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ABSTRACT 

The central objective of this dissertation focuses on the influence of supraspinal 

descending nociceptive inhibitory and facilitatory systems in the modulation of both 

nociceptive input and neuropathic pain states due to peripheral nerve injury. 

Opioid 6-mediated antinociception within the RVM was observed to modulate 

supraspinally organized nociceptive behavior to acute stimuli. Spinally organized 

nociceptive behavior was observed to be 5-mediated as well, but appeared to be stimulus 

intensity dependent. In addition, activation of5-opioid receptors within the RVM elicited 

a dose-dependent antinociceptive effect to tonic forms of nociceptive input. Lesioning of the 

dorsal lateral funiculus (DLF) was observed to block both the antinociceptive effect of6-

opioid receptor activation in the RVM and attenuation of FLI in the lumbar spinal cord. 

Finally, concurrent administration of 5-opioid receptor selective agonists into the RVM and 

intrathecally elicited a synergistic antinociceptive effect to acute forms of nociceptive 

stimuli. Taken together, these studies presented in this dissertation suggest that activation 

of 5-opioid receptors within the RVM elicits an antinociceptive effect to both acute and tonic 

forms of nociceptive input by way of a descending nociceptive inhibitory pathway localized 
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within the DLF. 

Increased levels, or activity, of supraspinal CCK may consequent to tonic activation 

of an on-cell descending nociceptive facilitatory system and the behavioral signs of 

neuropathic pain. For example, CCK levels in the caudal brainstem, when quantified by 

protein immunoassay, were higher in those animals that had received a ligation to the L5/L6 

spinal nerves in comparison to sham operated animals. Administration of the CCKu receptor 

antagonist L365,260 into the RVM was observed to reverse both tactile allodvnia and 

thermal hyperalgesia in L5/L6 ligated animals. In addition, administration ofCCK.-8 sulfate 

into the RVM vvas observed to produce tactile allodynia as well as thermal hyperalgesia, but 

to a lesser e.xtent, m otherwise normal animals. Finally, a loss of morphine efficacy, when 

administered into the PAG. was restored by the administration of L365,260 into the RVM 

of L,/L„ ligated animals. Taken together, these studies presented in this dissertation suggest 

the involvement of a supraspinal descending nociceptive facilitatory influence in the 
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INTRODUCTION 

Supraspinal involvement, most notably within the brainstem, in both the 

transmission and modulation of pain is well documented (Bemston and iVIicco, 1976; 

Seigel. 1978; Fields and Basbaum, 1978,1979; Yaksh and Rudy, 1978; Hobson and 

Scheibel. 1980; Gebhart, 1982). Research directed towards elucidating the mechanisms 

involved in supraspinal modulation of both nociception and antinociception have resulted 

in the speculation of a descending nociceptive facilitatory and inhibitory system 

localized, at least in part, within the reticular core of the brainstem (Basbaum and Fields, 

1978; 1980; Fields and Basbaum, 1978, 1979; Heinricher et al., 1999). One region of the 

brainstem that has received particular attention is the rostroventromedial medulla (RVM). 

The RV.M includes loosely associated group of cells bodies, referred to as the reticular 

formation, as well as the nucleus raphe magnus, the adjacent nucleus reticularis 

gigantocellularis pars alpha, and the nucleus reticularis paragigantocellularis. Within the 

midbrain, the periaqueductal gray (PAG), as well as being involved in the modulation of 

nociceptive information (Basbaum and Fields, 1978; Fields, 1978), distributes a majority 

of its efferent projections to the RVM (Ruda, I975a,1975b; Gallager and Pert, 1978; 

Beitz et al., 1983). Both |i-, 6-. and K-opioid binding sites have been localized within the 

PAG and RVM (Hokfelt et al., 1979; Menetrey and Basbaum, 1987; Bowker and Dilts, 

1988), as well as other supraspinal sites. In addition, cell bodies and terminals containing 

opioid-like immunoreactivity have been localized in these brainstem regions as well 
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(Finley et al.. 1981; Mansour et ai., 1994; 1995; Kalyuzhny and Wessendorf, 1998). 

Local administration of morphine or selective |i- and 6-opioid peptides restricted to the 

RVM have been observed to elicit an antinociceptive effect to both acute and tonic form 

of nociceptive stimuli (Ossipov et al., 1995; Thorat and Hammond, 1997; Kovelovvski et 

al., 1999). Therefore, investigations into the neuronal circuitry of the RVM integral to 

supraspinal opioid induced analgesia could provide insights into the neurobiology of 

opioid induced activation of a descending nociceptive modulatory system. 

Participation of the RVM in the modulation of nociceptive information is 

contingent upon the activation of specific brainstem loci. Electrophysiological evidence 

has suggested that opioid induced depression of neuronal activity leads to the activation 

of other brainstem neurons, presumably involved in the attenuation of nociceptive 

information (Pan etal 1990; Heinricher et al., 1992; 1994; 1999). Indeed, lesioning of the 

dorsal lateral funiculus (Basbaum and Fields, 1984) has been observed to block both the 

analgesic effect of morphine, administered into the RVM, and attenuation of the Fos-like 

immunoreactivity at the spinal level (Gogas et al., 1996). This particular observation 

suggests that depression of selective neurons within the RVM allows for the activation of 

descending nociceptive inhibitory systems that projects to the dorsal horn of the spinal 

cord. Fields and colleagues (1983) first proposed the involvement of three distinct cell 

types, localized within the RVM, in the modulation of nociceptive information (For 

schematic of proposed PAG, RVM neuronal circuitry see Fig. 1). These neurons, referred 
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to as "On-cells", -'Otl-cells" and "Neutral-cells" have been observed to exhibit distinct 

firing characteristics upon delivery of a noxious stimulus (Fields et al., 1983). Neutral 

cells show no change in activity to noxious stimulation are not sensitive to the effects of 

opioids. On-cells. which initiate firing subsequent to the delivery of a nociceptive 

stimulus, are thought to have a facilitatory influence on nociceptive processing through 

both local interactions within the RVM and descending systems projecting to the spinal 

cord (Fields et al., 1983; 1985; 1991). Electrophysiological recordings of on-cells have 

observed a sudden burst of activity preceding the behavioral response to a noxious 

stimulus. This observation implies that on-cells may possess a descending nociceptive 

facilitator\' influence that promote the behavioral response to a noxious stimulus. In 

addition, iontophoretic studies have shown that the administration of morphine, either 

systemically or locally within the RVM, profoundly depress on-cell activity while 

increasing the behavioral latencies to a noxious stimulus (Barbaro et al., 1986; Cheng et 

al., 1986; Heinricher and Drasner, 1991; Heinricher et al., 1994). Taken together, these 

observations suggest a pro-nociceptive role for on-cell activity within the RVM. 

Conversely, off-cells, which suspend firing following delivery of a noxious stimulus, are 

thought to comprise a descending nociceptive inhibitory influence that attenuates 

nociceptive information directly at the spinal level (Fields et al., 1985; 1991). In support 

of this idea, the inhibitory effect of morphine administered into the RVM has been 

observed to exert no effect on off-cell activity (Barbaro et al., 1986; Heinricher 1996). In 
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fact, propagation of off-cell activity, due to the inhibitory effect of morphine on on-cell 

activity, has been observed to result in the increased latency of the tail-flick response to 

radiant heat (Fields et al., 1985; 1991). This observation supports the notion of an off-

cell descending nociceptive inhibitor}' influence within the RVM. Interestingly, non

selective inactivation of all neurons within the RVM has been observed to result in the 

absence of an antinociceptive effect (Proudfit, 1980a 1980b;Young et al., 1984; Lovick, 

1985; Kaplan and Fields, 1991). Consequently, suppression of on-cell activity may not 

be in of itself sufficient to produce a measurable antinociceptive effect (Heinricher and 

McGaraughty. 1998). Therefore, to elicit an antinociceptive effect may require the 

activation of an off-cell descending nociceptive inhibitory influence within the RVM 

(Heinricher and McGaraughty, 1998). 

.A.nother prominent locus within the midbrain involved in pain modulation is the 

PAG (Mayer et al., 1971; Reynolds, 1969; Yaksh and Rudy, 1978; Gebhart, 1982). 

Electrical stimulation of the PAG has been observed to excite both on-cells and off-cells 

within the RV.M (Vanegas et al., 1984). In contrast, microinjection of morphine into the 

PAG increases the spontaneous activity of off-cells while attenuating the activity of on-

cells (Cheng et al.. 1986). Moreover, since the direct action of opioids on target neurons 

is inhibitory (Nicoll et al., 1980), and the administration of opioids into the PAG activates 

off-cell activity within the RVM, it has been proposed that opioids disinhibit PAG 

projection neurons to the RVM by inhibiting inhibitory intemeurons (Basbaum and 
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Fields, 1984). In fact, Moreau and Fields (1986), demonstrated that microinjection of the 

Y-aminobutyric acid (GABA) receptor antagonist bicuculline (GABA,v receptor antagonist) 

into the PAG increased both tail-flick latencies to radiant heat and off-cell activity, while 

decreasing on-cell activity. In the same study, administration of the GABA receptor 

agonist muscimol reversed these effects as well as the analgesic effect produced by 

morphine administered into the PAG (Moreau and Fields, 1986). Taken together, these 

results suggested that GABAergic synapses inhibit cells within the PAG that modulate 

nociceptive transmission at the spinal level through actions on neurons in the RVM. In a 

similar study, local administration of the GABA,^ receptor antagonist bicuculline into the 

RVM prolonged the duration of off-cell firing and was linked to the inhibition of the tail 

tlick retle.x to radiant heat (Heinricher and Tortorici, 1994). In the same study, local 

administration of bicuculline elicited no consistent effect on on-cell activity associated 

with inhibition of the tail flick response suggesting that alterations in on-cell firing are 

not in of itself sufficient to produce a measurable antinociceptive effect, but require the 

prolonged activation of off-cells to elicit an antinociceptive effect that originates from the 

RVM (Heinricher Tortorici, 1994). Administration of the retrograde tract tracer 

WGAAapoHRP-Au into the RVM in combination with immunocytochemical analysis of 

GABA-immunoreactive neurons revealed that although GABA-immunoreactive neurons 

were abundant in both the PAG and RVM, a minority of the retrogradely labeled neurons 

projected from the RVM back to the PAG (Reichling and Basbaum, 1990). Thus, the 
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majority of GABAergic neurons within the PAG and RVM are presumed to be inhibitory 

intemeurons that act locally to modulate efferent projections from these regions 

(Reichling and Basbaum, 1990). 

The observation that opioids administered into the PAG. RVM and systemically 

activate off-cells within the RVM (Heinricher etal., 1994), and that off-cell activation is 

required for the antinociceptive effect elicited by opioids (Heinricher et al.. 1997), raises 

the question of how opioids activate off-cells. Interestingly, iontophoretic application of 

L-glutamate was observed to activate off-cells, indicating that they possess e.xcitatory 

amino acid (EAA) receptors (Heinricher and Roychowdhury, 1997). In fact, infusion of 

the non-selective EA.A. receptor antagonist kynurenate into the RVM blocked both the 

continuous firing pattern of off-cells as well as the increase in tail flick latencies typically 

observed in the presence of systemic morphine (Heinricher et al., 1999). The source of 

EAA-containing afferents to off-cells has not been determined as of yet. However, 

neurons immunoreactive for both glutamate and aspartate were localized throughout the 

PAG, and a subset of these neurons were observed to project to the RVM (Clements et 

al., 1987; Wiklund et al., 1988; Beitz, 1990). In fact, non-selective activation of P.-XG 

neurons was observed to result in the increased release of both glutamate and aspartate in 

the RVM (Beitz and Williams, 1991). In addition, the behavioral antinociceptive effect 

elicited by PAG stimulation was also reversed by administration of EAA antagonists into 

the RVM (Aimone and Gebhart, 1986; Spinella et al., 1996). Taken together, the 
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observations implicate the PAG as one possible source of EAA-containing neurons that 

project to RVM off-cells to elicit an antinociceptive effect. 

The administration of exogenous opioids systemically and locally into both the 

PAG and RVM modulates neurons intrinsic to both descending facilitatory and inhibitory 

nociceptive systems. Therefore, it seems likely that endogenous opioids may also be 

involved in the modulation of both PAG and RVM neuronal circuitry as well. In fact, 

enkephalin-like immunoreactive neurons have been localized in both the PAG and RVM 

(Finley et al.. 1981; Mansouretal., 1994; 1995). In addition, a segment of enkephalin-

like immunoreactive neurons project from the PAG to the RVM (Beitz, 1982) as well as 

serve as intrinsic intemeurons in both the RVM and PAG (Lewis et al., 1985). In a 

brainstem slice preparation. Pan et al., 1990, observed that direct administration of the 

mi.xed fi- and 6-opioid receptor agonist Met^-enkephalin into the RVM abolished on-cell 

spontaneous firing and elicited no direct effect on off-cell activity. However. Met^-

enkephalin was observed to attenuate GABA-mediated hyperpolarization of off-cell 

activity (Pan et al.. 1990). In addition, the analgesic effect of morphine administered into 

the PAG was observed to be reversed by the administration into the RVM of the general 

opioid antagonist naltrexone as well as by both the selective |i- and Si-opioid receptor 

antagonists P-funaltrexamine and naltrindole, respectively, suggesting both |j,- and 62-opioid 

receptors in the RVM are involved in the modulation of nociceptive information from the 

PAG (Kiefel et al.. 1993). Taken together, these observations suggest that endogenous 
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enkephalins, acting at opioid receptors, act directly on on-cells to inhibit descending 

nociceptive facilitatory systems and indirectly at GABAergic intemeurons to promote the 

activity of off-cells and their descending nociceptive inhibitory influence. 

Studies utilizing electrohpysiological, immunocytochemical and pharmacological 

techniques ha\'e generated controversy rather than resolutions as to the idetification of the 

neurotransmitter involved in on-cell modulation of nociceptive information. Behavioral 

and physiological studies suggest the involvement of GABAergic neuronal input in the 

observed off-cell pause which precedes the tail-flick nociceptive refle.x to radiant heat 

(Heinricher and Tortorici, 1994). For example, microinjection into the RVM of the 

GABA.^ receptor antagonist bicuculline was observed to elicit an antinociceptive effect, 

where as administration of GABA receptor agonist THIP was observed to facilitate 

nocifensive behavior (Drower and Hammond, 1988). In addition, iontophoretic 

application of bicuculline onto off-cells not only eliminated the characteristic pause in 

off-cell activity which precedes the tail flick response to radiant heat (Heinricher et al.. 

1989). but prolonged off-cell firing (Heinricher and Tortorici, 1994). Moreover, an 

abundance of both GABAergic cell bodies and their terminals have been localized within 

the RVM (Millhom et al., 1988; Mugnaini and Oertel, 1985; Nagai et al., 1985; 

Wessendorf et al., 1996; Skinner et al., 1997; Kalyuzhny and Wessendorf, 1997) and a 

subset of these GABAergic neurons have been observed to project to the spinal cord 

dorsal horn (Reichling and Basbaum, 1990). Interestingly, at the ultrastructural level. 
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GABA-containing terminals have been shown to make contact with physiologically 

characterized, intracellularly labeled off-cells (Mason et al., 1990). Therefore, if 

GABAergic neuronal activity mediates off-cell activity within the RVM, it has been 

postulated that a subset of RVM on-cells may in fact be GABAergic.((Fields et al., 1991; 

Heiruncher et al.. 1992, 1994 Roychowdhury and Fields, 1996). Although speculation as 

to an cn-cell GABA-mediated pause in off-cell activity has been received with caution, 

observations by Heinricher and colleagues have provided an intriguing argument against 

on-cells as being GABAergic intemeurons. Initially, Heinricher and Roychovvdhur>' 

(1997) observed that EAA neurotransmission was essential to the nocifensor reflex-

related burst of on-cell activity. In a subsequent study, local infusion into the RVM of 

the non-selective EAA antagonist kynurenate was observed to block the tail flick related 

on-cell burst (Heinricher and McGaraughty, 1998). Surprisingly, in the same study, the 

suppression of the on-cell burst nonetheless resulted in a pause in off-cell activity which 

precedes the tail flick response (Heinricher and McGaraughty, 1998). The original 

assumption that on-cells may be GABAergic is based upon the observation that 

disinhibition by opioids of off-cells is crucial in the antinociceptive effect elicited by 

opioids (Heinricher et al., 1994) and that on-cells have been observed to respond to direct 

application of opioids (Heinricher et al., 1992). In addition, opioid receptors have been 

localized presynaptically on GABA-containing terminals in the hippocampus (Lambert et 

al., 1991; Cohen et al., 1992; Reckling, 1993). Therefore, the original assumption that 
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on-cells may in fact be inhibitory intemeurons and directly effect the observed pause in 

off-cell activity seemed plausible (Fields et al., 1991; Heinricher et al., 1992, 1994). 

However, the suppression of on-cell activity in the presence of an EAA antagonist and 

retention of the off-cell pause suggests that on-cells are not inhibitory intemeurons 

(Heinricher and McGaraughty, 1998). Therefore, given the continuing controversy, 

agreement as to the identity of on-cells is to date, still unresolved. 

Induction of an antinociceptive effect requires the activation of off-cell 

descending nociceptive inhibitory systems (Heinricher and McGaraughty. 1998). In fact, 

suppression of on-cell activity is not in of itself sufficient to elicit an increased latency of 

the tail flick response to radiant heat (Heinricher and McGaraughty. 1998). Therefore, 

much attention has been placed on the activity of off-cells and their role in the 

modulation of nociceptive input. A significant number of RVM neurons that project to 

the spinal cord contain serotonin (5HT) (Bowker et al., 1981, 1983; Lovick and 

Robinsonl983; Kalyuzhny and Wessendorf, 1998; Wang and Wessendorf, 1999). In 

addition, there is a substantial amount of pharmacological evidence to suggest for the 

spinal release of 5HT in the RVM-mediated modulation of nociceptive transmission 

(Anderson and Proudfit, 1981; Basbaum and Fields, 1984;; Hammond and Yaksh, 1984; 

Yaksh, 1985; Hammond et al., 1985; Roberts, 1988). For example, the observed increase 

in nocifensor reflex latencies by intrathecal administration of 5HT are reversed by 5HT 

receptor antagonists (Yaksh and Wilson, 1970; Hammond and Yaksh, 1985). In addition. 
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the antinociceptive effect elicited by microinjection of opioids supraspinally was 

observed to be attenuated by the intrathecal administration of the 5HT receptor antagonist 

methysergide (Jensen and Yaksh, 1986). However, nonserotonergic mechanims may also 

be involved in the RVM-mediated modulation of nociceptive information since a 

significant proportion of bulbospinal neuronal projections do not contain 5HT (Fields et 

al., 1991). In fact. the conduction velocities of RVM on- and off-cells projecting to the 

spinal cord were observed to be in the range of myelinated axons, whereas the majority of 

serotonergic a.xons are unmyelinated (Vanegas et al., 1984; Basbaum et al., 1988). 

Interestingly. Mason and colleagues (1994) identified and labeled neurons in the RVM 

based upon their response to no.xious cutaneous stimuli which were then processed for 

5HT immunoreactivity. Immunocytochemistry revealed that no on- or off-cells were 

immunoreactive for 5HT (Potrebic et al., 1994). Surprisingly, half of the neutral cells 

identified and labeled were immunoreactive for 5HT (Potrebic et al., 1994). Therefore, 

those serotonergic projection neurons that were identified as being neutral cells may not 

directly mediate the effects of supraspinal opioids in the rat ((Potrebic et al., 1994). In 

addition to 5HT. norepinephrine has also been implicated in the RVM-mediated 

descending modulation of nociceptive information. Norepinephrine administered 

intrathecally has been observed to elicit a potent antinociceptive effect (Proudfit, 1988). 

In fact, iontophoretically applied norepinephrine acting through tti-adrenergic receptors has 

been observe to inhibit nociceptive input arising from primary afferents (Fleetwood-
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Walker et al., 1985; Millar and Wiliams, 1989; Zhao and Duggan, 1988). Moreover, 

noradrenergic terminals have been localized in laminae I, II and V of the dorsal horn, 

laminae that receive serotonergic terminals from descending RVM axons as well (Ruda 

et al.. 1981, 1982). .\dding to the controversy are the observations by Wessendorf and 

colleagues suggesting that both (i- and 6-opioid receptors are localized on both non-

serotonergic and serotonergic RVM neurons that project to or through the spinal cord 

dorsal horn (Kalyuzhny et al., 1996; Kalyuzhny and Wessendorf, 1998; Wang and 

Wessendorf. 1999). These observations would suggest that perhaps a subset of projection 

neurons expressing both n- and 6-opioid receptors as well as 5HT may in fact be on-cells. 

Since a majority of RVM projection neurons are serotonergic, and 5HT has been 

observed to elicit an antinociceptive effect at the spinal level, the alternative 

interpretation to these observations is that inhibition of these neurons results in a 

decreased inhibition of nociception (Kalyuzhny et al., 1996; Kalyuzhny and Wessendorf. 

1998; Wang and Wessendorf, 1999). In summary, off-cell descending nociceptive 

inhibitory projections that terminate in the spinal cord dorsal horn may elicit a 

noradrenergic, or serotonergic influence in the modulation of nociceptive information. 

However, the mechanism by which opioids elicit analgesia would appear to be more 

complex than had been previously thought. Indeed, our knowledge and understanding of 

RVM circuitry is by no means complete. Hopefully, a consensus of opinions between 

electrophysiological, immunocytochemical and pharmacological disciplines in future 
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investigations will determine the identity of cells and the neurotransmitters present in 

each of the cell types. 

This dissertation focuses primarily on both supraspinal descending inhibitory and 

facilitator}' nociceptive systems and their involvement in the modulation of acute, tonic 

and neuropathic pain states. The primary goal of this dissertation is two-fold. First, 

determine the ability of 6-opioid receptors, localized within the RVM, to modulate acute 

and tonic fomis of nociceptive input at the spinal level by activation of supraspinal 

descending nociceptive inhibitory systems. The second goal of this dissertation is to 

determine the contribution of descending nociceptive facilitatory systems in the 

modulation of neuropathic pain states due to peripheral nerve injury. To help explain the 

mechanism of action of both research goals, a model of neuronal circuitry within the 

RVM emphasizing both on- and off-cell modulation of nociceptive responses will be 

utilized in this dissertation. 
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Spinal Cord 
Dorsal Horn 

Figure 1. Schematic representation of the proposed neuronal circuitry within the PAG 

and RVM. Proposed location of ^-opioid receptors is indicated. "On-cells" within the 

RVM represent the descending nociceptive facilitatory system. "Off-cells" within the 

RVM represent the descending nociceptive inhibitory system. Enkephalinergic (ENK), 

GABAergic (GABA) intemeurons, excitatory amino acid (EAA) containing neurons and 

cholecystokinin (CCK) intemeurons are indicated. 
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Nociception and pain pathways 

The "pain receptors" termed nociceptors are commonly thought to exist as free 

nerve endings which respond to high threshold mechanical and thermal as well as 

chemical noxious stimuli. The exact mechanism by which the interaction between the 

noxious stimuli and the nociceptors interact, a process referred to as transduction, is not 

completely understood (Fields, 1987). Nociceptors have primarily been classified into 

two distinct groups of pain receptors based on physical characteristics such as size, 

transmission velocity as well as the type of stimuli that results in their nociceptor specific 

neuronal activation. Two types of nociceptive fibers, C-polymodal and A6-high threshold 

mechanothermal nociceptors have been identified. C-polymodal nociceptors are referred 

to as being "polymodal" due to the fact that they have been observed to respond to 

mechanical, thermal and chemical noxious stimuli (Besson and Perl, 1969; 

Georgopoulous. 1974; Torebjork, 1974). C-polymodal nociceptors are localized on C-

fiber neurons. C-fibers are unmyelinated, small diameter (0.3 - 3 iim) (Ochoa and Miar. 

1969) afferents having slow conductive velocities (0.5 - 2 m/sec, LaMotte and Campbell, 

1978) and constitute the largest proportion of afferent axons found in peripheral nerves 

(Fields, 1987). A6-high threshold mechanoreceptors are found on thinly myelinated, large 

diameter (2-5 jim) (Ochoa and Miar, 1969) afferents and conduct neuronal signaling at a 
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rapid conduction velocity (approximately 20 m/sec, Adriaensen, et al., 1983). While all 

A6-nociceptors are thought to respond to high threshold mechanical stimulation, a 

proportion of Ao-nociceptors also respond to thermal stimuli and are accordingly referred 

to as A6-mechanothermal receptors (Adriaensen. et al.. 1983). 

Nociceptive neurons terminate primarily in the superficial layer of the dorsal horn 

of the spinal cord, specifically lamina I and II, as well as in deeper lamina such as lamina 

IV-V. These primary afferents forms synapses on second order neurons in the spinal cord 

and ascend to the thalamus via the spinothalamic tract after crossing the midline of the 

spinal cord. Large myelinated afferent fibers that are typically non-nociceptive directly 

ascend the spinal cord primarily via the dorsal column where they typically synapse in the 

caudal portion of the medulla. In addition to primary afferent fibers, there are a wide 

variety of neurons localized in the dorsal horn of the spinal cord that include both 

inhibitory and excitatory as well as projection neurons. It is though that nociceptive 

afferents may form synapses with all these types of neurons. Intemeurons can transmit 

inhibitory or excitatory information to projection neurons, which then relay pain signals 

to both higher supraspinal cortical areas and motor neurons involved in mediating spinal 

reflexes as well as other intemeurons involved in the modulation of the pain signal. 

Intemeurons may also modulate spinal primary afferents as a possible control mechanism 

of the pain signal. In addition, primary afferents may synapse directly onto projection 

neurons to transmit nociceptive information to supraspinal sites. Projections neurons are 
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classified into two classes, nociception specific and wide dynamic range (WDR) neurons. 

Synaptic connections to nociception specific projection neurons arise exclusively from 

nociceptive C- and A6-fibers. Similarly, several nociceptive afferents may synapse on a 

single projection neuron, which results in relatively large receptive fields for these 

second-order neurons. In contrast, nociceptive afferents also synpase on WDR neurons in 

the dorsal horn. WDR neurons respond to non-noxious stimuli, but primarily respond to 

noxious stimuli to a greater extent (Fields, 1987). 

.Axons of cells localized in laminae I-II and IV-V give rise to the main projection 

pathway, termed the spinothalamic tract, which as the name implies originates in the 

spinal cord and terminate in the thalamus. .Although many projection neurons can be 

activated by afferent activity, projection neurons of the spinothalamic tract appear to 

posses a role primarily in initiating the sensation of pain (Mayer et al., 1975; Dubner et 

al.. 1989; Simmone et al., 1991). In contrast, Schaible et al. (1991) suggests that 

projection neurons may facilitate the activation of descending nociceptive inhibitory 

systems which in turn modulate the activity of dorsal horn neurons. Nociceptive 

transmission to the brain involves two distinct spinothalamic pathways. The 

neospinothalamic tract projects directly to the thalamus from lamina I (Albe-Ressard et 

al., 1974). From the thalamus, these neurons via a third order neuron, project to the 

somatosensory cortex (Price and Dubner, 1977). The neospinothalamic tract is primarily 

responsible for the rapid transmission as well as discriminating the location, intensity and 
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duration of the nociceptive information (Malzack and Dennis 1978). In comparison, the 

paleospinothalamic tract projects from lamina V of the spinal cord and terminates in 

supraspinal regions which include the brainstem and thalamus (Brodal, 1981). The 

paleospinothalamic tract is characterized by a slower transmission of nociceptive 

information (Malzack and Dennis 1978). From the brainstem, information originating 

from the paleospinothalamic tract eventually projects to the limbic system and prefrontal 

cortex and may be involved in the emotional aspect of pain (Malzack and Dennis 1978). 

•Although the mechanisms involved in both the peripheral spinal aspects of nociception 

would appear to be understood, the supraspinal mechanisms of nociceptive modulation 

have only until recently been investigated. Given the complexity of neuronal circuitry 

within the brainstem and higher cortical structures, the supraspinal aspects of pain 

remain, still, somewhat of an enigma. 

The neurotransmission of pain 

Within the primary afferent neuron, there are a number of substances that may be 

responsible for the transmission of the pain including verious peptides and amino acid 

neurotransmitters. The peptides include calcitonon-gene-related peptide (CGRP). 

somatostatin, vasoactive intestinal peptide (VIP) and substance P as well as other 

neurokinins. The amino acids glutamate and aspartate are the primary excitatory amino 

acid neurotransmitters. While the neuropeptides are found in high concentration in small 
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diameter myelinated and umnyelinated afferents, the excitatory amino acids are found in 

these fibers as well as large, heavily-myelinated fibers (LaMotte, 1986; Fields, 1987; 

Rang et al., 1994). These neurotransmitters have been localized in the dorsal horn as well 

as the dorsal root ganglia, where the afferent cell bodies are localized (LaMotte. 1986). 

There is substantial evidence to suggest that substance P may be a major 

contributor to pain neurotransmission. Substance P release can be measured in the dorsal 

horn following no.xious thermal or mechanical stimulation (Duggan et al., 1988) and can 

result in the slow depolarization of second order neurons (Urban and Randic. 1984). 

Substance P acts at the neurokinin family of G-protein coupled receptors and is primarily 

selective for the NK-l receptor (Maggio, 1988; Regoll et al., 1994). Selective ablation of 

lamina I spinal neurons by substance P conjugated to the neurotoxin saporin significantly 

attenuated responses to highly noxious stimuli as well as thermal and mechanical 

hyperalgesia (Mantyh et al., 1997). These data suggest a crucial role for substance P in 

both the transmission of high threshold noxious stimuli and maintenance of hyperalgesia. 

The excitatory amino acid glutamate is also beleived to be involved in the 

neurotransmission of pain. Glutamate is colocalized in small-diameter afferents with the 

neurokinins and has been observed to be released following noxious stimulation 

(Battaglia and Rustioni. 1988). Also, the release of glutamate from primary afferents has 

been observed to result in the rapid depolarization of second order neurons (Gerber and 

Randic, 1989; a,b). It is beleived that glutamate acts on three potential post-synaptic 
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sites: the N-methyl-Daspartate (NMDA) receptor complex; the 2-amino-3-hydroxy-5-

methyl-4-isoxazole-proprionin acid (AMPA) receptors and the metabotropic glutamate 

receptors. Additionally, glutamate acts on presynaptic kainate receptors. Release of 

glutamate from the presynaptic terminal is believed to act on AMPA receptors and elicit a 

deploarization within the post-synaptic membrane. The brief depolarization is believed to 

allow the release of Mg*' from the pore of the NMDA receptor complex and subsequently 

allow an influx of Ca-' onto the postsynaptic membrane. Taken together, the release of 

both glutamate and Substance P presynaptically from primary afferents results in the 

activation of second order projection neurons that subsequent to the transmission of 

nociceptive information. 

Opiates and opioids and pain perception 

Brief History-

Crude extracts from Papaver somnifenim, the opium poppy, have been in 

medicinal as well as psychotropic use for thousands of years. It was found that slicing 

the fruit of the unripened plant resulted in the secretion of a tar-like sap that could be 

harvested from the plant. Raw opium, obtained from the sap, contains over twenty-five 

alkaloids including codeine and morphine. These products have been shown to produce 

analgesia, as well as constipative and psychoactive effects. 
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In 1806 The German chemist Friedrich Sertuner first isolated an active opiate 

alkaloid from the juice of the opium poppy that proved to be more potent than the crude 

extract. Sertuner bestowed the name morphium to the extract after the Greek God of 

dreams Morpheus. Later the opiate alkaloid was renamed morphine. Sixteen years 

following the discovery by Sertuner, Robiquet isolated codeine from opium. Both 

morphine and codeine were then utilized medicinally as analgesics due to their increased 

potency and control of dosing. The advent of the hypodermic needle shortly after the 

commencement of the American Civil War, precipitated the observation that direct 

injection of morphine into the blood elicited both a rapid and accurate administrative 

effect. Not until much later was the abuse potential of morphine realized which resulted 

in large numbers of Civil War veterans exhibiting symptoms of dependence. In light of 

the addictive nature of morphine, other opiates eliciting analgesia, but possessing a lower 

addiction liability, have been sought after. Heroin, marketed by the German company 

Bayer, was heralded in the late 1800's as an alternative to morphine, but was proven to 

have an even higher addiction liability than morphine. Methadone and merperidine were 

later synthesized as morphine substitutes. To date, the use of morphine, coedine, 

methadone and meperidine are still utilized in clinical setting as analgesics, antitussives 

and for the treatment of opiate withdrawal. In addition to the abuse liability associated 

with morphine use, other side effects such as respiratory depression, constipation and the 

production of tolerance are affiliated with the use of morphine and limit its clinical utility. 
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For these reasons, investigations into the chemistry and pharmacology of opiates persist 

in hopes of developing other potent opioids which may act at opioid receptor sub-types 

and elicit analgesia without eliciting the clinical side-effects associated with the use of 

classical opiates. As a result, localization of possible opioid receptor sub-types, there 

ability to elicit analgesia as well as there mechanism of action has been realized through 

continuing scientific investigation. 

Opioid receptors and endogenous opioids 

Many opiate-like compounds have been synthesized during the late 20"" century 

which include the development of partial agonists as well as antagonist such as nalo.xone 

(McClane and Martin, 1967). The in vitro testing of these compounds in isolated tissue 

preparations has led to the development of structure-activity relationships for these 

compounds which suggests that opiates may act at receptors localized in the periphery or 

central nervous system. 

Radioligand binding studies provided the first evidence for the existence of opioid 

receptors. Briefly, opioids were radiolabeled and the amount and rate of specific binding 

to receptor proteins were measured by quantification of radioactive emmission from 

tissue preparations. The initial studies by Goldstein and colleagues (1971), employing 

competition studies of radiolabeled levorphanol against unlabeled dextorphan and 

levorphanol, although not particularly useful, were instrumental in the development of the 
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radioligand binding technique. Subsequently, a number of studies utilizing improved 

techniques demonstrated that opioids were indeed binding to specific receptors. For 

example. Pert and Snyder (1973), demonstrated specific and saturable of opioid receptors 

using radiolabeled naloxone. In addition, high affinity specific binding was also 

demonstrated using radiolabeled etorphine, a potent opioid agonist (Simon et al., 1973) 

and radiolabeled dihydromorphine (Terenius, 1973). From these initial studies, a criteria 

has developed tor opioid receptor binding which includes stereoselectivity, saturability as 

well as evidence of high receptor binding in those brain regions known to be involved in 

the control of pain (Kuhar et al., 1973). 

The initial findings suggesting that opioid receptors existed, implied that 

endogenous ligands may also exist and interact with opioid receptors. With the isolation, 

extraction and purification of various brain regions, some peptide extracts were shown to 

produce opioid-like effects in isolated tissue preparations (Hughes, 1975; Kraulis et al.. 

1975) as well as attenuate opioid binding in inhibition studies (Pasternak et al., 1975; 

Terenius and Wahlstrom, 1975). The peptides [Leu5]enkephalin and [Met5]enkephalin 

were later isolated and sequenced from porcine brain (Hughes et al., 1975b). In fact, the 

term enkephalin is derived from the Greek word for "in the head". Although the 

enkephalins were shown to posses many of the same characteristics as morphine such as 

analgesia (Belluzzi et al., 1976; Buscher et al., 1976; Loh et al., 1976; Pert et al., 1977), 
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physical dependence (Wei and Loh, 1976) as well as naloxone reversibility, they were 

considerably less potent than morphine. 

Following the discovery of opioid receptors and endogenous opioids, a flurry of 

activity commenced in the field of opioid pharmacology. In addition to the enkephalins, 

two additional endogenous opioid peptides were discovered, the endorphins and 

dynorphins. Initially, it was discovered that the polypeptide P-lipoprotein (P-LPH) 

contained a copy of the [Met^]enkephalin sequence and that a portion of the P-LPH peptide 

possessed opioid-like activity (Li and Chung, 1976). This particular portion was named P-

endorphin. a contraction of the term "endogenous morphine". Additionally, the 13 amino 

acid peptide dynorphin 1-13 (meaning powerful morphine) was isolated from pituitary 

tissue (Goldstein et al., 1979). Eventually, the 32 amino acid prodynorphin was 

discovered (Fischli et al., 1982). The enzymatic cleavage products were termed 

dynorphin A (amino portion of the peptide) and dynorphin B (carbo.xy portion of the 

peptide). Subsequently, all three classes of endogenous opioids were discovered to be 

cleavage products of much larger precursor polypeptides. Proenkephalin was determined 

to contain six copies of [Met5]enkephalin and one copy of [Leu5]enkephalin (Noda et al.. 

1982). Proopiomelanocortin (POMC) was determined to contain p-endorphin as well as 

copies of p-LPH. corticotropin and melanocyte stimulating peptide and one copy of 

[Met5]enkephalin (Mains et al., 1977; Rubenstein et al., 1978; Chretein et al., 1982). 
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[n addition to the discovery of endogenous opioid peptides, it has been suggested 

that different opioids may act at different types of opioid receptors. Subsequently, it has 

been demonstrated pharmacologically that three different classes of opioid receptors 

e.xist: mu (u), delta (6) and kappa (K). The naming of both the |i- and K-opioid receptors was 

based upon the opioid agonist found to act upon them, morphine and ketocyclazocine, 

respectively (Martin et al., 1976; Gilbert and Martin, 1976). The 6-opioid receptor was 

named based upon the isolated tissue preparation in which it was found, the mouse vas 

deferens (6 referring to deferens. Lord et al., 1977). 

Opioid receptors can be located throughout the central nervous system. Using 

autoradiography, radioligand binding and more recently, in situ hybridization to measure 

mRNA. both the location and density of opioid receptors throughout the central nervous 

system has been determined. In addition, all three types of opioid receptors have been 

localized in both supraspinal and spinal regions. For example, Mansour and colleagues 

(1994, 1995) have localized opioid recptors in both the brainstem and spinal cord dorsal 

horn, sites intrinsic to the modulation of nociceptive information. Therefore, studies 

which take into account both the location and density of particular opioid receptors will 

effectively develop both novel drugs and approaches to the management of pain. 

Opioids and inhibition of pain 

The management of pain has plagued clinicians for many years. Numerous 

treatments have been employed over the years that, in retrospect, have not radically 
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changed over time. Common remedies include the application cold and hot compacts, 

plant extracts and herbs (Tainter and Ferris, 1969). Pharmaceutical compounds utilized 

in the treatment of pain include non-steroidal antiinflammatory drugs (NSAIDs) and 

narcotics (Sunshine and Olson, 1994). Originally, NSAIDs were thought to have their 

principle pharmacological effect in the periphery acting at the origin of insult. However, 

it is now known that NSAIDs elicit their effect by acting as an inhibitor of 

cyclooxegenase. .Although NSAIDs are in wide use today in the treatment of mild to 

moderate pain states, the management of severe pain, such as cancer pain, still commonly 

includes the use of narcotics as analgesics in the most severe and persistent pain states. 

Crude extracts from the poppy were utilized over 5000 years ago by the 

Sumerians of the Middle East in the treatment of pain (Kramer, 1954). In addition, 

opiates were used by the Egyptians at approximately 1500 B.C. for treatment headache, 

and during the Greek and Roman period of Europe for alleviation of arthritic and chest 

pain as well as cough suppression and induction of sedation (Benedetti and Premuda. 

1990). Therapeutic study of opiates by Friedrich Sertumer in 1805, and the extraction of 

the active alkaloid morphine commenced the advent of morphine's therapeutic use in the 

treatment of severe pain as well as a standard agonist in current scientific pain research by 

which all other opioid agonist are compared. 

Many pain specialists agree that not only should opioids be used, but administered 

at dosages that elicit pain management. However, there exists a number of liabilities that 
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impede the use of modem opioid analgesics such as: lack of responsiveness when utilized 

to treat neuropathic pain states, respiratory depression, constipation, tolerance, addiction 

and even route of administration (Portenoy and Coyle, 1990). Even though the history of 

opiate use in the treatment of pain spans over five thousand years, our comprehensive 

Icnovviedge and understanding is currently still limited. In fact, it was only recently that 

the pharmacoloically identified (i-, 6- and K-opioid receptors were cloned (Evans et al., 

1992; Kieffer et a!.. 1992). Given the negative side-effects and even stigma associated 

with morphine use in the treatment of pain, a goal of both pain and opioid pharmacology 

is to develop both novel drugs and strategies in the treatment and management of pain. A 

potential target in the treatment of pain are drugs designed to target the 6-opioid receptor. 

Potential advantages may include a more limited abuse potential, decreased development 

of physical dependence, lack of depression and possible stimulation of respiratory 

function and little or no induction of constipation. A portion of this dissertation is 

devoted to the investigation of the potential therapeutic use of agonists selective for the 6-

opioid receptor and their ability to elicit an antinociceptive effect. 

Cloning of opioid receptors 

Classical pharmacological studies have suggested that different subtypes of the n-

6- and k-opioid receptors exist (Zukin et al., 1988; Bodnar et al., 1989; Sofuoglu et al., 

1991; Mattia et al., 1991). With the advent of molecular cell biology, strategies designed 
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to both clone and express specific receptors has become increasingly commonplace. 

Kieffer et al.. (1992) and Evans et al., (1992), utilizing similar techniques, were the first 

investigative teams to clone the mouse 6-opioid receptor. Expression libraries in the 

vector pCDMS were made from poly(.\)RNA isolated from the hybrid NG 108-15 line, 

which expresses a number of 6-opioid receptors. The libraries were screened with 

radioactive enkephalin analogues, and clones encoding the 6-opioid receptor were isolated. 

With the murine 6-opioid receptor cDNA clone available, various groups identified cDNA 

clones encoding the \i (MOR), 6 (DOR) and k (K.OR) opioid receptors in the mouse human 

and rat (Keiffer. 1995). 

With the isolation of the MOR. DOR and KOR cDNA clones, came the question 

of whether the receptor types (|i, 6, k) are derived from one or multiple genes. Miotto et al., 

1995, describes the three opioid receptors as existing on different chromosomes in both 

the mouse and human. The phenomenon of three opioid receptor types expressing highly 

conserved sequence homology on different chromosomes, as well as the existence of 

introns within the protein coding region (Keiffer, 1995), has been suggested to extend to 

the idea that perhaps the genes encoding the opioid receptor types can be alternatively 

spliced and elicit different subtypes of the same receptor. To date, although 

pharmacological studies have suggested that different subtypes of the |i.- 6- and K-opioid 

receptors exist (Zukin et al., 1988; Bodnar et al., 1989; Sofuoglu et al., 1991; Mattia et 
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al., 1991), molecular techniques have not shown, as of yet, the existence for opioid 

receptor subtypes. 

Delta opioid receptor mediated antinociception 

Delta opioid receptor mediated antinociception to acute forms of nociception 

number of studies have shown a dissimilar effect of opioid agonists on 

antinociception depending upon the brain region wherein they were injected. Most 

notably, the ventrolateral PAG and the RVM have been clearly established as sites 

important in the modulation of nociceptive processing (Yaksh and Rudy 1978; Gebhart 

1982). Yaksh et al.. (1976) examined the antinociceptive effects of morphine 

microinjected into various brain loci of the rat and demonstrated that morphine attenuated 

the lail-flick (TF) retlex when administered into the PAG. Lewis and Gebhart (1977) 

found that both tbcal electrical stimulation or morphine microinjection into the PAG 

elicited an antinociceptive effect in the rat. More recently, the spinal administration of 

6-opioid agonists in rats has been shown to produce antinociception in the TF (Malmberg 

and Yaksh 1992) and hot-plate (HP) (Stewart and Hammond 1994) tests. Satoh and 

colleagues (1983) demonstrated antinociception after microinjection of the mixed n/6-

opioid agonist [D-Ala-,D-Ala^]enkephalin (DADLE) into the PAG of the rat using a 

mechanical nociceptive stimulus. In addition, Jensen and Yaksh (1986b) demonstrated 
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antinociception after microinjection of DADLE and the selective 6-opioid agonist [u-

Ser^,Leu\Thr^]enlcephalin (DSLET) in the TF and HP tests. Furthermore, 

intracerebroventricular (i.c.v.) administration of [D-Pen%D-Pen']enkephalin (DPDPE), a 

selective 6.-opioid receptor agonist, has been shown to produce dose-dependent 

antinociception in the Randall Selitto paw withdrawal test that was blocked by the 6-opioid 

receptor selective antagonist ICI 174,864 in the rat (Miaskowski et al. 1991). In mice, the 

i.c.v. administration of the 62-opioid receptor agonists [D-Ala %GIU'']deltorphin (DELT) 

(Erspamer et al. 1989; Jiang et al. 1990) or DPDPE have been shown to produce both HP 

and TF antinociception in normal (Porreca et al. 1984; Heyman et al. 1987; Jiang et al. 

1990) or ^-opioid receptor-deficient mice (Vaught et al. 1988). Also, Dauge et al. (1987) 

showed that i.c.v. administration of the 6-opioid receptor agonists DSLET, [D-

Thr.Leu\Thr"]enkephalin (DTLET), and [D-Pen-,L-Pen^']enkephalin (DPLPE) produced 

antinociception in the rat HP test. 

In stark contrast, other investigators have failed to detect antinociception after 

central administration of 6-opioid receptor agonists in the rat. Negri et al. (1991) did not 

observe antinociceptive actions following i.c.v. administration of DELT (6, agonist) in the 

rat radiant heat TF test. Adams et al. (1993) demonstrated antinociceptive activity of 

i.c.v. DPDPE (6| agonist) in the rat cold water (- 3°C), but not the warm water (50°C), TF 

tests. Taken together, these data suggest that in the rat, supraspinal 6-opioid receptors may 

play a more limited role in the modulation of nociceptive input. 
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Recently, evidence has accumulated, primarily from antinociceptive studies in 

mice, suggesting that multiple subtypes of the 6-opioid receptor may exist. Two-way 

differential antagonism of the antinociceptive effects of i.c.v. DPDPE (6, agonist) and 

DELT (6. agonist) has been shown (Jiang et al. 1991; Horan et al. 1993a) with [D-Ala\D-

Leu-']enkephalin (D.A.LCE; 6, antagonist) (Bowen et al. 1987) and with 5'-naltrindole 

isothiocyanate (5'-NTII; 62 antagonist) (Portoghese et al. 1990) or [D-Ala-,Cys"']deltorphin 

(Cys-DELT; 6, antagonists) (Horan et al. 1993a). Furthermore, no cross-tolerance was 

observed between the antinociceptive effects of both the 6, and 62 agonists DPDPE and 

DELT. respectively, or with either of these compounds and the |j.-opioid receptor agonist 

[D-Ala-.NMPhe''.Gly-ol]enkephalin (DAMGO) (Mattia et al., 1991). Additionally, 

naltrindole (NTI; non-selective 6-opioid receptor antagonist) and naltriben (NTB; 62-opioid 

receptor antagonist) (Portoghese et al., 1988) produced differential antagonism of DPDPE 

and DSLET (S.-opioid receptor agonist) following i.c.v. or intrathecal (i.th.) administration 

in mice (Sofuogiu et al., 1991). Results with administration of 6-opioid agonists by i.th. 

route of administration in the rat have also supported the concept of multiple 6-opioid 

receptors at the spinal level (Malmberg and Yaksh, 1992; Stewart and Hammond, 1994). 

The experiments presented in this dissertation were undertaken to examine the 

possible antinociceptive effects of selective opioid 6, and 62 receptor agonists (DPDPE and 

DELT. respectively) following microinjection into supraspinal sites in the rat when 

evaluated using tests emphasizing both supraspinally organized behavior as well as 
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inhibition of a spinal reflex to acute forms of nociceptive stimulation. To this end, both 

6-opioid agonists and morphine were administered into the PAG or RVM, sites previously 

identified to mediate opioid antinociception (Jensen and Yaksh 1986b). Antinociception 

was assessed in either the HP test or a low-intensity (52 °C warm-water) or high-intensity 

(55"C warm-water) TF assay. The results reported in this dissertation suggest that 63-

opioid receptors within the RVM reliably elicit an antinociceptive effect in the rat. 

However, 6-opioid receptor-mediated antinociception within the RVM may be stimulus 

intensity dependent. 

Delta opioid receptor mediated antinociception to tonic forms of nociception 

Specific supraspinal sites, such as the PAG, the nucleus raphe magnus (NRM), the 

nucleus reticularis gigantocellularis (NRG) and the ventral medial medullary reticular 

formation (MRF) have been clearly established as loci important in the processing of 

nociceptive information and its modulation (Yaksh and Rudy 1978; Basbaum and Fields 

1978; Gebhart 1982; Ossipov et al., 1995; Thorat and Hammond, 1997). Focal electrical 

stimulation of the P.A.G or NRM inhibits the nociceptive reflexes produced by the tail-

flick radiant heat test by activating multiple supraspinal pathways to modulate spinal 

nociceptive input (Sandkiihler and Gebhart, 1984a, 1984b). In addition, Vaccarino and 

Chomey (1994) reported that the microinjection of morphine into the PAG during the 

early phase of the formalin-induced paw elevation assay blocked the development of the 
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second phase, providing further evidence for a supraspinal descending nociceptive 

inhibitory pathway that may modulate noxious peripheral input at the spinal level. 

Characterization of novel opioids have suggested differential effects of selective 

opioid agonists on antinociception depending upon the brain region wherein they were 

injected. In mice, the i.c.v. administration of the selective 6 opioid agonist [D-

Ala%Glu"']deltorphin (DELT) (Erspamer et al. 1989; Jiang et al. 1990) has been shown to 

attenuate acute nociception. In addition, microinjection of the stereotypic \i opioid 

agonist morphine or DELT i.c.v. or into the RVM, but not DELT in the PAG, increased 

hot plate and warm water tail-flick latencies in the rat (Ossipov et al., 1995). Furthermore, 

these effects of DELT were mediated selectively via 6 opioid receptors, as shown with 

differential sensitivity to selective opioid receptor antagonists (Ossipov et al., 1995). 

Rossi and colleagues (1994) reported that DELT increased tail-tlick latencies to radiant 

heat when microinjected in the PAG or rostral ventral medulla (RVM) and observed 

additive effects when DELT was administered to both sites simultaneously. 

Measurement of the immediate-early gene (lEG) protein product c-fos has been 

used as a reliable marker to identify nociresponsive neurons (Hunt et al., 1987; Menetrey 

et al., 1989: Bullitt 1990). Current evidence indicates that Fos and Jun form complexes 

that are involved in cellular long-term adaptive changes induced by noxious stimuli. In 

turn, these heterodimer complexes bind to the AP-1 binding site to regulate late-onset 

gene expression (Naranjo et al., 1991; Morgan and Curran, 1989; Leah et al., 1992). The 
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mRNA levels for c-fos and c-jun are increased in the spinal cord in response to thermal 

nociception in the hindpaw (Wisden et al., 1990) and the expression of c-fos correlates 

well with the nociceptive behavior of rats in the formalin (Hunter et al., 1995) or 

carrageenan models of inflammation (Dubner and Ruda. 1992). Furthermore, a reduction 

in Fos-like immunoreactivity (FLI) by supraspinal (Gogas et al., 1991; 1996) or systemic 

(Presley et al., 1990) administration of a selective opioid agonists has also been reported. 

For example. Hammond et al. (1992) demonstrated a dose-dependent inhibition of 

nociceptive behavior and suppression of FLI in the spinal cord and nucleus tractus 

solitarii by the subcutaneous administration of the K- and JJ. opioid agonists U-50,488 and 

morphine respectively. The accumulation of these data suggest that the rapid induction of 

lEGs. most notably c-fos, are in response to the increased cellular activity that would be 

produced from a nociceptive stimulus. 

The idea of spinal modulation of nociceptive input by opioid activation of a 

descending bulbospinal pathway has been strengthened by studies involving lesions of 

the dorsolateral funiculus (DLF). Basbaum et al. (1978) reported that the antinociception 

produced by a supraspinal microinjection of morphine or stimulation produced analgesia 

was blocked by lesions made to the DLF. confirming that a descending nociceptive 

mhibitory pathway originates in the brainstem and terminates in the spinal cord to 

attenuate nociceptive input. Of interest, Gogas et al. (1996) has shown that lesioning of 

the DLF does not affect the attenuation of formalin-induced flinching or reduction of FLI 
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elicited by the K opioid receptor selective agonist CI-977 given i.e.v., suggesting that K 

opioid receptor antinociception may be mediated exclusively at the supraspinal level or 

through a descending-inhibitory pain pathway that may project through the spinal cord in 

an area other than the DLF. However, the ability of 6 opioid receptor agonists 

administered supraspinally to modulate tonic nociceptive input and changes in FLI via a 

descending nociceptive inhibitory pathway through the DLF has yet to be established. 

The e.xperiments presented in this dissertation were undertaken to examine the 

ability of a 6-opioid receptor agonist following microinjection into supraspinal and spinal 

sites to reduce nociceptive behavior and FLI in the dorsal horn of the lumbar spinal cord. 

To this end. the selective 6 opioid receptor agonist DELT was administered i.e.v., i.th. and 

into the RVM. routes of administration previously determined to elicit opioid 

antinociception (Jensen and Yaksh, 1986; Improta and Broccardo, 1992). Antinociception 

was assessed in the tbrmalin induced paw-flinch assay, previously established as a model 

for the evaluation of both acute and tonic pain (Dubuisson et al., 1977; Wheeler-Aceto 

and Cowan, 1991). The observations reported in this dissertation suggest that 

microinjection of the 6-opioid selective agonist DELT either i.c.v., i.th. or into the RVM 

elicits 6-opioid receptor mediated antinociception in a dose-dependent manner and 

suppresses formalin-induced expression of FLL These effects of supraspinal DELT are 

blocked by lesioning the DLF, suggesting that supraspinal 6-opioid receptors indirectly 
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activate a descending nociceptive inhibitory system that is localized within the DLF. 

Delta opioid receptor mediated stipraspinal-spinal antinociceptive synergy 

The concurrent administration of the prototypic }i-opioid receptor agonist 

morphine into the PAG and RVM has been observed to elicit an antinociceptive effect in 

a synergistic manner to thermal nociceptive stimulation (Rossi et al., 1993, 1994). In 

addition, the concurrent administration of morphine i.e.v. and i.th. has been demonstrated 

to elicit an antinociceptive synergistic effect to thermal nociceptive stimulation (Yeung 

and Rudy, 1987). It is believed that morphine, acting supraspinally, may activate 

descending inhibitory pathways that in turn release neurotransmitters at the level of the 

spinal cord, and that spinally administered morphine may interact synergistically in this 

manner (see Yeung and Rudy, 1987, for review). These observations are believed to 

account for. at least in part, the supraspinal/spinal multiplicative nature of morphine and 

Its clinical analgesic utility at moderate doses. 

Although a supraspinal/spinal synergistic interaction has been established for 

agonists acting at the putative |i-opioid receptor, whether a similar supraspinal/spinal 

multiplicative interaction occurs with opioid agonists acting via the 6-opioid receptor 

remains unclear. Miaskowski and colleagues (1991) observed that the concurrent i.e.v. 

administration of the and 6,-opioid receptor agonist [D-Ala%N-MePhe"',Gly-
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produced a synergistic effect in the Randall-Selitto paw withdrawal test. In addition, the 

i.c.v. administration of DAMGO, but not DPDPE, co-administered with the i.th. 

D.\.MGO or the K-opioid agonist U50,488H. as well as the concurrent i.c.v. and i.th. 

administration of DPDPE was observed to elicit a multiplicative effect (Miaskowski et 

al., 1993). However, the concurrent administration of selective 6-opioid receptor agonists 

delivered both supraspinally and into the RVM, a site implicated to be of importance in 

the activation of a descending inhibitory pain pathway (Basbaum and Fields, 1978; 

Heinricher et al... 1994; Ossipov et al., 1997), and spinally to elicit an antinociceptive 

effect that is synergistic remains unclear. Furthermore, the possibility exists that agonists 

for each of the pharmacologically identified 6-opioid receptor subtypes, specifically the 6, 

and 62 opioid receptors, may exhibit a different pharmacological profile is likewise 

uncertain. 

The experiments presented in this dissertation were undertaken to examine the 

interaction of selective 6-opioid receptor agonists following concurrent microinjection into 

both the RVM and lumbar region of the spinal cord against thermal nociceptive stimuli 

applied to the paw or the tail. To this end, administration of either DPDPE or [D-

Ala%Glu'']deltorphin (DELT), selective for the 6, and 62 opioid receptor (Ossipov et al., 

1995). respectively, were microinjected concurrently into both the RVM and the lumbar 

region of the spinal cord. The observations reported in this dissertation suggest that, with 
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the exception of DPDPE in the hot plate test, the concurrent administration of either 

DPDPE or DELT microinjected into both the RVM and i.th. elicits a synergistic 

antinociceptive effect. These results provide evidence to support the idea that both 

supraspinal and spinal 6,- and Si-opioid receptors contribute to the production of 

antinociception at a level that is not additive, but statistically synergistic in nature. 

Neuropathic pain states 

Damage to peripheral nerves arising from trauma or disease states may promote 

the emergence of aberrant pain conditions referred to as neuropathic pain. The 

neuropathic pain syndrome presents with signs reminiscent of clinical neuropathy which 

include increased sensitivity to nociceptive stimuli, presumably by a lowering of the 

nociceptive threshold to noxious stimuli (hyperalgesia), as well as an increased sensitivity 

to stimuli that are perceived typically as being innocuous, a state referred to as allodynia 

(Payne, 1986). .A. number of neuroanatomical changes are known to occur within both 

the peripheral and spinal nervous system which may promote the development of these 

neuropathic pain states. These changes include partial degeneration of both myelinated 

and unmyelinated afferents (Nuytten et al., 1992), which may suggest the involvement of 

these fibers in perception of abnormal pain. Additionally, severely damaged or severed 

nerved nay develop ectopic foci. Porreca et al. (1999) observed an up-regulation of the 

peripheral sensory nerve voltage-gated sodium charmel PN3 in both small unmyelinated 
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and myelinated primary afferents of animals with L5 and L6 spinal nerve ligation. 

Interestingly, an up-regulation the voltage-gated sodium channel PN3 (Porreca et al., 

1999) may contribute to the development of ectopic foci (Devor, 1990), sprouting of 

large diameter, low threshold AP primary afferent fibers into the superficial lamina of the 

dorsal horn (Woolf et al., 1992; Lekan et al., 1996) and changes in spinal 

neurotransmitter levels which include increases in spinal dynorphin (Dubner and Ruda, 

1992; Malan et al.. 1999) and possibly cholecystokinin (CCK) (Stanfa et al., 1994). 

Supraspinal modulation of neuropathic pain 

The possibility of a supraspinal influence in the modulation of neuropathic pain 

was demonstrated by the ability of lidocaine administered into both the PAG and RVM to 

attenuate tactile allodynia (Pertovaara et al., 1996), and to a lesser extent systemically to 

alleviate both tactile allodynia and thermal hyperalgesia (Abram and Yaksh 1994; 

Chaplan et al.. 1995). In a similar study, the application of mustard oil to a hindlimb 

produced tactile allodynia that was also abolished by the spinalization or administration 

of lidocaine into the nucleus raphe magnus or lateral reticular nucleus of intact rats 

suggesting that a facilitatory brainstem spinal loop may be involved in the modulation of 

tactile allodynia (Mansikka and Pertovaara, 1997). Extending to these observations, the 

spinal transection of L5 and L6 nerve ligated rats was observed to block tactile allodynia 

and increased thermal nociceptive latencies while retaining hindlimb reflexes to noxious 
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mechanical stimulation further suggesting that both supraspinal processing and 

descending controls may be involved in the modulation of pain related neuropathies 

(Bian et al.. 1998). 

Recently, possible supraspinal adaptations in response to neuropathic pain have 

been investigated. For example, Pertovaara et al., (1997), observed an increased 

spontaneous activity in wide dynamic range neurons (WDR) of the dorsal horn in 

response to mechanical but not thermal stimulation in spinal nerve L5 and L6 ligated rats. 

However, in the same study, concurrent stimulation of the PAG had no effect on both the 

mechanical and thermal evoked response of WDR suggesting that spinal nerve ligation 

may alter descending influences that typically act to inhibit the heat-evoked spontaneous 

activity of WDR. In a similar study (Pertovaara, 1998), spinal transection or lidocaine 

block of the RVM attenuated the mechanical hyperexcitability of WDR in response to the 

application of mustard oil to the hindpaw suggesting that a brainstem-spinal pathway, 

involving the RVM, may comprise a facilitatory nociceptive influence on mechanical 

secondary hyperalgesia. Finally, bilateral RVM lesions produced by administration of 

the soma-selective neurotoxin ibotenic acid was observed to block thermal secondar\' but 

not primary hyperalgesia further supporting the concept of a descending nociceptive 

facilitatory system which may involve the RVM (Urban et al., 1999). 

Although the occurrence of both peripheral and spinal adaptations as well as 

supraspinal nociceptive facilitatory influences may participate in the modulation of pain 
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peripheral nerve injury is less well defined. Within the RVM, two distinct populations of 

neurons function to modulate nociceptive transmission (Fields et al.. 1983). "Off-cells" 

are thought to comprise a descending inhibitory system that inhibits nociceptive 

information directly at the level of the spinal cord (Fields et al., 1985; 1991). Conversely, 

"on-cells" are thought to have a facilitatory influence on nociceptive processing through 

both local interactions within the RVM and descending systems projecting to the spinal 

cord (Fields et al., 1983; 1085; 1991). Given that e.xcitatory input onto on-cells 

constitutes presumed activation of a descending nociceptive facilitatory system 

(Heinricher et al.. 1999), it is of interest to note that infusion of CCK-8 sulfate (4-10 ng, 

200nl) into the RVM has been observed to attenuate both the suppression of on-cell and 

activation of off-cell firing induced by systemic morphine administration. However, in 

the same study, administration of CCK-8 alone was observed to exert no effect on both 

on- and off-cell activity at the above reported doses (Heinricher and McGaraughty, 1996). 

However, the neurotransmitter CCK has been reported to elicit excitatory actions within 

the central nervous system (Boden and Woodruf, 1994) and thus may explain the ability 

of CCK to exert its anti-opioid effect by activation of the on-cell descending nociceptive 

facilitatory system. 

The experiments presented in this dissertation were undertaken to determine the 

contribution of CCK within the RVM to the modulation of tactile allodynia and thermal 
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hyperalgesia in animals that had received a tight ligation of the L5 and L6 spinal nerves. 

The observations reported in this dissertation suggest that the RVM, in part, may 

contribute to the behavioral signs of neuropathic pain through perhaps the tonic activation 

by CCK of on-cell mediated descending nociceptive facilitatory systems. 

HYPOTHESES OF THE DISSERTATION 

The central objective of this dissertation focuses on the influence of supraspinal 

descending nociceptive inhibitory and facilitatory systems in the modulation of both 

nociceptive input and neuropathic pain states due to peripheral nerve injury. Therefore, the 

central hypotheses of this dissertation are as follows. 

I Hypothesis 

Supraspinal delta opioid receptors indirectly activate descending nociceptive 

inhibitorv' systems that modulate both acute and tonic forms of nociceptive input. 

II Hypothesis 

Supraspinal descending nociceptive facilitatory influences are involved in the 

modulation of neuropathic pain due to peripheral nerve injury. 
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METHODS 

Animals 

Male Sprague-Dawley rats (Harlan; Indianapolis, IN) 200 - 300 grams at time of 

testing, were maintained in a climate-controlled room on a 12-h light/dark cycle (lights on 

at 06:00 h) and food and water were available ad libitum. All of the testing was performed 

in accordance with the policies and recommendations of the International Association for the 

Study of Pain (lASP) and the National Institutes of Health (NIH) guidelines for the handling 

and use of laboratory animals and received approval from the Animal Care and Use 

Committee of the University of Arizona. 

Chemicals 

The chemicals (DPDPE), (DELT), (DSLET), (DALCE) and (Cys-DELT) were 

synthesized by standard methods, in the laboratories of Professor V.J. Hruby. Department 

of Chemistr\'. University of Arizona, as previously described (Mosberg et al., 1983). 

.Morphine sulfate was a gift from NIDA. L365,260 was a gift from Lily Pharmacueticals. 

CCK-8 sulfate and bicuculline were purchased from RBI Chemicals. All antagonists were 

given as a single pretreatment by the same route as the agonist 24 hr prior to testing. 

Surgical implantation of intracranial cannula 



60 

All rats were prepared for intracranial drug administration by placing anesthetized 

(ketamine/xylazine 100 mg/kg, i.p.) animals in a stereotaxic headholder. For intracranial 

drug administrations, the skull was exposed and a guide cannula (Plastics One Inc., Roanoke, 

VA) was directed toward the target loci. All coordinates were obtained from the Atlas of 

Paxinos and Watson (1986). The guide cannula were cemented in place and secured to the 

skull by small stainless steel machine screws. The animals were allowed to recover for five 

days post-surgery before any pharmacological manipulations were made. Drug 

administrations into both the PAG and RVM were performed by slowly expelling 1 |al of 

drug solution through a 33-gauge injection cannula inserted through the guide cannula and 

protruding an additional 1 mm into fresh brain tissue to prevent backflow of drug into the 

guide cannula. .At the termination of the experiments, pontamine blue was injected into the 

site of intracranial injection and cannula placement was verified histologically. 

fntracerehroveniriculcir (I.c.v.) 

A 22-gauge guide cannula was directed towards the right lateral ventricle 2mm 

caudal to bregma and 2mm lateral to the sagittal suture and 3.5 mm ventral from the skull 

surface from stereotaxic coordinates obtained from Paxinos and Watson (1986). Drug 

administration was performed by slowly expelling 10 |il of drug solution through a 28-gauge 

injection cannula. 
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Periaqueductal grey region (PAG) 

A 26-gauge guide cannula was directed towards the PAG from stereotaxic 

coordinates obtained from Paxinos and Watson (1986) (AP-6.0, ML-0.2, DV-5.0 from base 

of skull). Drug administration was performed by slowly expelling 1 }il of drug solution 

through a 33-ga injection cannula. 

Rostral ventral medial medulla (RVM) 

A 26-gauge guide cannula was directed towards the RVM from stereotaxic 

coordinates obtained from Paxinos and Watson (1986) (AP-11.0, ML-0.6, DV-8.5 from base 

of skull). Drug administration was performed by slowly expelling 1 [il of drug solution 

through a 33-gauge injection cannula. 

In studies that investigated supraspinal modulation of neuropathic pain, bilateral 

cannulae (Plastics One Inc., Roanoke VA.) were utilized. The bilateral cannulae were 

separated by 1.2 mm, thus each cannula was 0.6 mm off the midline. Stereotaxic coordinates 

were the same as those used in unilateral RVM cannula placement. 

Surgical implantation of intrathecal catheter 

Rats were prepared for intrathecal catheter placement by placing anesthetized 

(ketamine/xylazine 100 mg/kg, i.p.) animals in a stereotaxic headholder. Rats were 

implanted with catheters for intrathecal administration of drugs into the region of the lumbar 
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spinal cord according to the method described by Yaksh and Rudy (1976). An 8 cm length 

of PE-10 polyethylene tubing was inserted into the vertebral canal through an incision made 

in the atlanto-occipital membrane such that it terminated at the level of the lumbar 

enlargement. .\11 rats were allowed to recover for a period of at least five days prior to 

testing. Rats e.xhibiting motor deficiency were e.xcluded from testing. 

Lesioning of the dorsal lateral funiculus 

.Animals that were implanted with a cannula directed at the RVM received a unilateral 

lesion to the right dorsolateral funiculus (DLF) as described by Basbaum and colleagues 

(1977). or sham operation. Animals received a laminectomy at vertebra T^, the dura was 

reflected and the DLF was crushed with jewelers forceps. Sham operated animals received 

a laminectomy at vertebra and dural reflection only. A piece of Gelfoam was placed over 

the laminectomy of a DLF lesioned or sham operated animal and the muscle and overlying 

skin were sutured. .All animals were allowed to recover for five days prior to testing. At the 

termination of the e.xperiment, the spinal cord was removed and lesions were verified 

histologically. 

L5/L6 nerve ligation and sham surgery 

Nerve injury was induced using the procedure of Kim and Chung, (1992). 

Anesthesia was induced with 2% halothane in Oi at 2 L/min and maintained with 0.5% 
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halothane in O.. After surgical preparation of the rats and exposure of the dorsal vertebral 

column from L4 to S2, the L5 and L6 spinal nerves were tightly ligated distal to the dorsal 

root ganglion using 4-0 silk suture. The incision was closed and the animals were allowed 

to recover for five days. Rats that exhibited motor deficiency (such as paw-dragging) or 

failure to exhibit subsequent tactile allodynia were excluded from further testing (less than 

5% of the animals were not used). Sham control rats underwent the same operation and 

handling as the experimental animals, but without L5/L6 nerve ligation. 

Behavioral Testing 

Warm- water (ail flick assay 

The tail Hick test (TF) was performed by placing the tail of a rat in warm water 

maintained at 52 or 55" C. The latency to withdrawal of the tail from the warm water bath 

was determined both before and after drug administration. A cut-off latency of 15 sec for 

those tests at 52" C and 10 sec for those tests at 55" C was employed to prevent tissue 

damage. 

Hoi plate assay 

The hot plate assay (HP) was performed by placing the rats in a plexiglass enclosure 

on a thermostatically controlled metal plate maintained at 55°C. The latency to licking of 
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a hindpaw was taken as the nociceptive endpoint and determined both before and after drug 

administration. cut-off time of 60 sec was employed to prevent tissue damage. 

Formalin-induced foot flick assay 

Rats received a subcutaneous injection of 50 |al of 2% formalin solution injected in 

the dorsum of the right hindpaw immediately after vehicle or drug administration. Animals 

were placed in observation chambers for the duration of the experiment and observed for 

flinching behavior. Numbers of flinches observed were recorded in five min intervals for 50 

min beginning at the time of the formalin injection. 

Tesi for Tactile Allodynia 

The assessment of tactile allodynia (ie., decreased threshold to paw-withdrawal 

following probing with non-noxious mechanical stimuli) consisted of measuring the 

withdrawal threshold of the paw ipsilateral to the site of nerve injury in response to probing 

with a series of eight calibrated Von Frey filaments (0.40, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, 

and 15.1 g). Each filament was applied perpendicularly to the plantar surface of the ligated 

paw of rats kept in suspended wire-mesh cages. Measurements were taken both before and 

after administration of drug or vehicle. Withdrawal threshold was determined by 

sequentially increasing and decreasing the stimulus strength ("up and down" method). 
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analyzed using a Dixon non-parametric test (Chaplan et a!., 1995) and expressed as the mean 

withdrawal threshold. 

RLidiani heal paw-withdrawal assay 

The method of Hargreaves et al. (1988), was employed to assess paw-withdrawal 

latency to a themial nociceptive stimulus. Rats were allowed to acclimate within a plexiglass 

enclosures on a clear glass plate maintained at 30"C. A radiant heat source (i.e., high 

intensity projector lamp) was activated with a timer and focused onto the plantar surface of 

the hindpaw ofa rat. Paw-withdrawal latency was determined by a photocell that halted both 

lamp and timer when the paw was withdrawn. The latency to withdrawal of the paw from 

the radiant heat source was determined both before and after drug or vehicle administration. 

A maximal cut-off of 40 sec was employed to prevent tissue damage. 

Analysis of Fos-like immunoreactivity 

One hour after formalin injection, the rats were deeply anesthetized with 

ketamine/xylazine (100 mg/kg, i.p.) and perfused with 1% paraformaldehyde (in 0.1 M 

phosphate buffer pH 7.4; 250 ml; 4°C) followed by 4% paraformaldehyde (in 0.1 M 

phosphate buffer pH 7.4; IL; 4''C). The lumbar spinal cord was removed and a shallow 

incision made on the side ipsilateral to formalin injection and then placed in 4% 

paraformaldehyde for one hour post fixative and then cryoprotected in 20% sucrose (in 0.1M 
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phosphate buffer and 0.1% sodium azide; 4^0. Forty-micron coronal sections of the lumbar 

spinal cord were collected and processed for immunoreactivity against the Fos protein. Free-

floating sections were incubated for 2 hours (room temperature) in 3% normal goat serum 

(Vector Labs. Burlingame, CA) and transferred to primar>'goat anti-Fos antibody (Oncogene 

Science. Cambridge. MA) for 24 hrs (room temperature) at a 1:10,000 dilution containing 

3% normal goat serum. Sections were then sequentially incubated in secondary biotinylated 

rabbit anti-goat IgG (Vector Labs, Burlingame, CA) at a 1:600 dilution containing 3% 

normal goat serum for two hours and avidin-biotin-pero.xidase complex (Vector Labs, 

Burlingame. CA) for one hour (room temperature). The reaction product was visualized by 

using a 3.3'-diaminobenzidine (DAB) chromatin mi.xture (DAB, ammonium nickel (II) 

sulfate and 30" o H.O^) and monitored for optimum FLI. .Afler immunostaining, the sections 

were mounted on gelatin-coated slides, air-dried, dehydrated in graded alcohols, cleared in 

xylene and coverslipped with Permount. Tissue sections from drug and vehicle treated 

animals were processed for FLI simultaneously under identical conditions. 

Enzyme immunoassay of CCK protein 

Rats were deeply anesdietized with ether and decapitated 14 days after L, and L^ 

spinal nerve ligation or sham surgery. The brain was removed from the cranium and placed 

on an iced glass petri dish and the caudal brainstem (approximately -10.0 to -14.0 mm from 

bregma) was isolated. 
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Tissue samples were weighed, immediately frozen on dry ice and stored at -70''C. 

Thawed tissue was placed in 90% methyl alcohol, disrupted using a Polytron homogenizer 

and incubated for 30 min on ice. After centrifugation at 10,000 x g for 10 minutes (4°C) the 

supernatant was lyophilized and stored at -70''C. Protein concentrations were determined 

using the bichinchoninic acid method with bovine serum albumin as a standard. 

Immunoassay was performed using a commercial enzyme immunoassay kit using an 

antibody specific for CCK (Santa Cruz Biotechnology Inc., Santa Cruz, Ca.). Standard 

curves were constructed and the CCK content determined using the software GraphPad 

Prizm (GraphPad Inc.). 

Statistics 

Studies involving acute nociception 

All data were converted to percent maximal possible effect (%MPE) by the formula 

100 X [1-(treatment/control)]. When appropriate, dose-response curves were generated and 

the mean antinociceptive dose (A50) with confidence limits were determined by linear 

regression analysis. Otherwise, comparison between any two groups of data were made 

using the Student's t-test and the significance was determined at the 95% levelof 

significance. 
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Studies involving tonic nociception 

The biphasic response to 50 |il of 2% formalin was quantified in five min intervals 

for the length of the observation period of 50 min. The group mean (±S.E.M.) number ot 

flinches for vehicle- and drug-treated animals was determined for each five min interval. 

The area under the time-effect curve was determined for both the acute (0-15 min) and tonic 

(20-50 min) phases of formalin-induced flinching for each rat and an independent 

comparison was made between treatment groups by Student's t-test. Statistical significance 

was established at the 95% confidence level (CL) and each group consisted of four to six 

animals. Data were converted to percent antinociception by the formula 100 .k [1-

(treatment/control)]. The Ajo with 95% CL and relative potencies with 95% CL of both 

acute and tonic phase dose response curves were calculated by linear regression of log dose 

response curves. 

Studies involving quantification of Fos protein 

Quantification of lumbar spinal cord FLI was determined by photographing (n=15) 

the lumbar cord sections from the L5 region of drug- and vehicle-treated animals in the 

above mentioned treatment groups (n=5) with a camera mounted on a microscope (lOOx 

magnification). Specific laminae in the lumbar cord (I-IL III-IV, V, VI-X) were quantified 

for FLI. The number of cells expressing FLI was recorded by an individual blinded to 

treatment groups. The mean and S.E.M. was determined for each grouped lamina of drug-
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and vehicle-treated animals and a Student's t-test was used to determine statistical 

significance at the 95% CL. The percent change in FLI was determined for each grouped 

lamina of drug-treated animals compared to vehicle-treated animals for each of the above 

mentioned treatment groups. 

Studies involving the synergistic ejfecl of siipnispinal/spinal opioids 

The data were converted to percent of maximal possible effect (% MPE) using the 

formula:" MPE = (WT - CT)/(CO-CT) x 100, where WT = the withdrawal threshold or 

latency obtained experimentally, CT = the baseline control value before drug administration 

and CO = the cut-off value (i.e.; 60 sec for the HP, 40 sec for paw-withdrawal and 15 sec for 

the tail-flick test). The additive interaction between the A50 values for supraspinal and spinal 

drug injections were examined by isobolographic analysis as described in detail by Tallarida 

and colleagues (1989). Dose-effect curves were constructed for each opioid 6 agonist given 

into the RVM. i.th. and simultaneously into the RVM and i.th.. 

Concurrent microinjection of DPDPE or DELT into both the RVM and i.th. was 

administered in a tlxed 1:1 ratio. For each drug route or combination, the A.50 (i.e.; dose 

calculated to produce 50% MPE) and its associated variances and 95% confidence intervals 

(95% C.L.) in terms of total dose were calculated from the log-dose-response curves. The 

confidence intervals (CI) were then arithmetically arranged around the A50 by the formula 

CI = In(lO) x Ajo X standard error of log Ajq. This transformation is necessary for 
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subsequent statistical calculations of the isobolographic analysis, and the derivation of these 

calculations are described in detail by Tallarida and colleagues and others [20,22,28], Where 

only a single route was used, then the "total dose" was the dose of the drug alone; otherwise, 

it represented the amount given spinally and supraspinally. A theoretical additive A50 value 

was then calculated for the drug-route (RVM and i.th.) combination. If the relative potency 

of the additive A,„ value relative to the experimentally derived Ajy value for the combined 

routes was significantly (p:<0.05) greater than I, a synergistic interaction was indicated. An 

additive interaction was indicated when the theoretical and experimental A50 values were not 

significantly different from each other. 
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RESULTS 

I. Studies on the antinociceptive effect of supraspinal [D-Ala%Glu^|deltorphin to 

acute noxious stimuli in the rat 

The i.c.v. administration of DPDPE produced dose-dependent, but small, increases 

in HP latency. In this test, the ma.ximal dose tested, 100 nmol, produced a maximal effect 

of 46 ± 16 %MPE (Fig. 1); higher doses could not be tested due to the production of toxic 

effects including barrel rolling. I.c.v. DELT (6, agonist) produced dose-dependent HP 

antinociception with a maximal effect of 92 ± 3 %MPE at 30 nmol. The A50 (and 95% 

confidence limits) of DELT was 14.6 (6.3 - 33.9) nmol. The effects of DELT were blocked 

by pretreatment with Cys-DELT(3 nmol; 61 antagonist), but not by pretreatment with DALCE 

(4.6 nmol; 6, antagonist) (Fig. 1); Cys-DELT also produced a significant decrease in the 

maximal effect produced by DELT. The DELT A,,, in the presence of DALCE was 19 (8.4 

= 42.9) nmol. a value which did not differ significantly from that of DELT alone. It was not 

possible to calculate an A5o value for DELT in the presence of Cys-DELT as the maximal 

effect seen was 19 %MPE (Fig. 1). In either the 52°C and 55°C TF tests, the i.c.v. 

administration of up to 100 nmol of DPDPE or of up to 30 nmol of DELT failed to 

significantly elevate response latency (data not shown); higher doses of DELT could not be 

administered due to lack of solubility. These results are summarized in Table 1. The 

microinjection of saline or DMSO vehicles produced no significant changes in HP or TF 

latencies (data not shown). DELT, DPDPE (or vehicle) microinjected at doses of 20 nmol 
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and 40 nmol. respectively, into the ventrolateral PAG were completely inactive in either the 

HP or 52'C and 55X TF tests. 

In the HP test, the microinjection of DELT (20 nmol) or DSLET (15 nmol; mixed |i/6 

agonist) into the RVM produced significant antinociception of 60 jil4 and 44 +.28 %MPE. 

respectively, while DPDPE (40 nmol) was without any significant activity (Fig. 2). In the 

52''C TF test, the same doses of DELT and DSLET produced responses of 47 +.17 and 100 

+_0 %MPE. respectively, whereas DPDPE was again inactive. In the 55°C TF test, only 

DSLET produced any significant elevations in TF latency (75 +.19 %MPE) (Fig. 2). The HP 

antinociceptive etTect of RVM DELT (20 nmol) was antagonized by pretreatment with 

Cys-DELT (3 nmol) (12 +_4 %MPE) but not by DALCE (4.6 nmol) (40 + 17 %MPE) (Fig. 

3); neither Cys-DELT nor DALCE produced any measurable antinociceptive effect alone 

(data not shown). These results are summarized in Table 1. 

I.c.v. morphine (13 nmol) produced maximal antinociception in the HP test (100 = 

0 %MPE) (Fig.4). Pretreatment with DALCE or Cys-DELT failed to elicit any significant 

change in the response to morphine (data not shown). In the 52°C TF test, i.c.v. morphine 

was efficacious, producing a 62 ± 11 %MPE (at 13 nmol), but this dose was inactive in the 

55°C TF test (Fig. 4). The microinjection of morphine into the PAG produced significant 

elevations in HP and TF latencies, with a maximal response achieved at 26 runol in the HP 

and 52°C TF tests (Fig. 4). A similar scenario was observed in the 55°C TF test, except that 

the maximal effect achieved at dose was 77 + 23 %MPE. In the RVM, morphine (13 nmol) 
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produced significant antinociceptive effect in the HP test (maximum effect of 92 ± 8 

%MPE) and in 52 ""C TF test (maximum of 100 +.0 %MPE); this of morphine was without 

effect in the 55 "C TF test (Fig. 4). These results are summarized in Table I. 
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Figure 2. Dose-response curves in the hot plate test for i.e.v. administered DPDPE (6, 

agonist, triangles) and DELT (62 agonist, closed circles) and in animals pretreated with either 

3 nmol ofCys-DELT (62 antagonist, open circles) or 4.6 nmol of DALCE (6, antagonist, open 

squares). Antinociception is presented as the mean % maximum possible effect (%MPE) 

(±SEM) of groups of at least 10 rats. 
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Figure 3. Antinociceptive effects elicited by microinjection in the RVM of 20 nmol of 

DELT (6, agonist, closed bars), 40 nmol ofDPDPE (6, agonist, shaded bars), and 15 nmol of 

DSLET (ji/ 6 agonist, open bars) in the hot plate and warm water tail flick tests at 52 X and 

55'C. Antinociception is presented as the mean % maximum possible effect (%MPE) 

(±SEM) of groups of at least 10 rats. 
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Figure 4. Antinociceptive effects elicited by microinjection in the RVM of 20 nmol of 

DELT (6, agonist) in control animals (closed bars) or in animals pretreated with 4.6 nmol of 

DALCE (61 antagonist, open bars) or 3 nmol ofCys-DELT (61 antagonist, shaded bars) in the 

hot plate and warm water tail flick tests at 52°C and 55°C. Antinociception is presented as 

the mean % maximum possible effect (%MPE) (±SEM) of groups of at least 10 rats. 
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Figure 5. Antinociceptive effect of morphine (as a reference )a. agonist) administered i.e.v. 

(13 nmol) or following microinjection into the PAG (26 nmol) or RVM (13 nmol) in the hot 

plate (closed bars) and the warm water tail flick test at 52°C (open bars) and 55'^C (shaded 

bars). Antinociception is presented as the mean % maximum possible effect (%MPE) 

(±SEM) of groups of at least 10 rats. 



Table 1. Summary of data for each drug or drug combination in each nociceptive assay and 

site of injection. For the i.e.v. data, the responses are those at the highest dose administered. 

Inactive indicates that no antinociceptive activity was observed. 

Drug Route/Dose HP 52°C TF 55°CTF 

(nmol) (%MPE) (%MPE) (%MPE) 

DPDPE I.e. v., 100 46:= 16 E Inactive Inactive 

DPDPE PAG/40 Inactive Inactive Inactive 

DPDPE RVM/40 Inactive Inactive Inactive 

DELT I.c.v.,30 92 = 3 Inactive Inactive 

DELT P.\G/20 Inactive Inactive Inactive 

DELT RVM/20 60 = 14 47 = 17 Inactive 

DSLET RVM/15 44 = 28 100 = 0 75 = 19 

DELT + I.C.V./30 Inactive Inactive Inactive 

Cys-DELT (3 nmol) 

DELT + RVM/t5 12 = 4 Inactive Inactive 

Cys-DELT (3 nmol) 

DELT + I.C.V./30 73 = 10 Inactive Inactive 

D.\LCE (4.6 nmol) 

DELT + RVM/15 40= 17 Inactive Inactive 

DALCE (4.6 nmol) 

.Morphine I.C.V./I3 100 = 0 62 = 11 Inactive 

.Morphine PAG/26 100 ±0 100 = 0 11 ±11> 

Morphine RVM/'13 92  ±8  100 ±0 Inactive 
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Discussion 

As reported previously, the administration of morphine into the PAG and i.c.v. 

elicited a potent antinociceptive effect in all of the antinociceptive assays utilized in this 

particular study. The efficacy of i.c.v. morphine has been well documented (Yaksh and 

Rudy, 1978; .^dams et al. 1993), and for this reason, it was utilized as a reference (i-opioid 

agonist. Only moderate antinociception was seen after i.c.v. administration of the putative 

6,-opioid agonist DPDPE in the HP test, and DPDPE was ineffective in both of the TF tests, 

a finding which is in agreement with previous reports (Negri et al., 1991; Adams et al.. 

1993). Interestingly, this finding is in contrast to the reported antinociceptive effect of i.c.v. 

DPDPE in mice (Heyman et al. 1987; Jiang et al. 1990. 1991). In contrast, the putative 

opioid receptor agonist DELT produced a potent i.c.v. antinociceptive effect in the HP and 

52 X TF tests, and this antinociceptive effect was selectively antagonized by the d^-opioid 

antagonist Cys-DELT, but not by the 6|-opioid antagonist, DALCE. In addition, both the 

antagonists DALCE and Cys-DELT administered i.c.v. did not affect the antinociceptive 

responses to i.c.v. morphine, suggesting that the effects of DELT are mediated via 6-opioid 

receptors. Taken together, both the lack of effect of i.c.v. DPDPE and the selective 

antagonism of DELT antinociception by Cys-DELT suggests that supraspinal 

6-opioid-mediated antinociception may be attributed to Si-opioid receptor subtype in the rat 
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It is well established that both 6,- and 6,-opioid receptors modulate spinal nociceptive 

responses (Malmberg and Yaksh 1992; Stewart and Hammond 1994) and afferent 

nociceptive input (Villaneuva et al. 1991) in the rat. However, the present data suggest that 

supraspinal modulation of spinal nociceptive responses may be mediated primarily by 6:-

opioid receptors. Moreover, i.e.v. DELT was observed to be active in the supraspinally 

organized HP test, but inactive in both the 52 and 55 °C TF test. Taken together, these 

observations suggest that 6i-opioid receptors mediate supraspinally organized nociceptive 

responses, as observed in the HP test. Therfore, activation of 62-opioid receptors within 

specific supraspinal sites may be required to significantly modulate spinal nociceptive 

reflexes in the rat. 

.Administration of morphine into the PAG was observed to elicit a strong inhibition 

of both the TF and HP responses. Both HP and TF responses were not blocked by either the 

6|- or 6;-opioid antagonists DALCE and Cys-DELT, respectively . Previous reports have 

established that both microinjection of morphine or the electrical stimulation of the PAG 

(Lewis and Gebhart. 1977) activates a naloxone reversible descending nociceptive inhibitory 

pathway. In the present study, both DPDPE and DELT failed to elicit a detectable 

antinociceptive effect when administered directly into the PAG. Recently, a quantitative 

autoradiographic survey of the rat brain using ['-'Ildeltorphin I showed a high concentration 

of 6-opioid receptors within the neocorte.x, inferior collicullus, pontine nuclei, and in the 

spinal cord, but only a small concentration within the PAG (Gouarderes, 1993). Taken 
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together, these data indicate that a descending nociceptive inhibitory influence at the spinal 

level, originating from the PAG, may be mediated primarily by |i-opioid receptors. In 

addition, lack of antagonism by the 6, and 6-, antagonists DALCE or Cys-DELT, respectively, 

of PAG morphine suggests that the antinociceptive effect of morphine is mediated through 

supraspinal |j,- and not 6-opioid receptors. 

The antinociceptive effect of opioid agonists administered into the RVM was 

comparably dissimilar to that observed in the PAG. For example, morphine administered 

into the RVM elicited a strong antinociceptive effect in the HP and 52°C TF test, but was 

inactive in the 55 'C TF test. Higher doses of morphine could not be administered into the 

RVM due to excessive hyperexcitability of the animals (Jacquet and Lajtha, 1973, 1974). 

The observation that administration of morphine into the RVM produced an antinociceptive 

effect in the HP test, but did not result in a measurable A50 value in the 52°C TF test is in 

agreement with observations by Jensen and Yaksh {1986b). Administration of DELT into 

the RVM also produced antinociception in all tests except the 55^C TF test; higher doses 

could not be tested due to limits of solubility. In contrast, DPDPE was not efficacious in any 

of the nociceptive tests employed. Jensen and Yaksh (1986a) have suggested that the RVM 

partly modulates descending nociceptive inhibitory systems as well as local inhibitory loops. 

The incomplete efficacy of morphine in the TF test when administered in the RVM may be 

due to the inability of morphine activated descending nociceptive inhibitory systems to 

overcome a strong nociceptive spinal reflex. In contrast, the complete efficacy of morphine 
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administered into the RVM in supraspinally organized nociceptive behavior (HP test) may 

be attributed to modulation of nociception by both descending nociceptive inhibitory 

pathways as well as local supraspinal inhibitory loops. Similarly, Jensen and Yaksh (1986b) 

propose the same argument with regard to the participation of 5-opioid receptors in the RVM. 

It would appear that S^-opioid receptors, and not 6,-opioid receptors, mediate antinociception 

originating from the RVM, given that DPDPE was ineffective and Cys-DELT, but not 

DALCE, antagonized the antinociceptive effect of DELT. Within the RVM, the 

participation of endogenous enkephalin in the modulation of descending nociceptive 

inhibitory systems (Pan et al., 1990) is supported by the observation that the antinociceptive 

effect of morphine administration into the PAG was blocked by NTI (general 5-opioid 

receptor antagonist) administration into the RVM (Kiefel et al. 1993). Therefore, 6-opioid 

receptors within the RVM may be involved in modulation of nociceptive input through 

descending nociceptive inhibitory systems originating within the RVM. 

Earlier studies suggested that deltorphins administered i.e.v. were ineffective in 

eliciting antinociception, leading to the suggestion that supraspinal 6-opioid receptors do not 

contribute to antinociception in the rat (Negri et al. 1991). These conclusions, however, 

relied on data from the radiant-heat TF assay which would constitute a high-intensity 

noxious stimulus. The present study, utilizing the HP test, demonstrates that 6-opioid receptor 

agonists are capable of eliciting an antinociceptive effect in an assay designed to evaluate 

supraspinal modulation of afferent nociceptive signals. 
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In summary, administration of the 6-opioid selective agonist, DELT, into the RVM, 

but not the PAG, increases HP and TF latencies. Of significance to this study, activation of 

6-opioid receptors localized within the RVM may participate in the attenuation of acute 

nociceptive input at the spinal level by activation of descending nociceptive inhibitory 

systems. 

II Studies on the antinociceptive effect of supraspinal [D-Ala%Glu^|deltorphin to 

tonic noxious stimuli in the rat 

The administration of 2% formalin produced a typical biphasic foot-flinch response, 

with an acute first phase determined over 0 to 15 min, and a tonic second phase from 20 min 

through 50 min. The administration of DELT i.c.v., i.th. or into the RVM produced a dose-

dependent attenuation of the biphasic formalin induced foot-flinch response (Fig. 5, 6. 7). 

Doses of DELT greater than 20 nmol could not be reliably administered to the RVM through 

the injection cannula because of increased viscosity with more concentrated solutions in spite 

of the DMSO vehicle. Area under the curve (AUC) analysis determined that the i.th. 

administration of DELT (dose range of 0.003 to 20 nmol) produced dose-dependent 

attenuation of the acute and tonic phases, and the attenuation was significant at 0.3 to 20 

nmol. The i.c.v. administration of DELT produced dose-dependent attenuation of the acute 

and tonic phases over the dose range of 0.1 to 20 nmol. The acute phase was significantly 

attenuated with 20 nmol of DELT and the tonic phase was significantly attenuated with 10 
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and 20 nmol of DELT given i.c.v. The microinjection of DELT into the RVM produced 

dose-dependent attenuation of both the acute and tonic phases over the dose range of 0.3 to 

20 nmol. The acute phase was significantly attenuated with 3 to 20 nmol of DELT and the 

tonic phase was significantly attenuated with 20 nmol of DELT given into the RVM.. Linear 

regression analysis of the acute phase estimated the A50 (95% CL) of DELT to be 0.01 

(0.003-0.029). 0.7 (0.29-1.64) and 1.8 (0.96-3.36) nmol following administration by the i.th., 

RVM and i.c.v. routes, respectively (Fig. 8). The potency ratio of DELT administered into 

the RVM compared to DELT given i.c.v., 2.6 (0.9-7.4), was not statistically significant. 

However, the potency ratio of DELT administered into the RVM compared to DELT given 

i.th. was 77.6 (18.2-334), and was determined to be statistically significant. 

Linear regression analysis of the tonic phase estimated the A;,, (95% CL) of DELT 

to be 0.05 (0.02-0.2), 0.08 (0.04-0.1) and 8.46 (4.75-15.06) nmol following i.th., i.c.v. and 

RVM, administration (Fig. 9). The potency ratios (± 95% CL) of DELT administered into 

the RVM compared to DELT given i.c.v. or i.th. were 110.2 (47.6-255) and 156.2 (39.3-

621), respectively, and were determined to be statistically significant. 

The antinociception produced by DELT (20 nmol, in the RVM), in both acute and 

tonic phases, was blocked by DLF lesion, but not by sham-surgical procedure (Fig. 10). 

Animals that received a sham surgical procedure and were injected with DELT, 20 nmol, 

into the RVM and showed a significant decrease in both the acute and tonic phases of 

formalin-induced flinching behavior in comparison to animals that received vehicle only as 
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determined by AUC analysis. In contrast, AUC analysis of formalin-induced responses in 

animals with DLF lesion and RVM DELT demonstrated no significant decrease in formalin-

induced flinching when compared to animals that received vehicle only. These results are 

summarized in Table 2. 

FLl induced by injection of formalin was measured in the lumbar segment of the 

spinal cord. DELT at 20 nmol was determined to be the most efficacious dose for the 

attenuation of formalin-induced flinching behavior in all studies and chosen for 

immunohistochemical analysis of its modulation of FLI. The administration of DELT i.e. v., 

i.th. or into the RVM significantly decreased FLl ipsilateral to the site of formalin injection 

in laminae l-ll. l-.\ and l-V respectively when compared to formalin-induced FLI in animals 

that received vehicle only (Table 3). 

Lesions made to the DLF blocked the suppression of ipsilateral FLI by RVM DELT 

in comparison to animals that received a sham surgery and DELT. Animals subjected to 

sham-surgery that were administered DELT into the RVM demonstrated a significant 

decrease in FLl in laminae I-V in comparison to sham animals that received vehicle only 

(Table 4). In contrast, DLF lesioned animals that received RVM DELT demonstrated no 

significant decrease in ipsilateral FLI relative to animals receiving vehicle in the RVM 

(Table 4). 

The microinjection ofpontamine blue revealed staining within 1 mm of the injection 

site into the RVM. This area included parts of the nucleus gigantocellularis and the nucleus 
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gigantocellularis pars a. A schematic representation of the microinjection sites is provided 

(Fig. 11). 

Unilareral crushing of the DLF resulted in destrucion of this region with minimal 

damage to surrounding tissue. A representative photomicrograph of the DLF lesion is 

provided (Fig. 12). 
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Figure 6. The dose-dependent attenuation of the biphasic flinching response produced by 

DELT after injection by the i.c.v. route. Vehicle (•), 3 runol (•), 10 nmol (A) or 20 nmol 

(•) of DELT was administered and the mean occurrence of formalin-induced flinching was 

determined at 5 min intervals over a 50 min observation period. N = 4-6 animals per group. 
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Figure 7. The dose-dependent attenuation of the biphasic flinching response produced by 

DELT after injection into the RVM. Vehicle (•), 3 nmol (•), 10 nmol (•) or 20 rmiol (•) 
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of DELT was administered and the mean occurrence of formalin-induced flinching was 

determined at 5 min intervals over a 50 min observation period.. N = 4-6 animals per group. 
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Figure 8. The dose-dependent attenuation of the biphasic flinching response produced by 

DELT after injection by i.th. route. Vehicle (•), 3 nmol (•), 10 nmol (A) or 20 nmol (•) 

of DELT was administered and the mean occurrence of formalin-induced flinching was 

determined at 5 min intervals over a 50 min observation period. N = 4-6 animals per group. 
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Figure 9. Dose-response curves for DELT administered i.e.v. (•), into the MRF (•) and 

i.th. (A) are shown for the acute phase of formalin-induced flinching behavior. Response 

is indicated as "o antinociception when compared to control values. N = 4-6 rats per dose. 
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Figure 10. Dose-response curves for DELT administered i.e.v. (•), into the MRF (•) and 

i.th. (A) are shown for the tonic phase of formalin-induced flinching behavior. Response 

is indicated as % antinociception when compared to control values. N = 4-6 rats per dose. 
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Figure 11. Lesioning of the DLF blocks the antinociceptive effect of DELT microinjection 

into the MRP against formalin-induced flinching. Animals received a lesion to the DLF and 

were microinjected with either vehicle (H) or DELT (20 nmol ;•) into the MRF, or received 

a sham surgery and were microinjected with either vehicle (•) or DELT (20 nmol; •), into 

the MRF. N = 6 animals per group. 
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Table 2 

DLF Lesion 

and 

Vehicle 

DLF Lesion 

and 

DELT 

Sham Surgery 

and 

Vehicle 

Sham Surgery 

and 

DELT 

First Phase 78.00±29.34 II5.00±24.38 122.50±20,00 20.50±4.14* 

Second Phase 63L00±124.17 758.20± 157.82 1069.00± 114.00 89.00±40.10* 

Table 2. Area under the curve (AUC) calculations ofboth acute (0-15 min) and tonic (20-50 

min) phases of formalin induced flinching in those animals that were microinjected with 

DELT (20 nmol) into the MRF and received either a lesion to the DLF or sham surgery. (* 

= p<O.Gl). 
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\ Table 3 y., 

FLI in the lumbar spinal cord ipsilateral to the site of formalin injection 

\ Table 3 y., 

Lamina 

\ Table 3 y., I-II III-IV V VI-X 

I.c.v. Vehicle 36.2±1.9 35.5±3.0 27.6±2.5 36.2=5.0 

I.c.v. DELT 23,0=1.9(36%)* 39.7=4.4 30.1=4.3 61.4=7.3 

MRF Vehicle 55.4±2.3 52.1±2.7 37.8=2.0 45.8=3.4 

MRF DELT 22.5=2.1(60%)» 30.4=3.5(42%)* 25.4=3.0(33%)* 55.5=10.3 

I.th. Vehicle 61.9x5.2 73.5=11.0 52.4±4.5 61.1=6.3 

Lth. DELT 25.4=2.1(59%)» 37.0±4.9(50%)* 27.0=2.9(48%)* 33.9=7.8(45%)* 

Table 3. FLI in the himbar spinal cord ipsilateral to the site of formalin injection into the 

dorsum of the right hindpaw. Vehicle or DELT (20 nmol) was administered i.c.v., i.th. or 

into the MRF. FLI was quantified in lamina I-II, III-IV, V, VI-X of the lumbar segment of 

the spinal cord. Calculations of the FLI mean ± SEM was determined. Percent scores reflect 

the relative decrease in FLI when compared to control values. (* = p < 0.01). 
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Table 4 

FLI in the lumbar spinal cord ipsilateral to the site of formalin injection in 

animals that received either a lesion to the DLF or sham surgery and received 

DELT (20 nmol) into the RVM Table 4 

Lamina 

Table 4 

I-II III-IV V VI-X 

DLF Lesion 

Vchicic 
58.5±1.1 64.0±6.4 44.5±2.0 34.5±2.5 

DLF Lesion 

DELT 
60.1 ±3.5 76.6±2.0 51.7±4.6 73.3±7.3* 

Sham Surucrv 

\ ehicic 
60.2±19.6 52.7±4.0 32.8±4.2 27.9±9.1 

Sham Suruei v 

DELT 
22.2± 1.5(62%)* 39.6i:12.1(38%)* 29.3±7.1(34%) 35.1il2.4 

Table 4. FLI in the lumbar spinal cord ipsilateral to the site of formalin injection into the 

dorsum of the right hindpaw. Vehicle or DELT (20 nmol) was administered into the MRF 

in animals that had received a lesion to the DLF or sham surgery. FLI was quantified in 

lamina I-II. III-IV, V. VI-X of the lumbar segment of the spinal cord. Calculations of the 

FLI mean ± SEM was determined. Percent decreases in FLI are shown in parenthesis. (* = 

p < O.Ol). 
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Figure 12. This drawing shows a schematic representation of the distribution of the 

microinjection sites into the RVM. This section is adapted from the atlas of Paxinos and 

Watson (1986). and indicates the coronal plane 11 mm caudal to bregma. Roman numerals 

identify the corresponding cranial nerves. P indicates the pyramidal tracts. 
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Figure 13. Photomicrograph representation at low-power (lOX) transverse section through 

the spinal cord at vertebra Tg. The lesion made to the DLF is indicated by the arrow. The 

scale bar represents 400 (i,m. 
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Discussion 

The subcutaneous administration of 2% formalin into the dorsum of the hindpaw 

induced a biphasic flinching behavior in the rat with an acute phase lasting over 0-15 min 

followed by a tonic phase lasting 15-50 min after formalin in accordance with previous 

studies (Dubuissonetal., 1977; Wheeler-Aceto and Cowan, 1991;Ossipovetal., 1996). The 

present investigation has demonstrated that the opioid 6-selective agonist DELT given i.e.v. 

or i.th. or microinjected into the RVM produces a dose-dependent antinociception in both 

acute and tonic phases of the formalin test. These results are in agreement with other studies 

suggesting that 5-opioid agonists are effective antinociceptive agents in models of nociception 

when given either spinally (Improta and Broccardo, 1992) or supraspinally (Ossipov et al., 

1995; Thorat and Hammond, 1997). Supraspinal or spinal administration of DELT blocks 

the first as well as the second phase of the formalin induced response suggesting activity 

against both acute nociceptive input and inhibition of tonic afferent stimuli which may reflect 

the developing inflammatory response and the development of "central sensitization". Most 

important, supraspinal 6-opioid receptors appear to be linked to a descending pain modulatory 

system acting to modulate nociceptive input at the spinal level. This conclusion is based on 

the inhibition of formalin-evoked expression of FLI at the lumbar spinal level by 

supraspinally given DELT. Further support for this idea is provided by the finding that 

lesions made to the DLF inhibit the effect of DELT on both the flinching response and the 

expression ofFLI at the level ofthe lumbar spinal cord. Taken together, it seems reasonable 
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to suggest the presence of a descending nociceptive inhibitory system which can be activated 

by supraspinal 6-opioid receptors and which may be localized, at least in part, in the DLF in 

the rat. 

The ability of supraspinal sites to produce antinociception has been well investigated 

by the administration of receptor-selective opioid agonists (Ward and Takemori, 1983; 

Ossipov et al.. 1995; Thorat and Hammond, 1997). The accumulation of similar findings 

suggest that structures within the brainstem, specifically the PAG, nucleus raphe magnus 

(NRM). nucleus reticularis gigantocellularis (NRG) and RVM, are involved in the 

supraspinal processing of nociceptive information (Yaksh and Rudy, 1978; Basbaum and 

Fields, 1978; Gebhart. 1982; Ossipov et al., 1995; Thorat and Hammond, 1997). Previous 

reports from our laboratory suggested that in the rat, while 6 receptors predominately 

modulate the supraspinally organized behavior observed in the hot plate test. 6 opioid 

receptors did not appear to participate significantly in the descending modulation of acute 

nociceptive input at the spinal level as determined from the lack of an antinociceptive effect 

of supraspinal DELT in the warm water tail flick test. Thorat and Hammond (1997). 

however, reported the administration of the selective opioid 6, and 61 agonists [D-Pen%D-

Pen'jenkephalin (DPDPE) and DELT into the ventral medial medulla (VMM), specifically 

the NRM and NRG increased response latencies to the radiant heat tail-flick test. The results 

we reported here expand upon our original hypothesis (Ossipov et al., 1995) and suggest that 

activation of 6 opioid receptors in the RVM can produce an antinociceptive action in the 
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formalin test. It is also evident that the antinociceptive activity of supraspinal DELT may 

be dependent on the type of nociceptive stimulus employed. For example, DELT given into 

the RVM was active against the hot-plate and the 52°C, but not the 55'C warm water tail-

flick test (Ossipov et al., 1995). 

In the present study, the i.th. administration of DELT produced both a dose-

dependent attenuation of the formalin-induced foot flinch response and a significant decrease 

in FLI ipsilateral to the site of formalin injection at the highest dose tested (20 nmol). 

Hammond et al. (1998), have provided additional evidence that the i.th. administration of 

DELT elicits a dose-dependent decrease in formalin-induced flinching in both acute and 

tonic phases. Interestingly, this study reported that although the highest dose of i.th. DELT 

tested, 30 ^g. decreased the biphasic response to formalin, there was no significant decrease 

in FLI in the lumbar spinal cord ipsilateral to the site of formalin injection (Hammond et al. 

1998). These results are in contrast to the observations reported here and may be related to 

differences in the experimental protocol followed in the two studies, including: site of 

formalin injection (plantar vs. dorsal surfaces), concentration of fonnalin (5% vs. 2%). and 

volume of formalin (100 vs. 50 ^1). In addition to possible differences which may be related 

to the site of the formalin, use of a volume of 100 jil of 5% formalin as opposed to 50 jil of 

2% formalin clearly represents a significantly greater nociceptive stimulus which may have 

been too intense for the dose of DELT (30 fig, i.th.) to achieve significant attenuation of FLI 

in the lumbar cord. 
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The antinociceptive effect and suppression of FLI in the lumbar spinal cord produced 

by the administration of DELT (20 nmol) into the RVM was blocked by lesions made to the 

DLF. These results are similar to the study by Gogas et al. (1991) where supraspinal 

activation of ji opioid receptors by the i.e.v. administration of D.^MGO inhibited both the 

stimulus-evoked pain behavior to 5% formalin (100 |il) and FLI in the lumbar cord in a dose-

dependent manner. In contrast, lesions made to the DLF did not block either the 

antinociception or decrease of FLI in the lumbar cord elicited by i.e.v. administration of the 

K opioid receptor selective agonist CI-977 (Gogas et al., 1996). These data along with the 

results reported here suggest that supraspinal 6-opioid receptors, especially those ofthe ventral 

medial medulla (RVM), like the |i-opioid receptor, may mediate afferent nociceptive input 

at the level of the spinal cord by activation of a descending-inhibitory pain pathway 

localized, at least in part, in the DLF (Basbaum et al., 1977; Basbaum and Fields, 1978). 

Further evidence for contribution of a 6-opioid receptor descending modulation of nociceptive 

input is supported by immunohistochemical analysis of FLI. Lesion of the DLF blocked the 

reduction of FLI in the lumbar region of the spinal cord elicited by the microinjection of 

DELT in the RVM. suggesting that 6-opioid receptors in the RVM may be involved in a direct 

disinhibition of single or multiple descending pathways that, upon activation, fimction to 

attenuate tonic nociceptive input at the level ofthe spinal cord. Immunocytochemical studies 

have localized 6-opioid receptor like immunoreactivity both presynaptically at the dorsal horn 

of the spinal cord and the rostroventral medulla (Arvidsson et al., 1995; Kalyuzhny et al.. 
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1996;KalyuzhnyandWessendorf, 1998; Wang and Wessendorf, 1999). These observations, 

in conjunction with the data reported here, further support the idea of supraspinal 6-opioid 

receptor modulation of spinal nociceptive input by way of a descending nociceptive 

inhibitory system localized in the DLF, perhaps through disinhibition at supraspinal sites in 

the RVM. 

In summary, the spinal and supraspinal administration of the 6-opioid selective agonist 

DELT decreases both the noxious stimulus-evoked behavior of formalin and its subsequent 

induction of FLl at the spinal level by activation of a descending nociceptive inhibitory 

system. Of significance to this investigation, 6-opioid receptors in the RVM may participate 

in the attenuation of both the acute and tonic biphasic response to formalin and subsequent 

induction of FLl directly at the spinal level by activation of a bulbospinal descending-

inhibitory pain pathway that is localized, at least in part, in the DLF. 
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III Studies on the supraspinal and spinal synergistic antinociceptive effect of delta 

opioid receptors in the rat 

The administration of DPDPE into the RVM or i.th. produced dose-dependent 

increases in TF. paw-withdrawal and HP latencies (Fig. 13, 14, 15 respectively). The A,,, 

(±95% CL) ofDPDPE administered into the RVM was determined to be 49 ± 14 nmol, 190 

± 154 nmol (extrapolated) and 22 ± 7.8 nmol for the TF, paw-withdrawal and HP tests, 

respectively. In comparison, the A^o (±95% CL) ofDPDPE administered i.th. was 11 ± 3.5 

nmol, 38 ± 19 nmol and 34 i 17 runol for the TF, paw-withdrawal and HP tests, respectively. 

The .Ajo (±95% CL) ofDPDPE administered concurrently into both the RVM and i.th. was 

determined to be 3.0 ± 0.8 nmol, 28 ± 12 nmol and 30 i 13 nmol for TF, paw-withdrawal 

and HP tests, respectively. Isobolographic analysis revealed that the interaction ofDPDPE 

administered concurrently into the RVM and i.th. was synergistic in the TF and paw-

withdrawal tests, but additive in the HP test. The data are summarized in Table 5. 

Like DPDPE. the administration of DELT into the RVM or i.th. produced a dose-

dependent increases inTF, paw-withdrawal and HP latencies (Fig. 16, 17, 18 respectively). 

The .^50 (=95°^) CL) of DELT administered into the RVM was determined to be 10 ± 3.4 

nmol, 27 9.0 nmol and 3.6 ± 1.1 nmol for the TF, paw-withdrawal and HP tests, 

respectively. In comparison, the A50 (±95% CL) of DELT administered i.th. was 5 ± 1.4 

nmol, 9.2 ± 1.9 nmol and 0.61 ± 0.16 nmol in the TF, paw-withdrawal and HP tests, 

respectively. The A50 (±95% CL) of DELT administered concurrently into both the RVM 
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and i.th. was determined to be 2.8 ± 0.7 nmol, ± 3.5 nmol and 0.39 ± 0.09 nmol forTF, paw-

withdrawal and HP tests, respectively. Isobolographic analysis revealed that the interaction 

of DELT administered concurrently into both the RVM and i.th. was synergistic in the TP, 

paw-withdrawal and HP tests. These data are also summarized in Table 5. 
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Figure 14. Dose-response curves for DPDPE administered/.r/j. (•), into the RVM (•). and 

concomitantly into both the RVM and i.th. (A) is shown for the 52°C tail flick test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 

maximal possible effect (%MPE). N = 5-6 rats per dose. 
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Figure 15. Dose-response curves for DPDPE administered i.th. (•), into the RVM (•), and 

concomitantly into both the RVM and i.th. (A) is shown for the paw-withdrawal test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 

maximal possible effect (%MPE). N = 5-6 rats per dose. 



108 

LU 
Q. 

60 

40 

20 

1 3 10 30 
Total Dose (nmol) 

100 

Figure 16. Dose-response curves for DPDPE administered i.th. (•), into the RVM (•), and 

concomitantly into both the RVM and i.th. (A) is shown for the 55"C hot plate test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 

maximal possible effect (%MPE). N = 5-6 rats per dose. 
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Figure 17. Dose-response curves for DELT administered i.th. (•), into the RVM (•), and 

concomitantly into both the RVM and i.th. (A) is shown for the paw-vvithdravval test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 

maximal possible effect (%MPE). N = 5-6 rats per dose. 
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Figure 18. Dose-response curves for DPDPE administered i.ih. (•), into the RVM (•), and 

concomitantly into both the RVM and i.th. (A) is shown for the 52°C tail flick test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 
« 

maximal possible effect (%MPE). N = 5-6 rats per dose. 
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Figure 19. Dose-response curves for DPDPE administered/.r//. (•), into the RVM (•), and 

concomitantly into both the RVM and i.th. (A) is shown for the paw-withdrawal test. Dose 

is indicated as the total amount of drug administered and antinociception is indicated as the 

maximal possible effect (%MPE). N = 5-6 rats per dose. 
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Table 5 Tail Flick 

A50 (±95% CL) 

Paw Withdrawal 

A50 (±95% CL) 

Hot Plate 

Aso (±95% CL) 

 ̂ DPDPE 

RVM 49± 14 190±154* 22 ± 7.8 

I.th. 11 ±3.5 38± 19 34 ± 17 

RVM / I.th. 

Total Dose 

3 ±0.8 

Synergistic 

28 ± 12 

Synergistic 

30 ± 13 

Additive 

.Additive Dose 18 ±4.8 63 ±27 26 ±8 

DELT i ' j -  - •  

RVM 10 ±3.4 27 ± 9.0 3.6 ± l.l 

I.th. 5 ± 1.4 9.2 ± 1.9 0.61 ±0.16 

RVM ' I.th. 

Total Dose 

2.8 ±0.7 

Synergistic 

9.6 ±3.5 

Synergistic 

0.39 ± 0.09 

Synergistic 

Additive Dose 6.9 ± 1.5 14 ±2.5 10.4 ±0.24 

Table 5. Summary ot A,,, (±95% CL) doses (nmol) as determined by linear regression for 

the antinociceptive interaction of DPDPE or DELT administered into the RVM and i.th 

separately and concurrently in the TF, PW and HP tests. Data shown as concurrent 

(RVM/I.th.) reflect experimental A50 (±95% CL) doses (nmol) expressed as total dose. An 

asterisk (•) denotes that the dose reported was extrapolated from the graph. 
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Discussion 

The results of the present experiments support an accumulation of similar evidence 

suggesting that 6-opioid receptor agonists administered both supraspinally (Ossipov et al., 

1995; Thorat and Hammond, 1997; fCovelowski et al., 1999) or spinally (Improta and 

Broccardo, 1992; Kovelovvski et al., 1999) are effective antinociceptive agents in models of 

nociception. In addition, the antinociceptive effect elicited by 6-opioid receptor agonists 

corresponds well with the localization of 6-opioid receptors in such brainstem structures as 

the raphe complex, paragigantocellular reticular nuclei, as well as more lateral structures 

such as the medullary reticular formation (Mansour et al., 1994; Arvidisson et al., 1995; 

Mansour et al.. 1995: Kalyuzhny et al.. 1996; Kalyuzhny and Wessendorf, 1998; Wang and 

Wessendorf. 1999). Modulation of nociceptive input by 6-opioid receptors in the RVM is 

thought to involve activation of a descending nociceptive inhibitory system that is localized, 

at least in part in the dorsal lateral funiculus (Kovelowski et al., 1999). At the level of the 

spinal cord. 6-opioid receptors have also been localized predominately in the region of the 

superficial dorsal horn (Mansour et al., 1994; Arvidisson et al., 1995; Mansour et al., 1995). 

In addition, unilateral rhizotomy was observed to elicit a decrease in 6-opioid receptor binding 

sites by autoradiography (Besse et al.,1990) suggesting that 6-opioid receptors acting 

presynapticaily may attenuate nociceptive information directly at the level of the spinal cord. 

Taken together, these observations and the results reported here extend to previous findings 

and suggest a role for both supraspinal and spinal 6,- or 62-opioid receptor activation by 
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DPDPE or DELT. respectively, in the production of an antinociceptive effect to various 

modalities of thermal nociception. Most imponantly, the present study has demonstrated the 

ability of both DPDPE or DELT microinjected into both the RVM and i.th. concurrently to 

elicit an antinociceptive effect that is not additive, but synergistic as determined by 

isobolographic analysis. 

The doses of DPDPE and DELT used in these experiments have been demonstrated 

to be selective for 6- but not |a-opioid receptors (Ossipov et al.. 1995). Both DPDPE and 

DELT were observed to be more potent and efficacious in the centrally integrated HP test 

than in the spinatly mediated reflexes of both the paw-withdrawal and TF tests. Licking of 

the hindpaws in the HP test is considered to be an integrated response to thermal nociceptive 

stimulation and may involve rostrally as well as caudally projecting neural systems. 

Although 6-opioid receptors within the RVM are believed to modulate spinal nociceptive 

input by way of a descending nociceptive inhibitory system localized within the dorsal lateral 

funiculus (Kovelowski et al., 1999), the possible activation of both rostrally projecting neural 

circuits and subsequent higher supraspinal structures may account for the higher efficacy of 

both DPDPE and DELT in the HP test as well as the synergistic effect of DELT administered 

into the RVM and i.th. concurrently. 

It is also of interest to note that different modalities of thermal nociceptive 

stimulation may involve separate mechanisms to modulate nociception, and thus may 

demonstrate different degrees or absence of supraspinal/spinal synergy. Although both tail 
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or paw-withdrawal from a thermal stimulus may represent a spinal reflex, it is possible that 

different spinal mechanisms modulate these nociceptive responses. For example. Fang and 

Proudfit (1996). observed that the microinjection of morphine into the PAG elicited 

activation of descending systems that mediated serotonergic, muscarinic cholinergic and a-

adrenergic receptors at the spinal level which inhibited the TF response. In the same study, 

muscarinic cholinergic receptors, but not monoamine receptors, were determined to mediate 

the paw-withdrawal response to noxious thermal stimulation. In light of these observations, 

it seems reasonable to speculate that the concurrent activation of both supraspinal 

descending-inhibitory and spinally mediated systems by both DPDPE or DELT may involve 

spinal serotonergic, muscarinic cholinergic or a^-adrenergic receptor mediated antinociceptive 

synergy. 

.Although our findings are in agreement with previously published reports suggesting 

that two distinct populations of 6-opioid receptors may interact to enhance an antinociceptive 

effect and elicit a synergistic interaction (Miaskowski et al., 1991; Tallarida et al., ), the 

underlying mechanism(s) of supraspinal/spinal 6-opioid receptor mediated antinociceptive 

synergy remains unclear. Fields and colleagues have shown that the administration of the 

|i-opioid agonist morphine into the RVM produces a direct inhibition of'ON-cells". and an 

indirect activation of "OFF-cells" contributing to the inhibition of nociceptive-induced 

reflexes (Fields et al., 1983; Heinricher et al., 1992; Pan and Fields, 1997). Descending 

projections from the brainstem that may elicit antinociception have been confirmed by the 
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observation that the supraspinal microinjection of both morphine (Basbaum et al., 1978) or 

DELT administered into the RVM (Kovelovvski et al., 1999) was blocked by lesions made 

to the DLF. suggesting that a descending pain inhibitory pathway originating in the 

brainstem, terminates in the spinal cord dorsal horn to attenuate nociceptive input. In 

addition, Hammond et al., 1985, demonstrated that electrical stimulation of the nucleus raphe 

magnus (NRM) and nucleus reticularis paragigantocellularis not only evoked an efflu.x of 

both 5-hydro.\ytryptamine (5-HT) and norepinephrine (NE) at the level of the spinal cord, 

but also increased tail-flick latencies and decreased responsiveness to a noxious pinch 

applied to the extremities (Hammond and Yaksh et al., 1984). These studies suggest that 

both serotonergic and noradrenergic bulbospinal systems project to the spinal cord to mediate 

an antinociceptive effect. Furthermore, i.th. administration of both the 5-HT receptor 

antagonist methysergide or the a-adrenergic receptor antagonist phentolamine attenuated the 

increase in tail tlick latencies elicited by stimulation of the RVM (Hammond and Yaksh. 

1984). These data, taken together, suggest that activation of 6-opioid receptors within the 

RVM could activate a descending nociceptive inhibitory system that may release 5-HT or 

NE at the level of the spinal cord and contribute to the production of supraspinal/spinal 6-

opioid receptor mediated antinociceptive synergy. 

The antinociceptive effect of morphine administered spinally (Hylden and Wilcox. 

1983; Ossipov et al., 1984; Wilcox et al., 1987) is increased by the i.th. administration of the 

tti-adrenergic receptor agonist clonidine. In addition, the obser\'ation that spinal transection 
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of mice attenuates the antinociceptive potency of morphine but not of clonidine (Spaulding 

et al., 1979). as well as the administration of a^-adrenergic receptor agonist in the locus 

ceruleus (Ossipov et al., 1984), the periaqueductal gray or lateral portion of the reticular 

nucleus (Ossipov and Gebhart, 1983, 1986) resulted in the absences of an antinociceptive 

effect suggests that a2-adrenergic receptor-mediated antinociception is not a supraspinal, but 

spinally mediated event. Analogous to these findings, Ossipov et al., (1990), reported that 

i.th. com.binations of clonidine with morphine produced synergistic antinociceptive effects 

in TF. but not in the HP test suggesting that the multiplicative interaction between opioids 

and a.-adrenergic receptors occurs at the level of the spinal cord. In light of these 

observations, it seems plausible to suggest that the antinociceptive effect of both DPDPE or 

DELT administered into the RVM and i.th. concurrently may, in part, elicit a synergistic 

effect by activation of descending-inhibitory influences. 

In summary, the supraspinal and spinal administration of both the 6-opioid selective 

agonists DPDPE or DELT microinjected into the RVM or i.th. increases thermal nociceptive 

response latencies and elicits an antinociceptive synergistic effect in the TF, paw-withdrawal 

and HP tests when either drug are administered concurrently, but not the concurrent 

administration of DPDPE in the HP test. Of significance to this investigation, these data 

suggest that both 5,- and di-opioid receptors in the RVM may modulate supraspinal 

components of antinociception, and possibly modulate ascending nociceptive input to higher 

supraspinal structures. Additionally, it appears that 62-opioid receptors may be involved to 
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a greater extent in the modulation of nociceptive reflexes, directly at the spinal level or by 

activation of supraspinal descending nociceptive inhibitory influences. 
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IV Studies involving supraspinal cholecystokinin modulation of neuropathic pain 

states due to peripheral nerve injury in the rat 

The administration of lidocaine bilaterally into the RVM elicited a significant 

reversal of both tactile allodynia and thermal hyperalgesia in spinal nerve L5 and L6 ligated 

animals and produced no significant effect in sham-operated animals (Figure 19 and 20. 

respectivrly). The mean (± SEM) paw withdrawal threshold of spinal nerve L5 and L6 

ligated animals to probing with Von Frey filaments pre- and 15 min post-microinjection of 

lidocaine into the RVM was 1.2 ± 0.2 and 11.0 ± 2.2 gms, respectively. In sham-operated 

animals, the paw withdrawal threshold both pre- and post-microinjectionof lidocaine into the 

RVM remained unchanged at 15 gms (Figure 19). The mean (± SEM) paw withdrawal 

latency of spinal nerve L5 and L6 ligated animals to radiant heat applied to the plantar 

surface of the paw pre- and 15 min post-microinjection of lidocaine into the RVM was 14.2 

X 1.0 and 27.5 = 4.3 sec. respectively, (Figure 20). In sham operated animals the paw 

withdrawal latency pre- and 15 min post-microinjection of lidocaine were 18.7 ± 0.9 and 

19.2 s: 1.9. respectively. 

Quantification of CCK protein in the caudal brainstem by enzyme immunoassay 

indicated spinal nerve L5 and L6 ligated animals expressed an elevated level of CCK protein 

than sham operated animals (Figure 21). The CCK protein level in spinal nerve ligated 

animals was pg/mg protein. In comparison, the CCK protein level in sham operated animals 

was pg/mg protein. 
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Administration of the CCKb receptor antagonist L365,260 bilaterally into the RVM 

elicited a significant reversal of both tactile allodynia and thermal hyperalgesia in spinal 

nerve L5 and L6 ligated animals and produced no significant effect in sham-operated animals 

(Figure 22. 23 respectively). Microinjection of L365.260 into the RVM of sham-operated 

animals elicited no significant effect. The mean response (± SEM) paw withdrawal threshold 

pre- and 10 min post-microinjection of L365,260 into the RVM was 2.0 ± 0.4 and 13.0 ± 1.2 

gms. respectively, in nerve ligated animals.. In sham operated animals, paw withdrawal 

thresholds remained unchanged at 15.0 ± 0 gms before and after L365,260 administration 

into the RVM. The mean response (± SEM) paw withdrawal latency pre- and 10 min post-

microinjection of L365,260 into the RVM was 14.5 ± 0.8 and 26.7 ± 2.1 sec, respectively, 

in nerve ligated animals (Figuure 22).. In sham operated animals, mean (±SEM) paw-

withdrawal latency pre- and 10 min post-microinjection of L365,260 were 25.2 ± 1.8 and 

26.2 =: 3.4 sec, respectively (Figure 23). 

.Administration of the peptide CCK-8 (s) bilaterally into the RVM elicited both tactile 

allodynia and thermal hyperalgesia in a dose-dependent manner. The lowest dose of CCK-8 

(s) tested. 10 ng (20 ng total dose), did not affect animal sensitivity to probing by Von Frey 

filaments and animals maintained a withdrawal threshold of 15 gms during the 60 min time 

course. .Administration of CCK-8 (s), 30 ng (60 ng total dose), into the RVM produced a 

statically significant (p > 0.05) effect at the 20, 30 and 45 min time points with the peak 

effect at 20 min and a mean response (± SEM) of 3.8 ±1.5 gms. The highest dose ofCCK-8 



(s) tested, 60 ng (120 ng total dose), produced a statistically significant effect (p > 0.05) at 

the 10 through 60 min time course and produced a peak effect at 30 min with a mean 

response (x SEM) of 1.7 ± I.O gms (Figure 24). The lowest dose ofCCK-8 (s), 10 ng (20 

ng total dose), tested in the paw withdrawal latency to radiant heat did not produce a 

significant change in latency values for any of the time points tested. Administration of 

CCK-8 (s). 30 ng (60 ng total dose), into the RVM produced a statically significant effect 

as determined by .A.NOVA with the peak effect at 20 min and a mean response (± SEM) of 

14.8 ± 1.0 sec. The highest dose of CCK-8 (s), 60 ng (120 ng total dose), produced a 

biphasic and statistically significant effect, as determined by ANOVA, at the 10 and 30 min 

time points. Pav\- withdrawal latency to radiant heat produced an antinociceptive effect at 

10 min with a mean response (± SEM) of 31.3 ± 2.5 gms. The peak effect for the production 

of thermal hyperalgesia was 30 min and a mean response (± SEM) of 16.7 ± 1.4 sec (Figure 
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Baseline Lidocaine 

Figure 20. Administration of lidocaine bilaterally into the RVM reverses tactile allodynia 

in spinal nerve L5 and L6 ligated animals (filled bars). Lidocaine produced no effect in 

sham-operated animals (open bars). Asterisk indicates as significant difference from 

baseline score (P < 0.05). N = 6 animals per group. 



o 
0> 
(fi 

o 
c 
0> 

m 

(Q 

re 
£L 

25 r 

r 20 • 

S 15 

10 

0 
Baseline Lidocaine 

Figure 21. Administration of lidocaine bilaterally into the RVM reverses thermal 

hyperalgesia in spinal nerve L5 and L6 ligated animals (filled bars). Lidocaine produced no 

effect in sham-operated animals (open bars). Asterisk indicates as significant difference 

from baseline score (P < 0.05). N = 6 animals per group. 
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Figure 22. Quantification of CCK protein levels in the caudal brainstem of sham-operated 

(open bars) and spinal nerve L5 and L6 ligated animals (solid bars). Asterisk indicates a 

significant difference between groups (P < 0.05). N = 10 animals per group. 
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Baseline L365,260 

Figure. 23. Administration of the CCKb receptor antagonist L365,260 (2.5 ng) bilaterally 

into the RVM reverses tactile allodynia in spinal nerve L5 and L6 ligated animals (solid 
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Baseline L365,260 

bars). L365.260 produced no effect in sham-operated animals (open bars). Asterisk 

indicates a significant difference from baseline score (P < 0.05). N = 6 animals per group. 
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Figure. 24. Administration of the CCKg receptor antagonist L365,260 (2.5 ng) bilaterally 

into the RVM reverses thermal hyperalgesia in spinal nerve L5 and L6 ligated animals (solid 

bars). L365,260 produced no effect in sham-operated animals (open bars). Asterisk 

indicates a significant difference from baseline score (P < 0.05). N = 6 animals per group. 
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Figure. 25. Administration of CCK-8 (s); (•)10 ng (20 ng total dose); (A)30 ng (60 ng total 

dose); (•)6G ng {120 ng total dose) bilaterally into the RVM elicits tactile allodynia. N = 

6 animals per group. 
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Figure. 26. Administration ofCCK-8 (s); I#)!© ng (20 ng total dose); (A)30 ng (60 ng total 

dose); (•)60 ng (120 ng total dose) bilaterally into the RVM elicits thermal hyperalgesia. 

N = 6 animals per group. 
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Discussion 

The observ ations presented in this dissertation suggest a role for supraspinal CCK 

in the modulation of both tactile allodynia and thermal hyperalgesia. In support of this 

observation, elevated levels of the neuropeptide CCK in the caudal brainstem, detected by 

protein immunoassay in animals that have received ligation of the L5 and L6 spinal nerves, 

but not in sham operated animals, suggest that supraspinal adaptations may occur in response 

to peripheral nerve injury that facilitate modulation of neuropthic pain states. In addition, 

administration of the CCKq receptor antagonist L365,260 into the RVM reversed both tactile 

allodynia and thermal hyperalgesia in animals that received a ligation to the L5 and L6 spinal 

nerves while eliciting no effect in sham operated animals. In a different group of 

experiments, administration of the peptide CCK-8 (s) into the RVM elicited a robust tactile 

allodynic response in a dose-dependent manner in animals that received neither spinal nerve 

ligation or sham surgery. Also, of interest was the observation that CCK-8 (s) administered 

into the RVVl appeared to promote a thermal hyperalgesic response, but at a more modest 

level than observed in the production of tactile allodynia. Taken together, these findings 

suggest that a medullospinal descending nociceptive facilitatory system may modulate tactile 

allodynia and thermal hyperalgesia, perhaps through elevated levels of CCK within the 

RVM. 

The behavioral signs of tactile allodynia are believed to be the result of low threshold 

mechanical stimulation, mediated primarily by AP fiber inputs involving novel synpatic 
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connections between AP fibers and ascending nociceptive pathways (Woolf and DoubelL 

1994). As reported in previous studies (Pertovaara et al., 1996; Mansikka and Pertovaara, 

1997; Pertovaara. 1998) and also observed in the present results, lidocaine administered into 

the RVM blocked tactile allodynia in L5 and L6 spinal nerve ligated rats suggesting a 

supraspinal component in the modulation of allodynia. In the same animals, lidocaine also 

reversed the thermal hyperalgesic response to radiant heat. Although, Pertovaara et al., 

(1997). did not observe an increased spontaneous activity in WDR of the dorsal horn in 

response to thermal stimulation in spinal nerve L5 and L6 ligated rats, the rate of thermal 

stimulation was reported to be 10°C/s, a rate selective for the activation of A6-fibers 

(Yoemans and Proudfit, 1996a; 1996b). In the present study, the radiant heat assay used to 

demonstrate thermal hyperalgesia has been determined to have an average rate of rise of 

1.1 'C/s. a rate preferential for the activation of C-fibers (Yoemans and Proudfit, 1996a; 

1996b; Bian et al., 1998). Thus, selective thermal activation of C-fibers may be required for 

the demonstration of both thermal hyperalgesia and the modulation by supraspinal systems 

of thermal nociceptive spinal input. These observations lead to the suggestion that 

descending nociceptive facilitatory system that modulate nociceptive input may participate 

in the manifestation of both tactile allodynia and thermal hyperalgesia. 

Within the RVM, two distinct populations of neurons operate to modulate 

nociceptive transmission (Fields et al., 1983). "Off-cells" are thought to comprise a 

descending inhibitory system that attenuates nociceptive information directly at the level of 



the spinal cord (Fields et al., 1985; 1991). Conversely, "on-cells" are thought to have a 

facilitatory influence on nociceptive processing through both local interactions within the 

RVM and descending systems projecting to the spinal cord (Fields etal., 1983; 1985; 1991). 

It is of interest that prolonged delivery of a thermal noxious stimuli has been observed to 

result in increased on-cell and decreased off-cell activity (Morgan and Fields, 1996). The 

findings by Morgan and Fields (1996), confer to the suggestion that supraspinal mechanisms 

may, in part, contribute to the enhanced sensitivity of tonic nociceptive input. Therefore, it 

is plausible to speculate that alterations in neuronal activity within the RVM due to 

peripheral nerve injui-y may lead to the tonic activation of descending nociceptive facilitatory 

influences. The consequence of which may be manifestations of tactile allodynia, and to a 

lesser e.xtent. thermal hyperalgesia. 

.Although there exists a paucity of data demonstrating the supraspinal effect of CCK 

on both neuronal activity and neuropathic pain, inference concerning the effect of CCK on 

on-cell activity can be abstracted from studies of CCK and its reported anti-opioid effect. 

Morphine administered into the PAG has been observed to elicit the release of endogenous 

opioid peptides within the RVM that selectively inhibit both on-cell activity and their 

presumed descending nociceptive facilitatory influence on spinal nociceptive transmission 

(Pan and Fields. 1996). In addition, Heinricher and McGaraughty (1998), reported that 

infusion of CCK-8 (s) into the RVM attenuated the opioid-induced depression of on-cell 

activity. These observations suggest that CCK may act upon opioid sensitive circuitry to 
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attenuate the effect of opiates (Heinricher and McGaraughty, 1998). In light of the reported 

evidence, it seems plausible to speculate that within the RVM, elevated levels of CCK may 

modulate descending nociceptive facilitatory systems by tonic activation of on-cell activity 

resulting from peripheral nerve injury. 

Spinal transection in the rat has been reported to reverse tactile allodynia (Bian et al.. 

1998; Sung et al., 1998) suggesting that supraspinal processes are involved in the 

maintenance of tactile allodynia resulting from peripheral nerve injury. Interestingly, in the 

study by Bian et al.. 1998, spinal transection significantly increased thermally-evoked paw 

withdrawal latencies in both ligated and sham operated animal. In the same study, however, 

spinal transection was observed to facilitate the tail flick reflex response (Bian et al., 1998). 

Although these results appear contradictory, the dissimilarity observed between both 

hindlimb and tail flick response thresholds supports the conclusion for differential 

descending tonic controls regulating the tail and hindlimbs (Fang and Proudfit, 1996; Bian 

et al.. 1998). These observation imply that spinalization may lead to a loss of a descending 

nociceptive facilitatory influence which typically participate in both the mechanically and 

thermally-evoked paw withdrawal response. 

In summary, the results presented in this dissertation suggest a supraspinal 

facilitatory influence in the behavioral expression of neuropathic pain resulting from 

peripheral nerve injury. Of significance to this investigation, peripheral nerve injury may 

elicit elevated levels of CCK within the RVM that may act tonically to drive descending 
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nociceptive facilitaiory systems. Finally, peripheral nerve injury resulting from ligation of 

the L5 and L6 spinal nerve may, in part, result in the tonic activation by CCK of on-cell 

mediated descending nociceptive facilitatory systems and consequent to the behavioral signs 

of neuropathic pain. 

V Studies involving supraspinal opioid modulation of neuropathic pain states due 

to peripheral nerve injury 

.As reported in the literature, microinjection of morphine into the PAG produced a 

dose-dependent increase in TF latencies of in those animals that had received a sham surgery 

of the L5/ L6 spinal nerves. However, the antinociceptive effect of PAG morphine in animals 

was significantly attenuated in those animals that had received a ligation to the L5 and L6 

spinal nerves. Higher doses of morphine could not be administered into the PAG due to 

excessive hypere.xcitability of the animals. Administration of morphine into the PAG in the 

presence of L365.260 (CCKb receptor antagonist) administration in the RVM had no effect 

on sham operated animals. However, administration of L365,260 into the RVM restored the 

antinociceptive effect of PAG morphine in those animals that had received a ligation of the 

L5 and L6 spinal nerves. 

Linear regression analysis estimated the A50 (95% CL) of PAG morphine was 

estimated to be 9.9 (5.4-17.9) and 439.6(193-1001; extrapolated) in sham and L5/L6 ligated 

animals, respectively. The A50 (95% CL) of PAG morphine in the presence of L365,260 

administered into the RVM was estimated to be 9.12 (6.0-13.8) and 7.2 (4.4-11.1) in sham 
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and L5/L6 ligated animals, respectively. The potency ratio (95% CL) of sham animals that 

received PAG morphine compared to those animals that received PAG morphine in the 

presence of RVM L365,260 was I.l (0.5-2.2) and determined to be not statistically 

significant. The potency ratio (95% CL) of L5/L6 ligated animals that received PAG 

morphine compared to those animals that received PAG morphine in the presence of RVM 

L365,260 was 61 (24-155) and determined to be statistically significant. 
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Figure 27. Dose-response curve for morphine administered into the PAG in the 55 °C tail-

flick test in those animals that received a ligation of the L5/L6 spinal nerves (•), or sham 

surgery (•). In addition, the effect PAG morphine in the presence of the CCKb receptor 

antagonist L365.260 administered into the RVM in L5/L6 ligated (•) and sham (A) 

operated animals is also represented. Antinociceptive effect is indicated as the maximal 

possible effect (%MPE). N = 6 rats per dose. 
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Discussion 

The PAG. located within the midbrain of the brainstem, is a site intrinsic to the 

modulation ofpain (Mayer etal., 1971; Reynolds, 1969; Yaksh and Rudy, 1978; Hobson and 

Scheibel. 1980; Gebhart, 1982). Electrical stimulation of the PAG has been observed to 

excite both on-cells and off-cells within the RVM (Vanegas et al., 1984). In contrast, 

microinjection of morphine into the PAG has been observed to increase the spontaneous 

activity ofoff-cells while attenuating the activity of on-cells (Cheng et al., 1986). Moreover, 

since the direct action of opioids on target neurons is inhibitory (Nicoll et al., 1980), and the 

administration ofopioids into the PAG activates off-cell activity within the RVM, it has been 

proposed that opioids disinhibit PAG projection neurons to the RVM by inhibiting inhibitory 

GABAergic intemeurons (Basbaum and Fields, 1984). 

The administration of exogenous opioids systemically and locally into both the PAG 

and RVM modulates neurons intrinsic to both descending facilitatory and inhibitory 

nociceptive systems. Observations reported previously in this dissertation demonstrated that 

administration of the CCKq receptor antagonist L365,260 bilaterally into the RVM reversed 

both tactile allodynia and thermal hyperalgesia. These results suggest tonic activation by 

CCK ofon-cell mediated descending nociceptive facilitatory systems may consequent to the 

behavioral signs of neuropathic pain. Moreover, administration of CCK-8 into the RVM of 

normal animals was observed to elicit both tactile allodynia and thermal hyperalgesia, 

suggesting the supraspinal involvement of CCK in the modulation of neuropathic pain. 
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Morphine administered into the PAG has been observed to elicit the release of endogenous 

opioid peptides within the RVM that selectively inhibit both on-cell activity and their 

presumed descending nociceptive facilitatory influence on spinal nociceptive transmission 

(Pan and Fields. 1996). In addition, Heinricher and McGaraughty (1998), reported that 

infusion of CCK-8 (s) into the RVM attenuated the opioid-induced depression of on-cell 

activity. These observations suggest that CCK may act upon opioid sensitive circuitry to 

attenuate the effect of opiates (Heinricher and McGaraughty, 1998). Interestingly, these 

findings support the observation reported here that administration of the CCKq receptor 

antagonist L365.260 into the RVM restores the antinociceptive effect of PAG morphine in 

L5/L6 ligated animals. In light of the reported evidence, it seems plausible to speculate that 

tonic activation by CCK of on-cell activity attenuates the antinociceptive effect of PAG 

morphine and maintains on-cell descending nociceptive facilitatory systems. 

In summary, the results presented in this dissertation suggest that elevated levels of 

CCK within the RVM act tonically to drive on-cell descending nociceptive facilitatory 

systems and consequent to the absence in PAG morphine induced antinociception. 
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GENERAL CONCLUSIONS 

The central objective of this dissertation was to determine the contribution of 

supraspinal descending nociceptive inhibitory and facilitatory systems in the modulation of 

both nociceptive input and neuropathic pain states due to peripheral nerve injury. The results 

reported in this dissertation suggest that supraspinal 6-opioid receptors modulate both acute 

and tonic forms of nociceptive input by activation of a bulbospinal descending nociceptive 

inhibitory system that is localized, at least in part, in the DLF. In addition, this dissertation 

provides evidence to suggest that neuropathic pain due to peripheral nerve injury results in 

the tonic activation by CCK. ofon-cell mediated descending nociceptive facilitatory systems 

and consequents to the behavioral signs of neuropathic pain 

The administration of opioids systemically and directly into the RVM modulate 

neurons intrinsic to both descending facilitatory and inhibitory nociceptive systems, 

lontophoretic studies have shown that the administration of morphine systemically or into 

the RVM. profoundly depress on-cell activity and produces no inhibitory effect on off-cells 

(Fields et al.. 1985. 1991; Heinricher et al., 1992,1994, ). In a similar study, direct 

administration of morphine or the mixed |i- and 6-opioid receptor agonist Met-^-enkephalin 

into the RVM has been observed to abolish on-cell spontaneous firing and produce no direct 

effect on off-cell activity (Pan et al., 1990). In addition, Met^-enkephalin has been observed 

to attenuate GABA-mediated hyperpolarization of off-cell activity (Pan et al., 1990). 

Moreover, the analgesic effect of morphine administered into the PAG has been observed 
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to be reversed by administration into the RVM of the general opioid antagonist naltrexone 

as well as by the selective and dj-opioid receptor antagonists P-funaltrexamine and 

naltrindole. respectively, suggesting that both |i- and Sj-opioid receptors in the RVM are 

involved in the modulation of nociceptive information (Kiefel et al., 1993). Taken together, 

these observations suggest that ^-opioid receptors may be localized on both on-cells and 

GABAergic intemeurons. Localization of |i-opioid receptors at these sites would inhibit on-

cell firing and promote off-cell activity and consequent to the activation of an off-cell 

descending nociceptive inhibitory influence. A site of action for 6-opioid receptors within 

RVM neuronal circuitry is less well defined. To date, electrophysiological studies 

suggesting a site of action for agonists selective for the 6-opioid receptor have been limited. 

For e.xample. in the brain stem slice preparation, administration of DPDPE (6, agonist) into 

the RVM was observed to be ineffective in inhibiting the GABA mediated hyperpolarization 

of primary cells (presumed off-cells) as well as hyperpolarizing secondary cells (presumed 

on-cells)(Pan et al.. 1990). However, previous reports (Porrecaetal., 1984; Erspameret al.. 

1989; Miakowski et al., 1991, 1993; Ossipov et al., 1995; Thorat and Hammond, 1997) as 

well as the results reported in this dissertation strongly suggest that supraspinal 6-opioid 

receptors modulate nociceptive input by activation of a descending nociceptive inhibitory 

system. Therefore, it is not unreasonable to speculate that 6-opioid receptors may be 

localized on on-cells or GABAergic intemeurons. Presumably, localization of 6-opioid 

receptors on on-cells would result in both the suppression ofon-cell activity and propagation 
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of off-cell descending nociceptive inhibitory systems. In addition, localization of 5-opioid 

receptors on GABAergic intemeurons in the RVM would disinhibit off-cell activity and 

would also result in the disinhibition of descending nociceptive inhibitory systems. Since 

to elicit an antinociceptive effect requires the activation of an off-cell descending nociceptive 

inhibitory influence within the RVM, localization of 6-opioid receptors on GABAergic 

intemeurons would fulfill this requirement (For illustration, see Fig. 28). 

Where as off-cells are thought to comprise a descending nociceptive inhibitory 

system that attenuates nociceptive information directly at the level of the spinal cord dorsal 

horn (Fields et al.. 1985; 1991), on-cells are thought to have a facilitatory influence on 

nociceptive processing through both local interactions within the RVM and descending 

facilitatory systems projecting to the spinal cord (Fields et al., 1983; 1985; 1991). 

Justification of an on-cell descending nociceptive facilitatory influence can be found in the 

observation that prolonged delivery of a thermal noxious stimuli results in increased on-cell 

and decreased off-cell activity (Morgan and Fields, 1996). The findings by Morgan and 

Fields (1996), confer to the suggestion that supraspinal mechanisms may, in part, contribute 

to the enhanced sensitivity of tonic nociceptive input. Furthermore, reversal of tactile 

allodynia or thermal hyperalgesia in studies involving spinal transection (Bian et al., 1998; 

Sung et al., 1998) or administration of lidocaine into the RVM (Pertovaara et al., 1996; 

Mansikka and Pertovaara, 1997; Pertovaara, 1998) suggest the involvement of supraspinal 

descending nociceptive influences in the modulation of neuropathic pain. Therefore, it is not 
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unreasonable to propose that alterations in neuronal activity within the RVM, due to 

peripheral nerve injury, may lead to the tonic activation of descending nociceptive 

facilitatory influences. The consequence ofwhich may be manifestations oftactileallodynia, 

and to a lesser extent, thermal hyperalgesia. Given that excitatory input onto on-cells 

constitutes presumed activation of a descending nociceptive facilitatory system (Heinricher 

et al., 1999), it is of interest to the conclusions of this dissertation that infusion of CCK-8 

sulfate into the RVM has been observed to attenuate both the suppression of on-cell and 

activation of off-cell firing induced by systemic morphine administration. In addition, the 

neurotransmitter CCK has been reported to elicit excitatory actions within the central 

nervous system (Boden and Woodruf, 1994) and thus may e.xplain the ability of CCK to 

e.xert its anti-opioid effect by activation of the on-cell descending nociceptive facilitatory 

system. Interestingly, these findings support the observation reported in this dissertation that 

administration of the CCKq receptor antagonist L365,260 into the RVM restores the 

antinociceptive effect of PAG morphine in L5/L6 ligated animals. Therefore, neuropathic 

pain due to peripheral nerve injury may result in the tonic activation by CCK of on-cell 

mediated descending nociceptive facilitatory systems and consequents to the behavioral signs 

of neuropathic pain (For illustration, see Fig. 28). 

In conclusion, the findings of this dissertation suggest that supraspinal descending 

inhibitory and facilitatory nociceptive systems are involved in the modulation ofboth acute 

and tonic nociceptive input as well as neuropathic pain states. Specifically, this dissertation 
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suggests that 6-opioid receptors, localized within the RVM, modulate acute and tonic forms 

of nociceptive input at the spinal level by activation of supraspinal descending nociceptive 

inhibitory systems localized within the DLF. In addition, this dissertation also proposes that 

descending nociceptive facilitatory systems are involved in the modulation of neuropathic 

pain states due to peripheral nerve injury through tonic activation by CCK of on-cell 

mediated descending nociceptive facilitatory systems. 
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Figure 28. Schematic representation of the proposed neuronal circuitry within the PAG and 

RVM with emphasis placed upon the theoretical localization of 6-opioid receptors. "On-cells" 

within the RVM represent the descending nociceptive facilitatory system that projects to the 

spinal cord. "Off-cells" within the RVM represent the descending nociceptive inhibitory 

system that projects to the spinal cord. Localization of 6-opioid receptors on both on-cells 

and GABAergic intemeurons would allow for the production of 6-opioid receptor mediated 

antinociception. Enkephalinergic (ENK) intemeurons, GABAergic (GABA) intemeuron. 
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excitatory amino acid (EAA) containing projection neurons and cholecystokinin (CCK) 

intemeurons are indicated. Proposed localization of ^-opioid receptors are indicated. 
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