinergic or cholinomimetic drugs produce akinetic seizures, depression,
lacrimation and salivation, similar to those associated to acetylcholine (Haley and McCormick,

1957). They have been categorized into two main groups vide; the direct acting receptor agonists
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and indirect acting cholinesterase inhibitors. Acetylcholine is a neurotransmitter of the
parasympathetic nervous system, the part of the peripheral nervous system responsible for the
everyday work of the body (Dale. 1914). Acetylcholine causes physiological functions by
interacting with either muscarinic or nicotinic receptors.

Systemic and intrathecal administration of muscarinic agonists produces potent
antinociception in several species (Yaksh et al., 1985; G wer, 1987; Gillberg et al, 1989; Zhuo
and Gebhart. 1991; Iwamoto and Marion. 1993; Abram and O’Connor, 1995; Lambert and
Appadu. 1995). An involvement of nicotinic receptors i antinociception has been known for
several decades. In 1932. antinocicepuon of nicotine w.is reported by Davis et al. (1932), an
effect that has been verified by other siudies (Sahley and Uemtson. 19 9; lwamoto, 1991). Other
nicotinic agonists that produce antinociception alter supraspinal or systemic administration are
epibatidine (Qian et al., 1993; Cur/on et al., 1998; Lawand et al. 1999), A-85380 (Curzon et al,
1998) and ABT-594 (Baimon et al, 1998: Bitner et al 1998). The antinociceptive effects of
nicotinic agonists administered into the spinal cord are somewhat controversial, since both
nociceptive and antinociceptive effects have been observed by Khan el al.. (1998). However,
neuronal nicotinic receptors are considered a promisin target in pain treatment (f lores and
Hargreaves. 1998).

It has been shown in rodents, that an increases release of spinal acetylcholine after
intravenous administration of the muscarinic receptor ag( :list oxotremorine is associated with an
increased pain threshold (Abclson and Hoglund. 2002b). Other studies in rats showed that the
acetylcholine release was increased after intraspinal treatment with several substances associated

with antinociception, such as lidocaine (Abelson and Hoglund, 2002a), u2-adrenoceptors agonists
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(Abelson and Hoglund, 2004), epibatidine (Kommalage and Hoglund, 2004). serotonergic and
GABAergic receptor agonists (Kommalage and Hdglund. 2005a: 2005b), The involvement of the
acetylcholinergic system in antinociception has been evaluated in other species, such as sheep
(Bouaziz el al., 1995; 1996), cats (Yaksh el al.. 1985) .nd huinans (Flodmark and Wramncr,
1945; Lambert and Appadu, 1995).

Atropine, which is a muscarinic receptor antagonist, lowers the intraspinal levels ol
acetylcholine and cause hyperalgesia (Abelson and 1lloglund. 2002b). Another report by
Ghelardini el al., (1990) showed that atropine induces analgesia in rats in doses ranging from 1to
100 pg/kg and hvperalgesia when 5mg/kg was administered. Epibatidine acts through the
nicotinic (Bonhaus el al., 1995) and partially through the muscarinic (Kommalage and Hoglund,
2004) acetylcholine receptors. It has been reported that epibatidine is a more potent analgesic
agent than morphine (Spande el al., 1992; Sullivan el al., 1994), serotonergic or GABAergic
receptor agonists (Kommalage and Hoglund, 2005a; 2015b). 1he use of nicotinic agonists lor
pain management has not been practical due to the adverse effects, such as salivation and
tremors, which are well documented b> Wang el al., (200 *).

The involvement of cholinergic systems in central antinociceptive actions ot morphine
(Chen and Pan. 2001), acetylsalicy lie acid and paracetamol has been documented (Abelson el al.,
2004). The role of the cholinergic system in ketamine anesthesia has also been demonstrated
(Abelson el al., 2006). The indirect acting cholinergic agents such as neostigmine and
physiostigniine have a greater duration of action than acetylcholine in humans because ol their
resistance to hydrolysis by plasma cholinesterase, anticholinesterase, or both (Flodmark and

Wramner. 1945; Lambert and Appadu. 1995).
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2.8 JUSTIFICATION OI STUDY

The study is expected to provide additional information on the physiology and the
pharmacology of the pain systems of the naked mole-rat. lhe study will explore the
antinociceptive effects of selected direct acting cholinergic drugs that nay occur during spinally
and supraspinally mediated rcllexes. Considering that the naked-mole at has unique teatures, the
study might uncover novel aspect of the cholinergic system. The study on the naked mole-rat, a
primitive animal model might provide intormation on the evolution ot the pain systems in
vertebrates. The data obtained will be compared with the similar published data in rats and mice
(Abelson and Hdglund, 2002a: 20t)2b; Abelson el cil., 200 1). Data obtained will be utilized in the
improvement of the animal’s health standards with a view of enhancing its welfare in captivity or
zoos. The findings will also form a basis for commencing electrophysiological and molecular
investigations of pain mechanisms in the naked inole-ra lhe stud} will boost the knowledge
about the cholinergic involvement in antinociception, an essential field, to exploit the high

potential of development of pain treatments for both anim. i and human use.
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C MAPI HR 3

3:0 MATERIALS AND ME'l HODS

3:1 EXPERIMENTAL ANIMALS

Naked mole-rats (Heterocephalus “laber) were captured iroin Kathekani and Kambu
areas in the Kibwezi district. Five experienced local people were identified and contracted to
undertake the exercise of capturing the animals. A total ot 362 male and teniale adult animals
weighing 30-35 g were captured. The naked mole-rats were captured easily by opening the
underground burrow system that was identified by the presence ot Iresh mole-hills ("volcanoes ).
Any captured animal weighing less than 20g was returned immediately to the burrow system to
give them a chance to join the parent colony. lhe animals were packed in 20 litre capacity,
rectangular boxes, with tightly fitting lids that could be opened easily to allow inflow ot fresh air.
The boxes containing the naked mole-rats were transportc i by road to the University ot Nairobi,
Department of Veterinary Anatomy and Physiology, Chi omo campus. Thirty days acclimation
period was allowed

The housing conditions were almost similar to those in the wild i.e. Temperatures of 28-
31°C; relative humidity 45-50% and 24/0 dark/light cycle. The naked mole-rats were housed in
colonies of 50-100 in well designed cages covered by non-transparent lids (Plate 1). The cages
made of plastic glass and painted with black super gloss o:i the outside surface, measured 70 x 50
x 20 cm. Each cage comprised two compartments, with an interconnecting tunnel that measured
30 x 10 x 10 cm between the subdividing wall. The naked mole-rats used one compartment as a

toilet and the other as a bedroom. Wood shavings mixed with sand were used as beddings and
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were changed once a week to ensure the cages were well sanitized and fresh. The lids that
covered the cages were not closely fitting, which allowed for free air flow to ensure animals were
not suffocated. The beddings were fumigated every month using Dudukrin* shampoo (KAPI
Ltd., Nakuru. Kenya) to check on flea infestation. To avoid dry skin in the animals, the humidity
in the room was maintained at 45-50% using strategically placed humidifier system. The
humidifiers comprised of a 20 liter pail and three two-litre water bottles fitted with 30 cm long
cotton winks. Relative humidity was measured using a hygrometer courtesy of the Ministry of
Livestock Development. Kabete, Central Veterinary Laboratory. The cages were put on metallic
frames 15 cm above the cemented floor to guarantee sound and vibration proof conditions in the
room. The animal house measured 2.25 x 3.25 x 2.25 m, and was warmed constantly using three
infra-red (250W) lamp heating system (Plate 1). The animals were fed on fresh carrots and sweet
potatoes ad libitum. The food ration estimated at 4 grams per animal per day was cut into 1cm

cube pieces and placed at the bedroom compartment. The naked mole-rats obtained water from

the fresh succulent tubers.

Plate 1: - Animal cages warmed by the infrared lamps.
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During the acclimation period the animals were handled and weighed daily using a
Sartorius electric balance (Sartorius AG, Frankfurt, Germany) before commencement of the
actual experiments. A room measuring 1.25 x 3.25 x 2.25 m next to the animal house but having
similar conditions as the latter was used to carry out all the experiments during the study. The
animals were handled humanely and with regard to alleviation of suffering in accordance with the
Kenya Wildlife Services Animals Welfare and Ethics Committee guidelines. A total of 362 naked
mole-rats were used in the study. Six adult male and female animals per dose were used. Animal
was used only once. The animals were randomly selected. The experimenter was not aware of the
drugs or vehicle injected until after data analysis. Each animal was gently restrained by picking
the animal out of the cage by tip of the tail using the right hand (Plate 2). The animal was gently
put on a table covered with manila paper to facilitate holding of the loose skin on the dorsal side
of the neck. The thumb and pointing finger of the left hand were used (Plate 3). The animal was
then turned to lie on the palm of the left hand with the tail held by the little finger to expose the

ventral surface of the animal (Plate 4).

Plate 2: Naked mole-rat restrained by lifting the tail.
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Plate 3: - Naked mole-rat restrained by holding the nape and the tail.

.V H P

Plate 4:- Naked mole-rat restrained by holding on left hand palm.

3:2 DRUGS

The drugs used during the experiments were as follows: -
Oxotremorine sesquifumarate salt (Sigma-Aldrich, Sweden), (x)-Epibatidine dihydrochloride
(Sigma-Aldrich, Sweden), Atropine sulfate salt (Sigma-Aldrich, Sweden), Naloxone

hydrochloride dehydrate (Sigma-Aldrich, Sweden), Mecamylamine hydrochloride (focns
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Bioscience, Copenhagen), All drugs were weighed and dissolved in 0.9% saline and stored as a
stock-solution at a temperature of 2-4°C. All precautions regarding handling and stability of the
drugs as recommended by the manufacturer were adhered to. Fresh preparations were
reconstituted daily and injected intraperitoneally in a volume of 50 microlitrcs.

3:3 NOCICEPTIVE AND ANTINOCICEPTIVE BEHAVIOURAL STUDIES

3:3.1 Antinociceptive Behavioural Studies

During the development of baseline latency for the formalin test, two groups of 6 animals
each were intraperitoneally injected with 0.9% saline and then thirty minutes later, 20Jils of 10%
formalin or saline was intradermally injected into the right dorsal paw. The pain behaviour
response was monitored for one hour. The preliminary tests started at a dose level of
oxotremorine (300 pg/kg body weight) and epibatidine (30 pg/kg body weight) that were serially
diluted in multiplies of 3 using 6 animals per dose level in the formalin test to determine the
effective doses of the selected direct acting cholinergic drugs. The dose levels for oxotremorine
and epibatidine were (10, 20, 50, and 100 pg/kg body weight) (0.5, 1, 2, and 3 pg/kg body
weight) respectively.

Based on the preliminary data, the four dose levels of oxotremorine (10, 20, 50, and 100
pg/kg body weight) and epibatidine (0.5, 1, 2, and 3 pg/kg body weight) were used in the
formalin, hot-plate and tail-flick tests. Every test had one control (vehicle injected) group.
Atropine sulfate (2.5 mg/kg body weight) and mecamylamine (50 pg/kg body weight) were used
to block the effects of oxotremorine (20 pg/kg body weight) and epibatidine (2 pg kg body

weight) respectively. The effect of co-administration of either oxotremorine (20 pg kg body
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weight) or epibatidine (2 pg/kg body weight) with naloxone (2.5 mg/kg body weight) on pain
behaviour of the naked mole-rat was also evaluated.
The antinociceptive effects of oxotremorine and epibatidine were evaluated 30 minutes after

intraperitoneal administration.
3:3.2 The formalin test

Adaptation of the animal to the transparent observation chamber measuring 30 x 30 x 30
cm was undertaken one hour everyday during the acclimation period and also 30 minutes prior to
the start of the experiments. The animal was gently restrained before the administration of 20
microlitres of 10% formalin. The latter was injected intradermally into the right dorsal hind paw
using 100pl syringe and a 30 gauge needle. The animal was thereafter put back into the
observation chamber for observation. A mirror placed directly opposite the observer and behind
the observation chamber allowed an unobstructed view of the naked mole-rat. The time spent
licking or biting the injected paw following the injection of formalin was recorded in blocks ol 5
minute for 60 minutes. The volume and concentration of formalin was based on earlier studies
(Kanui et al., 1993, Karim et al,, 1993; Towett el ai, 2009). The experiments were performed
between 8 a.m., and 2 p.m., at a room temperature of 26-28°C in a sound proof room.
3:3.3 The Hot-plate test

The Hot-plate test was performed using an IITC Inc. model 35D analgesiometer. Before
the start of the experiments, the naked mole-rats were acclimated to the cold plate for thirty
minutes per day for a period of 30 days. The temperature of the copper plate

(27 x 29 cm) which was enclosed by a 30 x 30x 30 cm lidded perspex box, was set at 60 C.
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The animal was examined to ascertain that they had normal sensorimotor function by
observing the ability of the animal to explore and negotiate the comers of the perspex box prior
to the test. Thirty minutes after drug or saline injection, a naked mole-rat was placed gently on
the hot plate and the latency (in seconds) to escaping or jumping (hot plate response latency) was
recorded. Animals that failed to respond by 60 seconds were removed from the plate and
assigned a response latency of 60 seconds.

3:3.4 The Tail-flick test
The animal was restrained by placing them in a 2mm thick plastic tube measuring 10cm long by

3cm in diameter (Plate 5).

Plate 5: -Naked mole-rat being put in a restrainer for Tail-flick test.
The restrainer had a stopper fitted with a 0.5cm (diameter) tube that allowed free flow ol air.

while the rear plastic stopper had a slit that allowed the tail of the animal to emerge through it

(Plate 6).
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Plate 6: The naked mole-rat in a restrainer with tail resting flat on the surface of tail-flick
apparatus.

The tail was placed on a level surface and a beam of radiant heat was directed onto the dorsal
surface of the tail at a spot 1cm from the distal tip of the tail. The test stimulus consisted of a

linear temperature ramp that rose from a holding temperature of 35°C to 521C in ten seconds

(Plate 7).

Plate 7: - The Tail-flick analgesiometer
Tail-flick latency was measured using an 1ITC model 33 analgesia meter (I11C Inc., Woodland
Hills, CA, USA) with a sensitivity setting of 10, beam at 8 and heat cut-off was set at 10 seconds

or on the occurrence of a tail-flick. The baseline latency was computed as the average of 5 tail
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flick trials. After the administration of the drug or saline the thermal stimulus was applied to the
tail and the duration (latency) the animal took before flicking its tail from the heat exposure was
recorded.
3:4.  STATISTICAL ANALYSIS

All values were expressed as mean * standard error of mean (S.E.M.). Todetermine
significant differences among experimental groups, the data was analyzed with SPSS version
12.0.1. The two-tailed, unpaired Student’s t-test was used when comparing two experimental
groups. The one-way analysis of variance (ANOVA) and a Dunnett s post-hoc test was
performed for multiple sample comparisons. P-values lower than 0.05 were considered

significant.
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CHAPTKK4

4:0 RESULTS
4:1 THE FORMALIN TEST

The administration of 20 microlitres of 10% formalin intradermally into the dorsal right
hind paw elicited discemable pain behaviour. The naked mole-rats showed behavioural responses
that included licking and biting of the injected paw (Plate 8). lwo distinct periods of high
activity were observed; the early phase lasting for the first 5 minutes and a late phase starting
30-35 minutes after injection of formalin (Fig. 1). The 20 pi of 0.9% saline only induced minimal
pain response (Fig. 1).
In both the early and the late phases, the effect of formalin was significantly different from that of

saline.

Plate 8: Naked mole-rat licking/biting the dorsal right hind-paw following

injection of 20pl of 10% formalin.
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Fig. 1
Time-course of pain behaviour after intradermal injection of 20pl of 10% formalin or 20pl ol

physiological saline (0.9% NaCl) into the dorsal right hind paw (mean = S.E.M.; n = 8; *and

+¢edenotes P<0.05 and P<0.001 respectively, Student’s t-test subsequent to ANOVA).
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4:11 EFFECTS OF OXOTREMORINE, ATROPINE AM) NALOXONE.

The effects of oxotremorine (10, 20, 50 or 100 pg/kg) on the mean licking/biting
response in the formalin test were investigated. In the early phase, the mean times spent
licking/biting the injected paw after intraperitoneal injection of oxotremorine (10, 20, 50 and 100
pg/kg) were 70.36 + 7.57, 45.37 + 6.41, 27.85 + 4.58 and 24.56 £ 4.00 seconds, respectively. The
time spent in pain behaviour for the controls, was 87.37 = 9.80 seconds. On multiple comparisons

of the different treatment means, the effects of oxotremorine (20, 50 or 100 pg/kg) were
statistically significant (P<0.05; Fig. 2a). The effect of oxotremorine (10 pg/kg) was not

statistically different from the control group (P>0.05: Fig. 2a).

In the late phase, the mean time spent licking/biting the injected paw was
60.43 £ 12.92 seconds following administration of saline. The time spent in pain behaviour
following administration of oxotremorine (10, 20, 50 and 100 pg/kg) were 49.33 + 4.01, 31.13 +
8.15, 26.63 + 13.85 and 22.76 + 5.36 seconds, respectively. There was no statistically significant
difference in time spent in pain behaviour between the control group and the group injected uith
10 pg/kg of oxotremorine (P>0.05). However, oxotremorine (20, 50 or 100 pg/kg) caused a
statistically significant reduction in pain behaviour (P<0.05; Hg. 2a). llie times spent in pain
behaviour following administration of oxotremorine (20, 50 or 100 pg/kg) were also statistically
significant when compared with that of oxotremorine (10 pg/kg; P<0.05). In both the early and
the late phases, treatment with oxotremorine (20, 50 and 100pg/kg) were significantly dillerent
(P<0.05) in comparison to the saline group.

The time spent in pain behaviour following intraperitoneal co-administration ol

oxotremorine (20 pg/kg) plus atropine (2.5mg/kg) was 70.41 * 3.99 seconds in the early phase.

55



4:11 EFFECTS OF OXOTREMORINE, ATROPINE AND NALOXONE

The effects of oxotremorine (10, 20, 50 or 100 pg/kg) on the mean licking/biting
response in the formalin test were investigated. In the early phase, the mean times spent
licking/biting the injected paw after intraperitoneal injection of oxotremorine (10, 20, 50 and 100
pg/kg) were 70.36 £ 7.57, 45.37 £ 6.41,27.85 + 4.58 and 24.56 + 4.00 seconds, respectively. The
time spent in pain behaviour for the controls, was 87.37 £ 9.80 seconds. On multiple comparisons

of the different treatment means, the effects of oxotremorine (20, 50 or 100 pg/kg) were

statistically significant (P<0.05; Fig. 2a). The effect of oxotremorine (10 pg/kg) was not

statistically different from the control group (P>0.05; Fig. 2a).

In the late phase, the mean time spent licking/biting the injected paw was
60.43 £ 12.92 seconds following administration of saline. The time spent in pain behaviour
following administration of oxotremorine (10, 20, 50 and 100 pg/kg) were 49.33 = 4.01, 31.13 *
8.15, 26.63 + 13.85 and 22.76 + 5.36 seconds, respectively. There was no statistically significant
difference in time spent in pain behaviour between the control group and the group injected with
10 pg/kg of oxotremorine (P>0.05). However, oxotremorine (20, 50 or 100 pg/kg) caused a
statistically significant reduction in pain behaviour (P<0.05; fig. 2a). The times spent in pain
behaviour following administration of oxotremorine (20, 50 or 100 pg/kg) were also statistically
significant when compared with that of oxotremorine (10 pg/kg; P<0.05). In both the early and
the late phases, treatment with oxotremorine (20, 50 and 100pg/kg) were significantly different
(P<0.05) in comparison to the saline group.

The time spent in pain behaviour following intraperitoneal co-administration of

oxotremorine (20 pg/kg) plus atropine (2.5mg/kg) was 70.41 + 3.99 seconds in the early phase.
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When the mean time spent in pain behaviour for the combined treatment was compared with that
of oxotremorine (20 pg/kg) alone, a statistically significant difference (P<0.05; Fig. 2b) was
noted. The atropine-treated group, the group given the combined treatment (oxotremorine 20
pg/kg plus atropine 2.5mg/kg) and also the saline group were not significantly different (P>0.05).

In the late phase the time spent in pain behaviour following co-administration of
oxotremorine (20 pg/kg) plus atropine (2.5mg/kg) was 50.08 + 2.36 seconds. lhis was
statistically significant when compared with that for oxotremorine (20 pg/kg) alone (31.13 = 8.15
seconds) ((P<0.05; Fig. 2b). The time spent in pain behaviour following administration of 0.9%
saline, atropine (2.5mg/kg) alone and combined oxotremorine (20 pg/kg) plus atropine
(2.5mg/kg) treated group was statistically different (P<0.05) in comparison to the group injected
with oxotremorine (20 pg/kg) alone. In both early and late phases, the combined oxotremorine
(20pg/kg) plus atropine (2.5 mg/kg) treated group showed statistically significant difference in

comparison to the oxotremorine (20pg/kg) alone.

The times spent in pain behaviour following simultaneous intraperitoneal administration
of oxotremorine (20 pg/kg) plus naloxone (2.5mg/kg), were 9.02 = 1.90 seconds in the early
phase, and 1.86 + 1.63 seconds in the late phase. The pain behaviour following co-administration
of oxotremorine (20 pg/kg) plus naloxone (2.5mg/kg) were statistically significant in both phases

of the test (P<0.05, Fig. 2c) compared to oxotremorine (20 pg/kg) alone.
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Fig. 2a

Effects of intraperitoneal administration of physiological saline (0.9% NaCl; controls) or
oxotremorine (10, 20, 50 or 100 pg/kg) on the time spent in pain behaviour in the formahn test.
Values presented are means = S.E.M.. and n=6 in each group. Treatment means were compared

using Dunnett’s post-hoc test subsequent to ANOVA. * and **e denotes P<0.05 and P<0.001

respectively (oxotremorine versus control groups).
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Fig. 2b

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), atropine (Atr
2.5mg/kg), oxotremorine (Oxo 20pg/kg) or a combination of oxotremorine (Oxo 20pg/kg) plus
atropine (Atr 2.5mg/kg) on the time spent in pain behaviour in the formalin test. Values presented
are means + S.E.M., and n=6 in each group. Treatment means were compared using Dunnett s
post-hoc test, subsequent to ANOVA. ¢eedenotes P<0.001 for oxotremorine (Oxo 20pg/kg)

versus combined oxotremorine plus atropine (20pg/kg + 2.5mg'kg) groups).
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Fig. 2¢

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), naloxone (Nal
2.5mg/kg), oxotremorine (Oxo 20pg/kg) or a combination of oxotremorine (Oxo 20pg/kg) plus
naloxone (Nal 2.5mg/kg) on the time spent in pain behaviour in the formalin test. Values
presented are means £ S.E.M. and n=6 in each group. Treatment means were compared using
Dunnett’s post-hoc test, subsequent to ANOVA. ** and***denotes P<0.01and P<001

respectively for oxotremorine (20pg/kg) versus combined oxotremorine plus naloxone (20pg/kg

+2.5mg/kg) groups.
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4:1.2 EFFECTS OF EPIBATIDINE, MECAMYLAMINE AND NALOXONE

In the early phase of the formalin test, the times spent in pain behaviour following
intraperitoneal administration of epibatidine (0.5, 1, 2 or 3 pg/kg) were 76.21 + 9.13, 57.68 *
2.77, 44.30 £ 3.08, 31.67 + 3.14 seconds, respectively. The time spent in pain behaviour for the
controls, was 87.37 + 9.80 seconds. The times spent in pain behaviour following administration
of epibatidine (1, 2 or 3 pg/kg) were statistically significant (P<0.05, Fig. 3a) from those injected
with saline.

In the late phase the time spent in pain behaviour following administration of epibatidine
(1, 2 or 3 pg/kg) was 42.39 + 8.75, 12.76 + 4.92, 6.66 + 371 and 041 + 0.23 seconds
respectively. The time spent in pain behaviour for the controls was 60.43 £ 12.92 seconds. lhe
effect of epibatidine (0.5 pg/kg) on the time spent in pain behaviour was not statistically dilferent
(P>0.05, Fig. 3a) from controls. Epibatidine (1, 2 or 3 pg/kg) caused a statistically significant
decrease in the time spent in pain behaviour (P<0.05, Fig. 3a) in comparison to the controls.

The times spent in pain behaviour following co-administration of epibatidine (2 pg/kg)
plus mecamylamine (50 pg/kg) was 83.32 £2.11 seconds in the early phase and 51.36 + 1.84
seconds in the late phase. The time spent in pain behaviour following the co-administration ol
epibatidine (2 pg/kg) plus mecamylamine (50 pg/kg) in the early phase, was significantly
different (P>0.05; Fig. 3b) in comparison to the group given epibatidine (2 pg/kg) alone (44.30 +
3.08 seconds). In the late phase, the mean response time of epibatidine (2 pg/kg) alone (6.66 +
3.71 seconds) was statistically significant (P<0.05, Fig. 3b) in comparison to the mean ol
combined treatment (Epi 2 pg/kg + Mec 50 pg/kg). The times spent in pain behaviour following

co-administration of mecamylamine (50 pg/kg) plus epibatidine (2 pg/kg) in both the early and
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late phases were not statistically significant (P>0.05. Fig. 3b) in comparison to the saline and the
mecamylamine treated groups.

The times spent in pain behaviour following intraperitoneal co-administration of
epibatidine (2 pg/kg) and naloxone (2.5mg/kg) was 21.42 + 2.29 seconds in the early phase and
0.93 £ 0.61 seconds in the late phase. The time spent in pain behaviour in both phases (44.30 *
3.08 and 6.66 + 3.71 seconds respectively) following administration ot epibatidine (2 pg/kg)

alone was statistically significantly different (P<0.05, Fig. 3c) in comparison to controls.
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Fig. 3a

Effects of intraperitoneal administration of physiological saline (0.9% NaCl; controls) or
epibatidine (0.5, 1,2 or 3 pg/kg) on the formalin induced pain behaviour. Values presented are
means = S.E.M., and n=6 in each group. In both early and the late phases the treatment means
were compared separately using Dunnett’s post-hoc test, subsequent to ANOVA. *and ***

denotes P<0.05 and PO.OOI respectively (epibatidine versus control groups).
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Fig. 3b

Effects of intraperitoneal administration of physiological saline (0.9% NaC I), mecamylamine
(Mec 50pg/kQg), epibatidine (Epi 2pg/kg) or a combination ol epibatidine (Epi 2pg kg ) plus
mecamylamine (Mec 50pg/kg) on the formalin induced pain behaviour. Values presented are
means = S.E.M.. and n=6 in each group. Treatment means in the early phase and those in the late
phase were compared separately using Dunnett s post-hoc test, subsequent to ANOVA.

+¢edenotes P<0.001 for epibatidine (Epi 2pg/kg) versus combined (epibatidine plus

mecamylamine (Epi 2pg/kg + Mec 50pg/kg) groups).
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Fig. 3c

Effects of intraperitoneal administration of physiological saline (0.9% NacCl), naloxone (Nal
2.5mg/kg), epibatidine (Epi 2 pg/kg) or a combination of epibatidine (Epi 2pg/kg) plus naloxone
(Nal 2.5mg/kg) on the time spent in pain behaviour in the lormalin test. Values presented are
means £ S.E.M., and n=6 in each group. Treatment means in the early phase and the late phase
were compared separately using Dunnett’s post-hoc test, subsequent to ANOVA. denotes

PO.OOI for epibatidine (Epi 2pg/kg) versus epibatidine plus naloxone (Epi 2pg/kg + Nal

2.5mg/kg) groups.



4:2 THE HOT-PLATE TEST
4:21 EFFECTS OF OXOTREMORINE, ATROPINE AND NALOXONE

The response latency following intraperitoneal administration of 0.9% saline or
administration of oxotremorine (10, 20, 50 or 100 pg/kg) were 5.29 +£0.10 seconds and 5.70 +
0.17, 9.81+ 0.72, 14.38 + 1.05 and 18.88 + 0.78 seconds, respectively. The hot plate response
latencies following administration of oxotremorine (20, 50 or 100 pg/kg) were statistically
significant (P<0.05, Fig. 4a) in comparison to that for the control group. Injection of
oxotremorine (10 pg/kg) was not statistically different when compared to that for controls.

Co-administration of oxotremorine (20 pg/kg) and atropine (2.5mg/kg) caused a response
latency of 6.02 + 0.20 seconds. This was statistically significant compared to oxotremorine (20
pg/kg: 9.81+ 0.71 seconds) administered alone (P<0.05, Fig. 4b). The response latencies tor
atropine (2.5mg/kg) and the combined treatment of oxotremorine (20 pg/kg) plus atropine
(2.5mg/kg) were not statistically insignificant (P>0.05).

Co-administration of oxotremorine (20 pg/kg) plus naloxone (2.5mg/kg) caused a
response latency of 11.99 + 0.75 seconds. This was statistically difterent when compared to that
for oxotremorine (20 pg/kg: 9.81+ 0.71 seconds) treatment alone (P<0.05, fig. 4c). lhe means
for naloxone (2.5mg/kg) and oxotremorine (20 pg/kg) were statistically significant (P<0.05). Ihe
mean response latencies for the combined treatment (oxotremorine, 20 pg/kg plus naloxone

2.5mg/kg), naloxone (2.5mg/kg) and saline-treated groups were statistically significant (P<0.05).
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Oxotrcmorine (jig/kg)

Fig. 4a

Effects of intraperitoneal administration of physiological saline (0.9% NaCl; controls) or
oxotremorine (10, 20, 50 or 100 pg/kg) in the mean response latency in the hot plate test. Values

are presented as means+ S.E.M., and n=6 in each group. Treatment means were compared using
* *** denotes P<0.001 (oxotremorine versus
Dunnett’s pos-hoc test, subsequent to AWE)\(A (

control groups).
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Saline Atr2.5mg Ox020fig Oio 20)ig+ Atr2.5mg
Treatment (pg/kg or mg/kg)

Fig. 4b

Effects ofintraperitoneal administration of physiological saline (0.9% NaCl). atropine (An
2.5mg/kg), oxotremorine (Oxo 20pg/kg) o, combination of oxonemorine (Oxo ZOpg/kg) plus

. . latency in the hot plate test. Values are presented as
atropine (Atr 2.5mg/kg) in the mean response

] were compared using Dunnett’s post-
means + S.E.M., and n=6 in each group. Treatment means

*k*k 1
hoc test, subsequeritt{to'%\ml\l?va'%\. ggﬂgltgg P<0.001 for oxotremorine (Oxo 20pg/kg) alone

versus oxotremorine plus atropine (Oxo 20pg/kg + Atr 2.5mg/kg) groups.
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Fig. 4c

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), naloxone (Nal
2.5mg/kg), oxotremorine (Oxo 20pg/kg), or a combination ot oxotremorine (Oxo 20pg kg) plus
naloxone (Nal 2.5mg/kg) in the mean response latency in the hot plate test. Values are presented
as means £ S.E.M., and n=6 in each group. Treatment means were compared using Dunnett s
post-hoc test, subsequent to ANOVA. 'denotes P<0.05 for oxotremorine (Oxo 20pg/kg) alone

versus oxotremorine plus naloxone (Oxo 20 pg/kg + Nal 2.5mgkg) groups.
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4:22 EFFECTS OF EPIBATIDINE, MECAMYLAMINE AND NALOXONE

The response latency for control experiments was 5.43 = 0.19 seconds, while
intraperitoneal administration of epibatidine (0.5, 1, 2 or 3 pg/kg) resulted in response latencies
0of 5.96 £ 0.09, 7.73 £ 0.23, 9.12 £ 0.75 and 14.99 £ 0.72 seconds respectively. Epibatidine (0.5
pg/kg) did not cause a statistically significant increase in response latency when compared with
that for controls (P>0.05, Fig. 5a). Epibatidine (1, 2, or 3 pg/kg) caused a statistically significant
increase in response latency when compared to controls (P<0.05; fig. 5a).

Intraperitoneal co-administration of epibatidine (2 pg/kg) and mecamylamine (50 pg/kg)
caused a response latency of 5.65 + 0.14 seconds. When compared with the response latency
(9.12 £ 0.75 seconds) for epibatidine (2 pg/kg) alone, there was a statistically significant
difference (P<0.05; Fig. 5b). The response latency following saline, mecamylamine and
combined epibatidine (2 pg/kg) plus mecamylamine (50 pg/kg) treated groups were statistically
significant (P<0.05) when compared to that for epibatidine (2 pg/kg) alone. The response latency
for the saline-treated group and that for the group given the combined treatment were not

statistically different (P>0.05).

Co-administration of epibatidine (2 pg/kg) and naloxone (2.5mg/kg) caused a response
latency of 11.34 + 0.67 seconds. The response latency of the combined treatment (11.34 + 0.67

seconds) was statistically significant when compared with that tor epibatidine (2 pg/kg. 9.1

0.75 seconds) alone (P<0.05, Fig. 5c).
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Saline 0.5
Epibatidine (pg/kg)

Fig. 5a

Effects of intraperitoneal administration of physiological saline (0.9% NaCl; controls! or
epibatidine (0.5, 1, 2 or 3 pg/kg) in the mean response latency in the hot plate test. Values arc
presented as means + S.E.M., and n=6. Treatment means were compared using Dunnelfs post-

hoc test, subsequent to ANOVA. e« denotes 1*0.001 (epibatidine versus the control groups).
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Fig. 5b

Effects of intraperitoneal administration of physiological saline (0.9% NaC 1), mecam> lamine
(Mec 50pg/kg), epibatidine (Epi 2pg/kg) or a combination of epibatidine (Epi 2pg/kg) plus
mecamylamine (Mec 50pg/kg) in the mean response latency in the hot plate test. Values are
presented as means + S.E.M.. and n=6. Treatment means were compared using Dunnett's post
hoc test, subsequent to ANOVA. "'denotes P<0.001 for epibatidine (Epi 2pg/kg) versus

epibatidine plus mecamylamine (Epi 2pg/kg + Mec 50pg/kg) groups.
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Fig. 5¢

Effects of intraperitoneal administration of physiological saline (0.9% NacCl), naloxone (Nal
2.5mg/kg), epibatidine (Epi 2pg/kg) or a combination of epibatidine (Epi 2pg/kg) plus naloxone
(Nal 2.5mg/kg) in the mean response latency in the hot plate test. Values are presented as means
+ S.E.M., and n=6. Treatment means were compared using Dunnett s post-hoc test, subsequent to

ANOVA. *denotes P<0.05 for epibatidine (Epi 2pg/kg) versus epibatidine plus naloxone (Epi
2|ig/lkg + Nal 2.5 mg/kg) groups.
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4:3 THE TAIL-FLICK TEST
4:31 EFFECTS OF OXOTREMORINE, ATROPINE AM) NALOXONE

The effects of intraperitoneal administration of 0.9% saline or administration of
oxotremorine (10, 20, 50 or 100 pg/kg) were studied. The tail-flick latency for controls was 5.48
+ 0.23 seconds, whereas that following injection of oxotremorine (10, 20, 50 and 100 pg/kg)
were 5.54 £0.15, 6.62 £ 0.30, 8.03 £0.12 and 8.82 +0.15 seconds respectively. Oxotremorine
(20, 50 or 100 pg/kg caused a statistically significant increase in the tail-flick latency (P<0.05,
Fig. 6a). However, administration of oxotremorine (10 pg/kg) did not cause a statistically
significant increase in tail-flick latency when compared to controls (P>0.05).

Co-administration of oxotremorine (20 pg/kg) and atropine (2.5mg/kg) caused a tail-flick
latency of 5.66 = 0.31 seconds. This was statistically different from that for oxotremorine (20
pg/kg) alone (P<0.05, Fig. 6b). The tail-flick latency for atropine (2.5mg/kg) was 6.17+ 0.11
seconds, while that for oxotremorine (20 pg/kg) was 6.62 + 0.30 seconds.

Co-administration of oxotremorine (20 pg/kg) and naloxone (2.5mg/kg) caused tail-flick
latency of 8.89 + 0.14 seconds. The tail-flick latency for the combined treatment was statistically
significant (P<0.05, Fig. 6¢) compared to that for the oxotremorine (20 pg/kg) alone. The tail-
flick latency following injection of naloxone (2.5mg/kg) and oxotremorine (20 pgTtg) were

statistically significant (P<0.05) compared to that for the combined treatment.
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Fig. 6a

Effects of intraperitoneal administration of physiological saline (0.9%

oxotremorine (.0, 20, 50 or 100 pg/Kp) in the mean latency Valuesampreyed -

means* S.E.M., and n-6. Treatment means were compared usmg
p<0 01 and P<0.001 respectively (oxotremorine

subsequent to ANOVA. ** and *** denotes, P«

versus the control groups).
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Fig. 6b

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), atropine (Atr
2.5mg/kg), oxotremorine (Oxo 20pg/kg) or co-administration of oxotremorine (Oxo 20pg/kg)
plus atropine (Atr 2.5mg/kg) in the mean tail-flick latency. Values are presented as means +
S.E.M., and n=6. Treatment means were compared using Dunnett’s post-hoc test, subsequent to

ANOVA. *denotes P<0.05 for oxotremorine (Oxo 20(ig/kg) versus oxotremorine plus atropine.

(Oxo 20pg/kg + Atr 2.5mg/kg) groups.
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Fig. 6¢

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), naloxone (Nal
2.5mg/kg), oxotremorine (Oxo 20pg/kg) or co-administration of oxotremorine (Oxo 20pg/kg)
plus naloxone (Nal 2.5mg/kg) in the mean tail-flick latency. Values are presented as means +
S.E.M., and n=6. Treatment means were compared using Dunnett's post-hoc test, subsequent to

ANOVA. ***denotes P<0.001 for oxotremorine (Oxo 20pg/kg) versus oxotremorine plus

naloxone (Oxo 20pg/kg + Nal 2.5mg/kg) groups.
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4:3.2 EFFECTS OF EPIBATIDINE, MECAMYLAMINE AM) NALOXONE

The intraperitoneal administration of epibatidine (0.5, 1, 2 or 3 pg/kg) caused mean tail-
flick latencies of 5.57 £0.41, 6.68 + 0.49, 7.58 + 0.35 and 8.43 + 0.11 seconds respectively. The
mean tail-flick latency for the controls was 5.23+ 0.37 seconds. The mean tail-flick latency for
epibatidine (1, 2, or 3 pg/kg) was statistically significant when each was compared with that tor
controls (P<0.05; Fig. 7a). Epibatidine (0.5 pg/kg) did not cause a statistically significant
increase in the tail-flick latency (P>0.05, Fig. 7a) when compared with that for controls.

Co-administration of epibatidine (Epi 2 pg/kg) and mecamylamine (Mec 50 pg/kg)
caused a tail-flick latency of 5.77 £ 0.34 seconds. This was statistically significant lrom that lor
epibatidine (2 pg/kg) alone (P<0.05; Fig. 7b). The tail-flick latency for mecamylamine
(Mec 50 pg/kg) was 6.39 + 0.34 seconds, while that for epibatidine (Epi 2 pg/kg) was 7.58 + 0.35
seconds. Co-administration of epibatidine (Epi 2 pg/kg) plus mecamylamine (Mec 50 pg kg)
caused a tail-flick latency of 5.77 £ 0.34 seconds) that was not statistically significant (I >0.05)
when compared to that for the controls.

Co-administration of epibatidine (Epi 2 pg/kg) and naloxone (Nal 2.5mg/kg) caused a
tail-flick latency of 8.43 £0.11 seconds. When the mean tail-flick latency for the combined
treatment (8.43 = 0.11 seconds) was compared with that for epibatidine (Epi 2 pg/kg: 7.58 + 0.35

seconds) alone, a statistically significant difference was recorded (P<0.05. Fig. 7c).
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Fig. 7a

Effects o f intraperitoneal administration of physiological saline (0.9% NaCl, controls) or
epibatidine (0.5, 1,2 or 3 pg/kg) in the tail-flick test. VValues are presented as means + S.E.M.,
and n=6. Treatment means were compared separately using Dunnett s pos-hoc test, subsequent to

ANOVA. ** and *** denotes P<0.01 and P<0.001 respectively (epibatidine versus the control

groups).
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Fig. 7b

Effects of intraperitoneal administration of physiological saline (0.9% NaC 1), mecamylamine
(Mec 50pg/kg), epibatidine (Epi 2pg/kg), or co-administration of epibatidine (Epi 2pg/kg) plus
mecamylamine (Mec 50pg/kg) in the mean tail-flick latency. Values are presented as means +
S.E.M., and n=6. Treatment means were compared using Dunnett's post-hoc test, subsequent to

ANOVA. **denotes P<0.01 for epibatidine (Epi 2pg/kg) versus epibatidine plus mecamylamine

(Epi2pg/kg + Mec 50pg/kg) groups.
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Fig. 7c

Effects of intraperitoneal administration of physiological saline (0.9% NaCl), naloxone (Nal
2.5mg/kg), epibatidine (Epi 2pg/kg) or co-administration of epibatidine (Epi 2g9g/kg) plus
naloxone (Nal 2.5mg/kg) on the mean tail-flick latency. Values are presented as means = S.1..M.,
and n=6. Treatment means were compared using Dunnett s post-hoc test, subsequent to ANOVA.

**denotes P<0.01 for epibatidine (Epi 2pg/kg) versus epibatidine plus naloxone (Epi2|ig/kg +

Nal 2.5 mg/kg) groups.
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CHAPTER 5

5:0 DISCUSSION AND CONCLUSIONS
5:1 FORMALIN TEST

The study showed that the formalin test is a suitable nociceptive test for evaluating animal
behavioural responses to persistent pain, and is useful for examining antinociceptive effects for
various analgesic drugs such as the cholinergic ones. Contrary to the phasic and short-lasting
noxious stimuli, formalin induced pain is prolonged and therefore resembles many painful
conditions encountered clinically, such as post operative pain (Porro and Cavazzuti, 1993).

The pain-like behaviour monitored in the formalin test was licking/biting of the injected
right hind paw. The formalin induced two distinct periods of pain behaviour, an early phase (0-5
minutes) and a late phase (35-60 minutes) in the naked mole-rat. This is similar to the findings
reported in other animal species, such as rats (Dubuisson and Dennis, 1977; Curzon et al., 1998;
Capone et al., 1999), primates (Alreja et al., 1984) and mice (Hunskaar et al., 1985; Hunskaar
and Hole, 1987). The formalin-induced behaviour in the naked mole-rat is also similar to
published reports on the same rodent (Kanui et al., 1993; Karim et al., 1993; lowett et al., 2009).

The early phase response is due to the stimulation of peripheral nociceptors while the late
phase may be due to varied inflammatory processes (Dubuisson and Dennis, 1977; Hunskaar et
d., 1985a; Hunskaar and Hole, 1987; Shibata et al., 1989). The intradermal injection of 10%
formalin at the dorsal right hind-paw inflicts a moderate continuous pain generated by mildly
injured tissue (Dubuisson and Dennis, 1977). The injury to the tissue stimulates C-fibres that
induce a series of neuronal modifications that increase the excitability of motomeurons and lead

to an increase of the flexor reflex. The main chemical mediators implicated in the irritation ol
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free nerve endings during the early phase response are bradykinins (Dray, 1995). Peripheral
injection of formalin also activates descending inhibitory pathways that can significantly reduce
this facilitation (Gozariu el al., 1997). The nociceptive input following the formalin induced pain
is transduced by beta-endorphin as the main neurotransmitter. This is present at the arcuate
projection to brain areas involved in pain modulation (Capone el al., 1999). It has been
demonstrated previously that the septo-hippocampal cholinergic activity, inhibited by beta-
endorphin is depressed by formalin in other species, such as rats (Aloisi et al., 1995).

The late phase in the naked mole-rat started 35 minutes following intradermal
administration of formalin whereas in the other species it occurs at 15-20 minutes (Capone et al.,
1999), suggesting a slow inflammatory reaction. This may be explained by the lack of sensory
fibres immunoreactive to substance P and calcitonin gene related peptide (CGRP) in the naked
mole rat (Park et al., 2003). These two chemical modulators play a major role in sensitization of
chemoreceptors. Neuromodulators such as histamines, prostaglandins, bradykinins, serotonin,
protons, nitric oxide, leukotrienes and cytokines are also reported to have a role in the late phase
of the formalin test (Shibata et al., 1989; Dray, 1995). The second messengers that signal the
biochemical communication within cells after the action of neurotransmitters at the pain receptors
and trigger the licking/biting response include substance P, potassium ions and adenosine
triphosphate (ATP). The role of various peptides, acetylcholine and the- type of receptors

involved in the formalin test in the naked mole-rat has not been investigated.

In the present study, oxotremorine administered intraperitoneally, reduced the time spent
licking/biting the injected paw in both phases of the test. Ihe antinociceptive efiect ol

oxotremorine was dose dependent. This is similar to what has been reported in Sprague-Dawley
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rats (Yaksh et a | 1985; Capone et al., 1999; Machelska el al., 1999; Abelson and Hdglund,
2000b; Abelson et al., 2004) and mice (Wang et al., 2004). In these reports the effects of the
muscarinic agonist, oxotremorine, were blocked by atropine (Ishii and Kurachi, 2006; Langmead
etal., 2008).

The intraperitoneal administration of atropine (2.5 mg/kg) alone did not have any
significant effect on the time spent in pain behaviour in naked mole-rats. The findings were
contrary to Ghelardini et al., (1990) who observed that atropine in low doses produced analgesia
in rats. Conversely, it was opposite to the findings in a later study where atropine produced
increased pain sensitivity in rats in both high and low doses (Abelson and Hoglund, 2002b). This
might suggest that different strains, species and animals belonging to different classes respond
differently to the atropine treatment.

Intraperitoneal administration of epibatidine caused a decrease in pain behaviour in both
phases of the formalin test in the naked mole-rat. The antinociceptive effect of epibatidine was
dose-dependent and mecamylamine-reversible. This is similar to previous reports in mice (Qian
et al., 1993) and rats (Curzon et al., 1998; Boyce et al., 2000; Kommalage and Hoglund. 2004).
However, this was the first study to be conducted in the naked mole-rat, a primitive fossorial
rodent. The effect of mecamylamine on epibatidine induced antinociception suggests that the
antinociceptive effect of the agonist was mediated by nicotinic acetylcholine receptors. Similar
observation has been noted in rats (Badio and Daly, 1994). Lower doses of epibatidine compared
to those of oxotremorine were effective in reducing the licking/biting behaviour in the naked

mole-rat. This may be associated to the pharmacological binding properties of epibatidine which

have to be investigated in the naked mole-rat.
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In the current study, the intraperitoneal administration of mecamylamine and naloxone
alone did not have any significant effect on the time spent in pain behaviour. Naloxone had been
reported to have no effect on formalin induced pain in earlier studies in the naked mole- rat
(Towett et al., 2009).

Co-administration of oxotremorine or epibatidine with naloxone exhibited synergistic
increase of the antinociceptive effects of the selected direct acting cholinergic agonists. The
interaction between the opioid and the cholinergic systems has been well-documented (Dewey
and Pedigo, 1981; Lewis et al., 1983; Sperber et al., 1986). There is evidence indicating that
opiate agonists inhibit cholinergic activity in several brain regions (Lamour and Epelbaum. 1988)
by reducing the release of acetylcholine (Cheney et al., 1975; Wood and Stotland, 1980).
Naloxone is a general blocker of opioid receptors in the central nervous system (Cheney el al.,
1975; Beani et al., 1982; Walker et al., 1991). Perhaps naloxone caused synergism with
exogenously administered cholinergic agonists by blocking opioid receptors the site of action ol
endogenous opioids associated to nociceptive stimulation, a feature that needs to be investigated
in the naked mole-rat. The unclear mechanisms in the naked mole-rat resulted in an enhanced
antinociceptive effect of oxotremorine and epibatidine in the three nociceptive tests used in this
study.

Furthermore, very low concentrations of cholinergic drugs have been shown to enhance
neurogenic inflammation by their action at nociceptors (Mayhan and Sharpe, 1998; Miao et al.,
1992; 1997). This enhancement is usually not observable due to tonic suppression by endogenous

opioids (Miao et al., 2001) suggesting the importance of opioid system on cholinergic activity.

84



52 HOT-PLATE TEST

The data presented suggest that the hot plate test is good for studying reflex response of
the animal. The test involves a phasic stimulus of high intensity and short duration and has been
used in mice (Ankier, 1974; Hunskaar et al., 1986a) and rats (Hunskaar et al., 1986a). The test
has been successfully used before to evaluate the antinociceptive effects of various drugs. It has
been reported earlier that the naked mole-rats exhibited a reliable and specific pain-related
behaviour when tested on the hot plate set at 60° C (Kanui and Hole, 1990; Towett and Kanui,
1993; Towett el al., 2006).

In the present study, oxotremorine or epibatidine caused an increase in the response
latency when they were injected intraperitoneally, suggesting analgesia. This effect is dilterent
from the effects of opioids observed by (Towett and Kanui, 1993; Towett et al., 2006), who
found the opioid agonists caused increased pain insensitivity in the animal. The effects of
oxotremorine (20pg/kg) or epibatidine (2pg/kg) were reversed by atropine (2.5 mg/kg) or
mecamylamine (50pg/kg, respectively. This suggests that oxotremorine and epibatidine acted on
muscarinic and nicotinic receptors, respectively, to cause analgesia in the naked mole-rat. As
expected, atropine on its own had no significant effect on the response latency in the naked mole
rat. It was observed that naloxone (2.5 mg/kg) alone had no effect on response latency but caused
an increase in the response latency when combined with either oxotremorine or epibatidine. Ihe
combined treatment of naloxone with either oxotremorine or epibatidine exhibited synergism of
the antinociceptive effect of oxotremorine or epibatidine. The possible mechanism lor the

synergistic effect of naloxone is as explained for the formalin test.
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53 TAIL-FLICK TEST

The study showed that the tail-flick test is easy to replicate and generates reliable data to
quickly evaluate antinociceptive for direct acting cholinergic drugs in the naked mole-rat. Tail-
flick pain is primarily a spinally integrated reflex. Naked mole-rats showed clear quantifiable tail
withdrawal response when tested on a radiant beam set at 56°C, thus affirming that the tail-flick
test can be adapted for use in the naked mole-rat. In the current study, oxotremorine at the
selected doses (20, 50 or 100 pg/kg significantly increased the mean tail-flick latency. This
means that the naked mole-rats became less sensitive to noxious stimulation after the
administration of oxotremorine. The findings are similar to earlier reports on other rodents, such
as mice (Yael et al., 2000), rats (Hai-chun et al., 2001; Hies et al., 2006). The analgesia caused by
oxotremorine, a muscarinic agonist, suggests that the cholinergic system play a role in pain
regulation in the naked mole-rat. This was the first time antinociception was assessed in the
naked mole-rat using the tail-flick test.

Administration of atropine (2.5 mg/kg) reversed the effect of oxotremorine in the tail-
flick test. The finding is similar to previous studies in rats (Vilaro et al., 1992; Eisenach, 1999)
and suggests that antinociceptive actions of oxotremorine are mediated by muscarinic
acetylcholine receptors in the naked mole-rat. Contrary to the possible involvement of non- Mi in
the naked mole-rat it has been demonstrated that Mi receptor subtype is involved in the
muscarinic antinociception, in rats (Bartolini et al., 1992). Naloxone, in combination with
oxotremorine increased the tail-flick latency, suggesting a synergistic effect. The possible

mechanism for the synergistic effect of naloxone is as explained for the formalin test.
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In the current study, epibatidine at the selected doses (1, 2 or 3 pg/kg) significantly
increased the mean tail-flick latency, suggesting antinociceptive effect. The antinociceptive effect
of epibatidine was dose-dependent. Co-administration of mecamylamine (50 pg/kg) together with
epibatidine (2 pg/kg) reversed the effect of epibatidine, on the tail-flick latency. In earlier studies,
epibatidine antinociception was demonstrated in rats using the tail-flick (Rao el al., 1996; Caban
el al., 2004). Treatment with mecamylamine or naloxone alone had no significant effect on the
mean response latency. It was observed that naloxone, in combination with epibatidine increased
the tail-flick latency, suggesting a synergistic effect. The possible mechanism for the synergistic
effect of naloxone is as explained for the formalin test.

54 CONCLUSIONS

This study has demonstrated that oxotremorine and epibatidine have a potent
antinociceptive effect in the naked mole-rat and that the effect is reversible by atropine and
mecamylamine respectively. It is imperative from the findings that the selected direct acting
cholinergic drugs may be used for therapeutic purposes at dose levels oxotremorine (20 pg/kg
body weight) and epibatidine (2 pg/kg body weight).

The interaction between the cholinergic and opioidergic system in pain control is

exemplified by the observed synergistic antinociceptive effect when oxotremorine or epibatidine

were combined with naloxone in the naked mole-rat.
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APPENDICES

APPENDIX 1: TIME-COURSE (SECONDS) OF PAIN BEHAVIOUR FOLLOWING

INTRADERMAL INJECTION OF TWENTY MICROLITRE OF 10% FORMALIN OR

0.9% SALINE INTO THE DORSAL RIGHT HINI) PAW.

.TIME SPENT IN PAIN BEHAVIOUR FOLLOWING FORMALIN ADMINISTRATION
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APPENDIX 2: TIME (SECONDS) SPENT IN PAIN BEHAVIOUR IN THE
FORMALIN TEST.

DRUG DOSE n EARLY PHASE LATE PHASE
(PR/kgor mg/kg) (0-5 minutes) (35-60 minutes)
MEAN + S.E.M MEAN + S EEM
Controls 0 87.37 £9.80 60.43 + 11.13
Oxotremorine 10 pa/kg 70.36 = 7.57 49.33 +4.01
20 pa/kg 45.37 £6.41 31.13 £ 8.15
50 pg/kg 27.85 £4.58 26.63 £ 13.85
100 pg/kg 24.56 +4.00 22.76 + 5.36
Atropine 2.5 mg/kg 83.13 +5.48 56.82 + 3.64
Naloxone 2.5 mg/kg 85.83 £5.42 55.53 +4.99
Oxotremorine 20 pa/kg 70.41 £3.99 50.08 + 2.36
plus Atropine + 2.5 mg/kg
Oxotremorine 20 pg/kg 9.02 + 1.90 186 + 1.63
plus Naloxone + 2.5 mg/kg
Epibatidine 0.5 pa/kg 76.21 £9.13 42.39 + 8.75
Epibatidine 1 pa/kg 57.68 £2.77 12.76 +4.92
Epibatidine 2 pg/kg 44.30 £3.08 6.66 £3.71
Epibatidine 3 pg/kg 31.67+3.14 041 +0.23
Mecamylamine 50 po/kg 72.54 £ 2.48 52.48 + 3.50
Epibatidine plus 2 pg/kg + 83.32 +2.11 51.36 + 1.84
Mecamylamine 50 pg/kg
Epibatidine plus 2 pg/kg + 21.42 £2.29 0.93 +0.61
Naloxone 2.5 mg/kg
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APPENDIX 3: RESPONSE LATENCIES (SECONDS) IN THE

HOT PLATE TEST.

Drug/Dose

Controls (0)

Oxotremorine (10 pg/kg)
Oxotremorine (20 pg/kg)
Oxotremorine (50 pg/kg)
Oxotremorine (100 pg/kg)
Atropine (2.5 mg/kg)
Naloxone (2.5 mg/kg)
Oxotremorine (20 pg/kg) plus
Atropine (2.5 mg/kg)
Oxotremorine (20 pg/kg) plus
Naloxone (2.5 mg/kg)
Epibatidine 0.5 pg/kg
Epibatidine 1 pg/kg
Epibatidine 2 pg/kg
Epibatidine 3 pg/kg
Mecamylamine 50pg/kg
Epibatidine 2 pg/kg plus
Mecamylamine 50pg/kg

Epibatidine 2 pg/kg plus
Naloxone 2.5 mg/kg

Hot plate response
latency
5.29+0.10
5.70 £0.17
981 +0.72
14.38 + 1.05
18.88 +0.78
5.65 + 0.34
5.96 +0.16
6.02 + 0.02
11.99 +0.75
5.96 + 0.09
7.73 £ 0.23
9.12 +0.75
14.99 £0.72
6.44 + 0.46
5.65+0.14

11.34 +0.67
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APPENDIX 4: RESPONSE LATENCIES (SECONDS) IN THE
TAIL-FLICK TEST.

Drug/Dose n Tail-flick latency
Controls (0) 5.48 + 0.23
OxotremorinelO pg/kg 5. 54 £0.15
Oxotremorine 20 pg/kg 6.62 + 0.30
Oxotremorine 50 ng/kg 8.03 +£0.12
Oxotremorine 100 pg/kg 8.82 +0.15
Atropine 2.5 mg/kg 6.17 £ 0.12
Naloxone 2.5 mg/kg 5.91 +0.25
Oxotremorine 20 pg/kg plus 5.66 £0.31
Atropine 2.5 mg/kg
Oxotremorine 20 pg/kg plus 8.89 £0.14
Naloxone 2.5 mg/kg
Epibatidine 0.5 pg/kg 5. 57 +£0.41
Epibatidine 1 pg/kg 6.88 + 0.49
Epibatidine 2 pg/kg 7. 58 £0.35
Epibatidine 3 pg/kg 8.43 +0.11
Mecamylamine 50pg/kg 6.39 +0.34
Epibatidine 2 pg/kg plus 577 +£0.34
Mecamylamine 50pg/kg

9.22 £ 0.27

Epibatidine 2 pg/kg plus
Naloxone 2.5 mg/kg
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