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ABSTRACT

The role and mechanism of action of 0l·adrenoceptors in adrenergic spinal
antinociceplion is uncertain. ol-Adrenoceplors are normally excitatory in the eNS,
suggesting thai any intlibitory effect on nociception must be indirect. Recently, we
shovled that intrathecal (I. t.) 0l-agonists potentiale 02-induced spinal antinociception
in the rat by a 6-receptor mediated, enkephalin-dependent process. If enkephalins,
released from spinal ir:ternl'uronr., mediate the antinociceptive effect of OJ­
adrenoceptors, then non-seler;live o-agonists (i.e. norepinephrinf.l; NE) should
exhibit cross-tolerance to 6-agonists (I.e. DAOLE), but not 10 lJ·agonists (i.e.
morphine), in the spinal cord. Conversely, the anlinociceptive effect of o.-selective
agonisls (i.E'. dexmedetomidine; OX) should be unaffected by spinal opioid
tolerance. To test iilese hypotheses, male, Sprague-Dawley rats (3oo-400g) were
continuously infused with i.t. saline (1 1J11h), morphine (MOR; 5, 10, or 20 IJgIh) or
DADlE (10 IJgJh) for 6 days using ALZET osmotic minHxJmps. Antinociception was
assessed using the tail flick (TF) test. In an inilial time course study, significant
recovery from DADlE and MOR tolerance did nol occur until day 3 and 4 post­
infusion (PI), respectively. In subsequent cross-tolerance experiments, NE and OX
dose-response curves were determined on days 1 and 2 PI for DADLE-pretreated
rats, and on days 1-3 PI in MOR-pretreated rats. The table of EDso ratios for 1.1. NE
and OX in opioid- and saline-infused animals demonstrates that NE exhibits
significant (t-) cross-tolerance to OADlE, but not morphine. No cross-tolerance was
observed between OX and DAOlE.

INFUSION TEST DRUG EOsoCopioid)IED~saline)

MOR5 NE 1.12
MOR 10 NE 1.51
MOR20 NE 1.35
DADLE 10 NE 2.504*,

DADLE 10 DX 0.66

In separate groups of rats, i.p. naloxone significantly attenuated the antinociceptivll
effect of MOR, but not DADLE, on day 1 of infusion (tima of peak antinocicep!ion);
i.p. naltrindole significantly antagonized DAOlE, but not MOR. These data indicate
that~· and 6-receptor selectivity was retained during infusion, consistent with the
different cross-tolerance results to NE. The marked antagonism of Lt. OX by Wyelh
27127, but nol by prazosin, confirmed the 02-selectivity of DX at the doses used.
The results of this study are consistent with the hypothesis that 0l-adrenoceptors
facilitate the release of enkephalins in the spinal cord which, in turn, effect
antinociception by a 6-receptor mechanism.
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1.0 INTRODUCTION

1.1 Statement of tho Research Problem

The perispinal administration of a~adrenoceptor agonists produces robust

antinociceplion in a variety of Etxperimenlal animals, without affecting muscle

strength, motor reflexes and locomotor activity (see review by Yaksh, 1985).

Extensive pharmacological studies using receptor-selective agonists and

antagonists have yielded structure aCtlvity profiles Indicallve of an anlinocicepllve

affect mediated by spinal 02-adrenoceptors. These rasults are consistent with

receptor binding and autoradiographic dala demonstrating the dense localization of

o2-binding sites in the substantia gelatinosa (UnnerstaJI et al., 1984; Sullivan et al.,

1987; Simmons (;I1d Jones, 1988), and the inhibitory role played by °2­

adrenoceptors in the eNS. Thus, the activation of spinal 02-adrenoceptors has

been shown to inhibit neurotransmitter release from the central terminals of primary

afferent pain fibers (Howe and Zieglgansberger, 1987; Ueda et af., 1995); and to

depress high threshold stimulus-evoked activity in wide dynamic range neurons

(Fleetwood-Walker et af., 1985; Omote et al., 1991). Importantly, the functional and

behavioral inhibition mediated by spinal 02-adrenoceptors appears to be

independent of endogenous opio!d systems (Figure 1).

The contribution of 0l-adrenoceplors in spinal adrenergic anlinociceplion is

less clear. Radioligand binding studies and quantitative autoradiography indicate

a homogeneous distribution of 0l-.adrenoceptors throughout the grey matter of the
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Figure 1. Proposed mechanisms underlying spinal adrenergic
antlnociceptlon, and the hypothesized oplold link to Ql·adrenoceptors.
Activation of the o\-receptor by drugs such as methoxamine (MX) or norepinephrine
(NEl may facilitate the release of enkephalins which act preferentially on 6-opioid
receptors 10 effect anlinociception. Co-activalion of 0 1" and 02-receptors could lead
to the potentiation of spinal adrenergic analgesia via an opioid-a2 interaction.



rat spinal cord (Giron etal., 1985; Sirrvnons and Jones, 1988; Roudet etal., 1993).

That these binding sites are functionally coupled is demo:1straled by the

pharmacological effects of aI-selective agonists and antagonists on motor,

aulooomic and sensory function in the spinal cord of experimental animals (Davis

and Astrachan, 1981; Astrachan et al., 1983; Howe et al., 1983; Yaksh, 1985;

Loomis and AnJnachalam, 1992). In the [alter case, intrathecal (i.t.) a,-agonists like

methoxamine and phenylephrine significantly increased the thermal nociceptive

threshold of conscious rats (tail-flick and hot-plate tests) (Howe at al., 1983; Yaksh,

1985). Unlike 02-agonists however, antinociceptive doses of methoxamine and

phenylephrine facilitated motor reflexes, raising questions about the selectivity of

acllon and thus the potential of at-agonists as spinal analgesic drugs.

Nevertheless, the contribution of ot-adreno~eptors in sp,nel adrenergic

antinociceplionlanalgesia has never been disproved by experimental data.

0t·Adrenoceptors aro excitatory in the eNS (Aghajanlen and Rogawski,

1983), enhancing neuronal depolarization and Ca.... influx. Consequently, the ability

of a,-agonists 10 effect spinal anlinociception suggests that they activate, or at loast

facilitate, an inhibitOfY neural Input on primary afferent and/or projection neurons in

nociceptive pathways. Enkephalin, one of three major endogenous opioid peptides,

is known to selectively modulate nociceptive transmission in the spinal cord (see

review by Yaksh, 1993). Enkephali~tajning neurons, and the i5-opioid receptors

that are believed to mediate the biological activity of enkephalin, are densely



kx:alizedin the dorsal hom (Dado et al., 1993; Todd and Spike, 1992; Ruda et aI.,

1986). There is an extensive literature documenting the antinociceptiv8 synergy

between opioids, including enkephalin analogues, and o-agonisls, following co­

ir1edion into laboratory animals (Ossipovet al., 1990; Omole et aI., 1991; Roerig

et al., 1992). A similar interaction has also been reported in tlunans (Molsch et al.,

1990; Gordon et 81., 1992; Siddall et aI., 1994). Recent studies in our laboratory

have shown that, in the rat, a threshold dose of Lt. methoxamine significantly

potentiates the antinociceptilJe effect of the highly selective 02-agonisl.

dexmedetomidine, via a O~receptor-mediated, enkephalin-dependent process

(loomis et al., 1992a, 1992b, 1993). Although a pharmacokinetic interaction

between the lYiO drugs could not be totally excluded, the data suggest that

methoxamine, and presLITlably other a,-agonists, augment the antinociceptive

activity of a 2-agonists in the rat spinal cord by facilitating the local release of

enkephalin (see Figure 1). Extracellular enkephaJin woutd then be free 10 inhibit

nociceptive transmission ltV"ough its normal opioid receptor-coupled mechanisms

in the spinal dorsal hom. In this manner, the co-adivation of al~ and °2­

adrenoceptors with appropriate receptor agonists could induce, albeit indirectly, an

02-opioid interaction that is known to be both supra-additive and antinociceptive.

Considering thefacl that norepinephrine (NE), the neurotransmitter released from

bulbospinal neurons of the endogenous pain control system, is a non-selective a·

agonis~and the proximity of enkeptlalin-containirltl neurons 10 the terminals of these



noradrenergic fibers. ~ is possible that such an interaction also underlies the

modulatory effect of NE. at least in the rat.

If the hypothesis illustrated in Figure 1 is correct, then non-selective a­

agonists like NE, and al"selective agonists like methoxamine, should exhibit cross­

tolerance to O-agonists in the rat spinal cord. Conversely. highly selective °2­

agonisls such as dexmedetornidine (DX) should be unaffected by tolerance to Lt.

6-agonists. Using dose-response analysis, we determined the degree of cross­

tolerance between opioid- and oieceptor subtype selective agonists in the rat tail­

flick test. Opioids were delivered by continuous i.1. infusion using ALZET osmotic

mini-pumps. The antinociceptive effect of the LI. a-agonist was determined in

tolerant and non-tolerant animals by means of dose response analysis. Agonist

selectivity was verified using receptor subtype-selective antagonists.

1.2 Spinal Op{old Analgesia

Although opioids unquestionably produce analgesia by a supraspinal action,

basic and clinical studies have shown lhatlhey also act directly in the spinal cord

to inhibit Ihe transmission of pain (see reviews by Yaksh and Noueihed, 1985;

Yaksh,1993). Electrophysiological studies in animals first demonstrated the potent

depressant actions of morphine on the electrical responses of spinal neurons

evoked by noxious stimuli; an effect antagonized by specific opioid antagonists

(Belcher and Ryall, 1978; Duggan et al., 1977; Sastry, 1978). The conclusion from
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these studies was that, at appropriate doses, opioids could selectively depress the

activity of small afferert fibres Involved in pain transmission without affecting large

diameter fibers.

The development 0( the technique of chronic catheterization of the

subarachnoid space in several animal species (Yaksh and Rudy. 1976a) made it

feasible to apply oploids to the spinal COfd of conscious animals. Using this

procedure, spine:11 opioids were shown to produce segmental analgesia thai was

dose-dependent, stereospecific and antagonized by naloxone (Yaksh and Rudy,

1976b). AI analgesic doses, the acule i.t. injection of opioids in animals has no

major effed.00 respiration, mJSCIe activity Of autonomic funct!o.l (Yaksh and Rudy,

1976b), although large dose can produce hind limb weakness and convulsions

(Frenk. et af., 1984; Watkins etal., 1984).

Withrl three years of the first report of spinal opioid analgesia in rats. spinal

Ill(WJlhine was lested il humans (Wang et aI., 1979). Wang and cowor1ters reported

thatlhe i.t ~dO.5-1.0mg of morphinerelie....ed se....ere back and leg pain in

patients with iloperable maliglatlcies of lhe genilOllfin<ry trad fa up to 24 h. Since

that fitst dinjcal report, spinal opioids have been used successfully in the treatment

of postoperative pain, obstetric pain, pain associated with trauma, deafferentation

pain and pain arising from chronic illness, including cancer. In the clinical

management of pain, both i.t. and epidural routes of adminislration are used.

The selective and localized effect of spinal opioids offers a number of



advantages over other forms of pain control. First, the duration of analgesia is

longer with spinal iieCtiOn Ihan with systemc administration d the same agent. In

humans, systemically administered morphi'le (10 mg, s.c.) produces analgesia

lasting for 4-5 h (Jaffe and Martin, 1990), while the equivalent dose administered

epldurally is effeclive for 4310 18 h (Cousins and Mather, 1984). The duration of

spinal analgesia permits n longer dosing intorval dUfing repeated administration,

thereby providing more freedom to !he patient and the allendanlmedical personnel.

A second advantage Is thai the I. t. 1)1" epidural injection of oplolds concentrates the

drug near Its site otaction in the dorsal hom Consequenlly, effective analgesia can

be produced with lower doses of oplolds than those required for systemic

actninistration. For example, in the treatment 0( cancer pain, doses of I.t. morphine

ranging from 0.5-16 mg, iJl'ld doses ofepidlsalmorphrle ranging from 2-30 mg have

been reconvnended (Payne, 1987). This is il contrast to oral doses of 30.00 1'119

(Foley and Inturrisi, 1987) Vrtlich must also be given more frequently than Lt.

mcrphine. As a result, the concentration of aug eventually reaching the systemic

cil'QJlation after spinal injection is low and the incidence of adverse effects mediated

at supraspilal sites, such as mental douding and drowsiness, is reduced (Payne,

1987). A third advantage is that the selective action of spinat opiolds avoids the

complication of sympathelic blockade associated with spinal anesthesia. Overall,

the absence of autonomic and .motor effects with spinal oplolds provides patients

with adequate pain control over long periods of time, while remaining ambulatory



and having an otherwise functional sensorium

The advantages afforded by spinal opioids have been tempered however by

the development of adverse effects, including delayed respiralory depression,

pruritus, urinary retention, tolerance and withdrawal. Respiratory depression is a

life-threatening consequence of spinal opioid use that generally occurs 6·12 h after

injection. The use of more lipid soluble opioids such as fentanyl has partially

overcome this problem but patients do require continuous and intensive monitoring,

In the management of chronic pain, tolerance is a factor limiting the use of spinel

opioids. For example, of 62 palients receiving U. morphine for cancer pain, 74% of

the palients experienced effective analgesia without severe respiratory depression

or los5 of motor or sensory functions (Wang, 1985). Many of the patients were

effectively managed as outpatients. However, 43% of patients given repeated i.l.

morphine injections, and 50% of patients receiving continuous i.1. infusion via drug

pumps developed tolerance and severe complications (pruritus, sphincter disorder,

and somnolence). In addition, withdrawal in patients receiving epidural opiates has

been reported following discontinuation of treatment or when treatment is

antagonized by substitution of a pure agonist with a partial agonist or agonist·

antagonist (Cousins and Mather, 1984). While i... oploids are useful in the

management of chronic pain, it is clear that more effeclive drugs or combinations

of drugs are needed 10 reduce the problems of tolerance and the incidence of

adverse effects. Moreover, some types of pain, partiCUlarly those of a non·



malignant nature, do not respond to opioids administered either spinally or

systemically (I.e. neural injury pain) (~r and Meyerson, 1988; Siddal at al., 1994).

Synaptic transmission between primary afferent fibres and second order

neurons thai comprise the spinothalamic trad is SUbject to modulation by a I~; Je

number of neurotransmilterslneuromodulators within the spinal cord (subslant;.a P,

VIP, CCK, somatostatin, neUTotensin, angiotensin, mel-enkephalin, bombesin,

excitatory amino acids, GABA, norepinephrine, and serolonin)(HOkfelt et a/., 1977;

Barber at aI., 1978; Salt and Hill, 1983; Basbaum and Fields, 1984; Besson and

Chaouct1, 1987; Yaksh, 1993). Drugs that mimic the actions of spinal

neurotransmitters or neuromoduJalors that inhibit pain transmission could be useful

as spinal analgesics. To the eldent that these drugs exert their effect through a

receptOf subtype and an intracellular mechanism that is distinct from those of the

opioid peptides, they could be used as adjuncts with spinal opioids ()( as an

alternative therapy to optimize analgesia.

1.3 Endogenous Pain Control System ~ Descending Inhibitory Palhways

Anatomical and pharmacological studies have identified descending and

Intrinsic neuronal systems in the spinal cord that modulate nociceplive transmission

in the dorsal hom (Dahlstrom and Fuxe, 1965; Basbaumand Fields, 1984; Fields

and Basbaum, 1989). Neurons utilizing serotonin (S-HT) as a neurotransmitter

descend from the nucleus raphe magnus in the medulla through the dorsolateral
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funiculus of the spinal COfd to terminate in the outer laminae of the dorsal horn.

Similarly, noradrenergic neurons descend from nuclei in the pons, including the

locus coeruleus (LC), the medial and lateral parabrachial nuclei, nucleus

subcoeruleus, the AS nucleus, and the A7 nucleus (see reviews by Proudfit, 1988;

Jones, 1991) tolarminata in theouler dorsal horn. Following their release in the

spinal cord, NE and 5-HT inhibillhe evoked discharge of spinothalamic neurons.

These descending (bulbospinal) inhibitory pathways are thought to provide

aregulatory feedback loop, whereby nociceptive transmission through the dorsal

horn is modulated by afferent inputs reaching the thalamus, periaqueduclal grey

(PAG) and brainslem. For example, afferent input In the spinomesencephalic tract

(and probably other tracts ascending through the anterolateral qUadrant of the spinal

cord), as well as Input from the hypothalamus, thalamus and cortex, activate the

PAG. By mechanisms that remain poorly understood, the PAG appears to

coordinate the response of these inhibitory bulbospinal pathways to ooxious

stimulation (Fields and Basbaum, 1969).

The discovery or these monoaminergic (and other) systems, the identification

of the neurotransmitters underlying their modulatory effect, and subsequent studies

of their release and spinal pharmacology, provided important evidence for non·

opioid modulation of noxious sensory processing in the spinal cord of experimental

animals.
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1.4 HE and 5--HT E"ect Spinal Antinoclception

CoosiSIet'ltwith \heir inhibitory role in the spinal cord, and like the opioids, NE

and 5-HT werfo shown 10 depress the discharge of dorsal hom neurons driven by

noxious stimulation (Headley et aI., 1978). In subsequent rodent behavioral studies,

1.1. NE and 5-HT significantly inhibited the escape responses evoked by noxious

thermal stimuli, at doses that did not affect muscle strength. normal reflexes or

locomotor activity (Yaksh and Wilson. 1979; Yaksh and Reddy, 1981; Milne at 8/.,

1985). However, NE was approximately 30 limes more potent than 5·tH. The spinal

entinociceptive effect of NE could be blocked by a·, but not j3-adrenoceptor

antagonists, suggesting the former to be the relavant receptor subtype.

Antinociception was also potentiated by monoamine oxidase inhibitors and

monoamine reuptake blockers (Kuraishi et 81., 1979; Reddy et al., 1980; Reddy and

Yaksh, 1960; Yaksh and Wilson, 1979). In view of the fact that vasoconstrictors,

such as angiotensin II, and vasodilators. such as bradykinin, given i.l., were without

effect in these behavioral tests, it was concluded that Lt. monoamine-induced

en!inociception is not secondary to changes in spinal cord blood now. Rather, it is

adirect effect on sensory neurons In the spinal cord, consistent with the results of

electrophysiological studies described above. While their short time course of action

(<30 min) makes Ll. NE or 5-HT impractical for clinical use, these studies provided

direct eKPBrimenlal evidence thai monoamines could selectively inhibit the

behavioral responses to noxious stimuli in conscious behaving animals.
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1mportartIy, the ninociceptive effect of i.t NE is shared by other a-agonisls.

For example, low dose i.t. clonidine produced significant anlinociception withool

dishxbing motor flnction (Yaksh and Wdson. 1979; Yaksh and Reddy. 1981; Milne

et al., 1985b). '" general, the rank order of potency of a-agonists in behavioral tests

of nociception paclllels that observed in other pharmacological preparations utilizing

a-adrenoceplors. A fundamental question arising from these results, and one

critical for the rational selection of an adrenergic spinal analgesic, is the

a~adrenoceplor sublype(s) mediating anlinociception in the spinal cord.

1.5 Spinal AdrenergIc Receptors and Antinoclceptlon

1.5.1 Binding Studies

Early binding studies with radiolabelled ligands that could disaiminate

between 0,·, Q)" and B-adrenoceptors confirmed the presence of all UYee binding

sites in the spinal cord (Jones etaJ.• 1982). Autaadiograpny with [\-4)WB-4101, an

0l-selective antagonist. indicated a moderate density of a,-binding sites in the

substria gelatinosa and the spinal trigeminal r'll.deusoflhe rat (Young and Kuhar,

1980). Similar studies with I'Hpara-aminoclonidine showed the highest density of

arbinding sites in rat and human spinal cords to be in the substantia gelatinosa and

the intennediolateral cell column (Young and Kuhar, 1980; Unnerslall et al., 1964).

In contrast, 02-binding sites were very low in the ventral hom. Using the fluorescent

probe, 9-amino-acridine propranolol, a high density of lWeceptors was located in the
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region of the ventral hom containing a-motoneurons (Melamed et aI., 1976). e­

Receptor blRing was sparse in the dorSal hom except in the substantia gelatinosa

where moderate B--receptor binding was obS8l'Ved.

In a SlbsequeIt study,lhe lesioning of clescencflllQ adrenergic fibers with 6~

hydroxydopamine was shown to have no delectable effed on the density of a,~

binding sites In the gray mattllf of the cal lumbar spinal cord (Howe et af" 1987a).

These data io:licate that the majority of o,-binding siles are present on cells in the

lumbar spinal gray maller, and oot on Ihe spinal terminals of descending adrenergic

neurons. This is further supported by autoradiographic data indicating thai Qa­

adTenoceplors are located on spinal dorsal hom neurons in the rat (Sullivan et af.,

1987). Howe at al. (1967b) also showed thai a unilaleral ganglioectomy of the

dorsal roots in the cat yieldedonly a 20% reduction in \he total runber a o,·binding

sites in the ipsilateral kmbar usal hom. It was inferred that the remaining 80~" of

02"s1Ies are post-synaptic 10 the primary afferents neurons (Le. 00 projection

neurons andtor intemeurons~

1.6.2 Pharmacologlc.I Studies

The observation of 0,", 02- and B-binding sites In the substantia gelatinosa,

an Bias of the dorsal hom knO'Ml to modulate nociceptive Input, raised the possibility

that all three types of adrenergic sites could be Manalgetically cou~it:Od". However,

the l.llnjection of the lHeceplor agonls~ Isopropylnorepinephrine, had no effecl on
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the behavioral responses of rals 10 thermal nociceptive stimuli, Likewise, U. NE~

induced antinociceplion was not reversed by the B.antagonist, propranolol (Reddy

et a/., 1980). In contrast, a variety of o-8gonisls, with differing selectivities for ex 1~

and a 2-adrenoceptors, produced significant, dose-dependent antinociception

following I.t. administrallon to laboratory animals (Reddy et al., 1980; Yaksh and

Reddy, 1981; Milne etal., 1S8Sb; Loomis et al., 1965; Shermanet 81., 1987); an

effect thai was dose-dependenlly inhibited by phentolamine, but not by propranolol

(Reddy et al., 1980; Yaksh and Reddy, 1981; Milne et al., 1985b). The resulting

rank oo:ler of potency in \he rat tail nick, hoi plate and acetic acid writhing lests was:

ST·91 (az·selective agonist) = NE > methoxamine (at,selective agonist) >:>

isopropylllOrepinephrine = O. Similar results were reported in the primate shock

Illration test (Yaksh and Reddy, 1981). Thus, the ability of i.1. NE and other

adrenergic agonlsts to elevate nociceptive threshold appears to be uniformly

mediated by a-atienoceptors.

To assess the relative role of spinal 0,- and o2-adrenoceptors in

noradrenergic anlinociceplion, dose-response studies using a," end 02"seleetive

antagonists were undertaken. Intrathecal yohimbine significantly inhibited i.t. ST-91

in the tail flick and hot plate tesl. Consistent with its selective blockade of 02·

adrenoceplors in this experiment, the 1050 of yohimbine was 1f1oth that of Lt.

prazosin (Howe etal., 1983). In contrast, i.l. prazosin was approximately 10 times

more potent yohimbine in antagonizing the anlinociceptive effect of i.1. methoxamine
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and NE. The relative OI'der of adivity iii rsvel'Smg thermal anlinociception with i.l

NE was: prazosin. phentolamine, ralJINOIscine, yohimbine. coryanthine, propranolol

(=0) (Yaksh, 1985; unpublished observations). The relative order of activity in

fevefSing ST·91 was: yohimbine, ral.MlOlsdne, prazosin, phentolamine, coryanlhine.

propranolol (=0) (Yaksh, 1985). Thus, the dominant population of adrenergic

receptors mediating spinal anlinociception in the rat exhibit a pharmaoological profile

characteristic of Q 2-adranoceplOfs. Nevertheless, I.t. NE (8 nOIHelective a-agonist)

was more potently antagonized by Lt. prazosin than Lt. yohimbine (Howe et aI"

1983; unpublished observations), suggesting that spinal a,-adrenoceplors may

contribute to the overall inhibitory effect.

Indeed, a,-selective agonists, including methoxamine, cirazoline and

phenylep/Vine, were shown to inhibit the behavioral responses to thermal and

mec:hanical nociceptive stimuli (Reddy et ai., 1980; HCM'8 et al., 1983; Yaksh, 1985;

l.WlpLt>Iished observatials). A noo-seledive effect at 0l...adrenoceptors, particularly

at high doses, could not account for these results as methoxamine was more

potenlly antagonized by prazosin than yohimbine (Howe at al., 1983). The

a,-agonists had a lower maximum antinociceplive effect compared to NE or to the

02-seleclive agenists. In agreement with this observation, phenylephrine and

cirazoline were shown to be less efficacious than NE In stimulating the maximum

accumulation of inositol phosphate (Chiu et al., 1987), the second messenger

coupled to o,-adrenoceptors (Minneman and Johnson, 1984). However,
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antinociceplive doses of i.t. methoxamine and phenylephrine also produced cisar

molor effects. In the primate, these include hind limb tremor and exaggerated reflex

withdrawal responses to non-oociceptlve stimuli. In the rat, dose-dependenl,

cutaneous hyperreflexia, clonic flexion of the hindlimbs, rigidity and serpentine

movements of the tail have been observed (Yaksh, 1985; unpublished

observations). These exaggerated reflexes, consistent with the facilitatOfY role of

spinal Q 1-adrenoceptors on motor neurons (Tanabe et al., 1990), could explain the

apparent lower efficacy of a 1- as compared to Q 2-agonisls given spinally. At the

very least, the measurement of the behavioral responses to nociceptive stimuli

following 1.1. a,-agonists, involving both reflex and supra-spinally co-ordinaled motor

responses, are confounded by such an effect. Thus, the role of spinel

Q,-adrenoceptors In adrenergic antinociception has not been completely or

accurately investigated.

1.6 Cellular Mechanisms Underlying Spinal af~ and a,..Adrenoceptor­

Mediated Anl/noc/ception

The activation of neuronal 02-adrenoceplors results in the opening of

outwardly directed K" channels. This causes a hyperpolarization of the cell, which

results in the suppression of neuronal firing (see figure 3) (Nakamura at al., 1961;

Egan et af., 1983). As well, 02-adrenoceptor activation can inhibit voltage sensitive

calcium channels (Williams and North, 1965), thereby suppressing Cau influx and
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the fusion of neurotransmitter-filled vesicles with the synaptic membrane. These

actions on ion channels are believed to be mediated through a G-protein (Dunlap

at a/., 1987). Consistent with these observations, it has been shown that a·

agonisls, ading primarily through the 02-adrenoceptor (Kuraishi et al., 1985; Go and

Yaksh, 1987) can inhibillhe release of substance P in mammalian spinal cords,

using both in vivo (Kuraishi at a/., 1985; Go and Yaksh, 1987) and in vitro (Pang and

Vasko, 1986) preparations. Similarly, 02.receptor activation has been shown to

inhibit the release of calcitonin gene-relaled peptide (CGRP) (Holz at aI" 1989). 02­

Adrenoceptors also hyperpolarize receiving neurons in the spinal cord and thus

attenuate their response to neurotrCi:1smilters released from adjacent nerve

terminals.

Q 1-Adrenoceptors have been shown to regulate the level of excitability of

cells, rather than participating in the transmission of rapid signals (Aghajanian and

Rogawski, 1963). Using iontophoretic drug delivery and intracellular recording from

motoneurons in the facial nucleus, NE produced a long-lasting depolarization that

was associated with a decrease in the membrane conductance to K·, Thus, NE

brought these cells closer to the threshold for action potential generation, explaining

the ability of aI-receptor activation to facilitate neuronal transmission (Aghajanian

and Rogawski, 1963), Electrophysiological studies using in vitro spinal cord

preparations have also shown that NE can excite unidentified dorsal horn neurons;

an effect mediated by Q 1-feceptors (North and Yoshimura, 1964),
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Hence, it appears that Q,. and Ql-adrenoceplOl'S affect K" conductance In

opposing ways. Q1-Adrenoceplor activation inaeases K" conductance leading to

cell hyperpolarization arld lhe inhibition of neuronal transmission. In contrast, at·

adrenoceptor activation decreases K" conductance leading to depolarization and an

increase in netXOflal excitability. Unlike the electrophysiological results of the a,·

agonists, these dala appear inconsistent with an anlinocicepljYB sffed. Indeed.

electrophysiological recordings have confirmed the depolarization of many dorsal

horn neurons following the local application of NE or al-agonists (North and

Yoshimura, 1984; Todd and Millar, 1983; Howe and Zieglgansberger, 1987).

1.7 a('Fac/lltation of Enkephafinerg;c Inhibition In 'he Rat Spinal Cord

In view of the depolarizing effect of 0l-adrenoceptors in the eNS (Aghajanian

and RogawslO, 1983), the ability of o,-agonists to effed spinal anlinociceplion

suggests that they activate, Of at least facilitate, an inhibitory f'le\I'al input on primary

afferent and/or projection neurons in nociceptive pathways. Enkephalin, one of

three major endogenous opioid peptides, is known to selectively modulale

nociceptive transmission in the spinal cord (see review by Yaksh, 1993).

Enkephalin..containing neurons, and the 6-opioid receptors that are believed to

mediate the biological activity of enkephalin, are densely localized in the dorsal hom

(Dado etal., 1993; Todd and Spike, 1992; Ruda et 81" 1966). Enkephalin is known

to be released in the spinal cord following a noxious stimulus in a number of
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species. Noxious mechanical stimulation has been shown to increase the release

of met-enkephalin-like malerial in the spinal cord of anesthetized rats (LeBars et a/.•

1987), and high intensity stimulation of peripheral nerves and the intra-arterial

injection of bradykinin produces an enhanced release of met-enkephalin-like

material in the spinal perfusates of anesthetized cats (Yaksh and Elde, 1981).

Given the excitatory nature of o,..adrenoceplors in the eNS, and the rocation of

enkephalin~laining neurons in the dorsal hom, activation of these receptors could

facilitate the local release of enkephalin in the spinal cord.

Intracellular recordings indicate thai opioids induce a hyperpolarization of

neurons, secondary to an increase in K+ conductance (Williams et al., 1982;

Yoshimura and North, 1983). The relevance of these data to the antinociceptive

effect of opioids is indicated by the observation that: a) the elevated mouse lail-flick

latency induced by ~-, 6-, or K-agonists is attenuated by K+ channel blockers; and

b) antinocicepUon induced by K+ channel openers is blocked differentially by i.t.

opioid antagonists (norbinatlorphimine, lei 174,864, and naloxone) (Welch and

Dunlow, 1993). The results also suggest thai these two classes of drugs probably

do not interact al a common receptor, but rather with a common second messenger

system (Welch and Dunlow, 1993).

Opioid..jnduced hyperpolarization of dorsal hom neurons inhibits the release

of nociceptive neurotransmitters (see Figure 1). Thus, IJ-agonists have been shown

to inhibit the release of substance P in vivo (Yaksh et al., 1980; Kuraishi et 81., 1963;
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Go and Yaksh, 1987) and in vitro (Jessell and Iversen, 1977; Pang and Vasko,

1986). Substance P is a neurotransmitter found in small primary afferent fibers and

released by A61C.fiber activity (Yaksh at aI., 1980; Kuraishi et a/., 1983; see review

by Yaksh and Noueihed, 1985). Similarly, enkephalin-analogues (i.e. (j·agonists)

attenuate the evoked release of substance P in vitro (Jessen and Iversen, 1977;

Mudge at aI.• 1979) and in vivo (Go and Yaksh, 1987); an effect that is antagonized

by naloxone. Anatomical and electrophysioiogicsi dala also suggest thai opioids

can act at receptors localed post-synaptically to primary afferent terminals to

suppress nociceptive processing (see Figure 2) (see review by Yaksh and

Noueihed, 1985). D·A1a2·D·Lell-enkephalin (CADLE) attenuated glutamate-induced

excitation of attached rootlets in vitro (Zieglgi:lnsberger and Sutor, 1983), and

intracellular recordings in vitro showed thai application of morphine, DADlE, and

met-enkephalin results in hyperpolarization. These effects were antagonized by

naloxone. Additional evidence for a post-synaptic action of opioids has been

provided by recordings of cell bodies in the nucleus proprius following the

application of opioids near the terminals in the substantia gelatinosa. In particular,

morphine applied to the dorsal lamina has been shown to depress responses

evoked by noxious thermal stimuli, but has no effed ..men administered near the cell

body (see review by Yaksh, 1985).

These data indicate that enkephalin<.ontaining interneurons, and the opioid

receptOf's mediating their effect, are strategically located in the dorsal horn where
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SPINAL DORSAL HORN

P/O~ / p/o
ENK

MORPHINE

BRAIN

Figure 2. Pre- and post-synaptic sites of antlnoclceptive action of oplold­
and a 2 -adrenerglc agonists In the dorsal hom of the spinal cord. The large
mangle represents a central nerve terminal of a small diameter, myelinated (AO) or
unmyelinated (C) primary afferent fiber from which substance P (SP) is released.
The large circle represents the soma of an adjacent second-order neuron in the pain
pathway which is activated (+) by substance P. The smalliriangies represent ~- and
~piojd receptors mediating the inhibitory (-) effects of morphine and enkephalin
(ENK), respectively. 02-AdrenocepIOfs, mediating the inhibitory effects of clonidine
or dexmedelomidine (OX). are indicated by the small squares.
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they normally modulate nociceptive transmission across the first synapse in the pain

pathway. By decreasing K· conductance, o,-adrenoceptor activation would bring

these neurons closer to the threshold for action potential generation thereby

facilitating the endogenous release of enkephalin under conditions of noxious

stimulation.

1.B AntlnocJcepUvelnteract;on Between Spinal a t- and Ql-Agonlsts In the

Rat· Oplold and Adrenergic Synergy

Previous studies in our laboratory have shown that a threshold dose of j,t.

methoxamine (10 I-IQ) potentiates the effect of i.t. dexmedelomidine (a2-saleclive

agonist) in the rat tal1-fllcl< and paw pressure tests (Loomis at al., 1992a, 1992b,

1993). Dexmedelomidine (0.01-1 1-19 i.t.) alone produced dose-dependenl

antinociception (ED50 =45 n9 in the tail-flick test and 252 ng in the paw pressure

lesl). The addition of a fixed dose of methoxamine (10 ",g i.I.), yielding <5% MPE

in the teil-flick lest and 0% MPE in the paw pressure test when injected alone,

significanlly shifted the dexmedelomidine dose response CUNe to the left (E050 =8.1

ng; tail-flick test and 10 ng; paw pressure test). Methoxamine did not prolong

dexmedetomidine's duration of action suggesting that a pharmacoklnetic interaction

was unlikely. Moreover, pretreatment with SCH 32615 (75 I-Ig Lt.; a neulral

endopeptidase inhibitor), but not vehicle, produced a further parallel leftward shift

of the methoxamine +dexmedelomidine dose response CUNe (ED50 =1.8 ng; lail-
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flick test and 7.7 ng; paw pressure Illst). This potency shift exceeded the effect of

SCH 32615 on dexmedetomidine alone. A fIXed dose c:ombinatlon of methoxamine

(10 1J9) +dexmedetomcfine (0.025 1J9), producing near maximal activity in the lail~

flick test a1d intennediale activity in the paw pr8SSl1'8 test, was significantly blocked

by each of the following pretreatments: pra20sin (10 1'91.1.), WY 27127 (0.51'9 i.I.),

naloxone (30~ l.t.), ICI174,864 (75lJQ1kg I.p.), and antiserum to Met-enkephalin

(10 ~I Lt.). These data strongly suggest that the synergy exhibited between MX and

OX involves a spinal enkephalin-dependent process, consistent with the known

antinociceptiv8 synergy between spinal oploid- and 02-agonlsts in experimental

animals (Ossipov et al., 1990; Omote at ai" 1991; Roerig at ai" 1992), and in

humans (Molsch at al., 1990; Gordon at a/., 1992; Siddall at al., 1994). The

interaction desalbed between a-agonists is not specific to MX and ox.. Intrathecal

NE-induced anlinociception in the rat was also potentiated by SCH 32615, and

antagonized by i.t naltrindole (6-selective antagonist) or i.t naloxone (loomis et al.,

1993). Thus, a,-adrenoceptors may be CX)fllribute to spinal adrenergic

antinociception by facilitating the local enkephalinergie-modulation of nociceptive

transmission (Figure 1).

1.9 Rationale, Research Hypothesis and Specific Objectives

There is an extensive and cons;~.:·'mt body of evidence indicating that a2•

adrenoceptOl" mediated anlinociception is a direct and selective inhibitory effect on
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relevant sensory neurons in the spinal cord that is independent of endogenous

opioid systems. The phannacological activation of spinal 0l·adrenoceplors effects

antinocicepUon in experimental animals. However, these receptor sUbtypes are

nonnally excitatory in the eNS suggesting that their ability 10 interrupt nociceptive

transmission in the spinal cord must involve the activation or facilitation of an

inhibitory neural input. Considering the dense localization of enkephalinergic

interneurons in the dorsal hom, the selective modulatory effect Clf enkephalin on

nociception in the spinal cord, and the well characterized antinocicepliv9 interaction

between opioid- and 02-agonists in the spinal cord of experimental animals, we

hypothesized that spinal a,..adrenoceptors facilitate the release of enkephatin in the

rat spinal cord. The observation that i.t. methoxamine significanlly potentiated the

inhibitory effect of Lt. DX in thermal and mechanical nociceptive tests via an

enkephalin-dependent process provides further support for such a mechanism.

If this hypothesis is correct, then non-selective a-agonists (Le. those with

affinity for both a,- and a 2-adrenoceptors), given i.t. to the rat, should exhibit

antinociceplive aoss·tolerance to i.1. 6-selective agonists. Thai is, down-regulation

of spinal 6--opioid receptors following the continuous i.t. infusion of a 6·selective

agonist (Le. DAOlE) should allenuate the hypothesized enkephalinergic mechanism

underlying aI-mediated antinociception in the spinal cord (see Figure 1). In

contrast, a 2-seleclive agonists (e.g. OX), that do not utilize an enkephalin-dependenl

mechanism, should exhibit no such cross-tolerance (Figure 1).
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To test this hypothesis, male Sprague-Dawley rats were continuously infused

with either morphine (~-agonjst). D-A1a2~O-lelf enkephalin (CADLE; highly specific

6-agonist) or vehicle for 6 days using ALZET osmotic mini..pumps. Infusion doses

producing robust antinociception via distinct spinal opioid sites (~versus 6) were

verified with ~. and ~seleclive antagonists. Antinociceplion was determined during

and after infusion using the tall-flick test. Mer the G-day infusion was discontinued.

dose-responsa curves for Lt. NE (non-selective a-agonisl) or OX were determined

in morphine-tolerant, CADLE-tolerant and vehicle-infused rats. The magnitude of

cross-tolerance was delennined from the shift in the dose-response curve (e.g. E050

potency ralio). The specific otl.. I'-::,.ives of the thesis research were:

1. To determine the lime.course of recovery of antinociceptive activity following

the continuous i.I infusion of morphine or DADlE.

2. To determine if rats, made toleranllo LI. morphine, exhibit antinociceplive

cross·tolerance 10 Lt. NE.

3. To determine if rals, made toterant to U. CADLE, exhibit antinociceptive

cross-tolerance to Lt. NE.

4. To determine if rats, made toterant to i.t. DADLE, exhibit antinociceptive

cross·tolerance 10 i.t. OX.



,.
5. To verify the selectivity of i.t. OX for 02-adrenoceptors by comparing its

!snsitivity to the 02-antagonist, WV 27127, and the a,·anlagonist, prazosin.

6. To verify the selectivity of morphine and DAOLE for IJ- and O-receptors,

respectively, during continuous i.t. infusion by comparing their sensitivity to

the 6~antagonist, naltrindole, and the IJ-antagonist, naloxone.
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