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ABSTRACT

The role and mechanism of action of a,-adrenaceptors in adrenergic spinal
antinociception is uncertain. o,-Adrenoceptors are normally excitatory in the CNS,
suggesting that any inhibitory effect on nociception must be indirect. Recently, we
showed that intrathecal (1.t.) Qs ,-agonists polentla!e a,-induced spinal antinociception
in the rat by a &- Pl : pendent process. If enkephalins,
il d from spinal ini , mediate the antinociceptive effect of a,-

adrenoceptors, then non-selective a-agonists (i.e. norepinephrine; NE) should
exhibit cross-tolerance to 5-agonists (i.e. DADLE), but not to p-agonists (i.e.
morphine), in the spinal cord. Conversely, the antinociceptive effect of a-selectit
agonists (i.e. dexmedetomidine; DX) should be unaffected by spinal opioid
tolerance. To test inese hypotheses, male, Sprague-Dawley rats (300-400g) were
continuously infused with i.t. saline (1 plfh), morphine (MOR; 5, 10, or 20 pg/h) or
DADLE (10 ugh) for 6 days using ALZET osmotic mini-pumps. Antinociception was
assessed using the tail flick (TF) test. In an initial time course study, significant
recovery from DADLE and MOR tolerance did not occur until day 3 and 4 post-
infusion (P1), respectively. In subsequent cross-tolerance experiments, NE and DX
dose-response curves were determined on days 1 and 2 PI for DADLE-pretreated
rats, and on days 1-3 Pl in MOR-pretreated rats. The table of EDs, ratios for i.t. NE
and DX in opioid- and saline-infused animals demonstrates that NE exhibits
significant (%) cross-tolerance to DADLE, but not morphine. No cross-tolerance was
observed between DX and DADLE.

INFUSION TEST DRUG EDg(opioid)/ED4(saline)
MOR 5 NE 1.12

MOR 10 NE 1.51

MOR 20 NE 1.35

DADLE 10 NE 2.54%
DADLE 10 DX 0.66

In separate groups of rats, i.p. naloxone significantly attenuated the antinociceptive
effect of MOR, but not ADLE, on day 1 of infusion (time of peak antinociception);
i.p. naltrindole significantly antagonized DADLE, but not MOR. These data indicate
that p- and 5-receptor selectivity was retained during infusion, consistent with the
different cross-tolerance results ta NE. The marked antagonism of i.t. DX by Wyeth
27127, but not by prazosin, confirmed the o, -selectivity of DX at the doses used.
The results of this study are consistent with the hypothesis that a,-adrenoceptors
facilitate the release of enkephalins in the spinal cord which, in turn, effect
antinociception by a 5-receptor mechanism.
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1.0 INTRODUCTION

1.1 Statement of the Research Problem

. The perispinal administration of a-adrenoceptor agonists produces robust
antinociception in a variety of experimental 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 activity profiles indicative of an antinociceptive

effect mediated by spinal a,-adrenoceptors. These results are consistent with

receptor binding and i ic data ing the dense ization of

a,-binding sites in the substantia gelatinosa (Unnerstall et al., 1984; Sullivan et al.,
1987; Simmons snd Jones, 1988), and the inhibitory role played by o,
adrenoceptors in the CNS. Thus, the activation of spinal a,-adrenoceptors has
been shown to inhibit neurotransmitter release from the central terminals of primary
afferent pain fibers (Howe and Zieglgénsberger, 1987; Ueda et al., 1995); and to
depress high threshold stimulus-evoked activity in wide dynamic range neurons
(Fleetwood-Walker ef al., 1985; Omote et al., 1991). Importantly, the functional and
behavioral inhibition mediated by spinal a,-adrenoceptors appears to be

independent of endogenous opicid systems (Figure 1).

The contribution of a, in spinal gic antinociception is
less clear. Radioligand binding studies and quantitative autoradiography indicate

at istribution of a,-adr ptors throughout the grey matter of the
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Figure 1. F i spinal adrenergic

and the ized opioid link to a,-adrenoceptors.
Activation of the a,-receptor by drugs such as methoxamine (MX) or norepinephrine
(NE) may facilitate the release of enkephalins which act preferentially on &-opioid
receptors to effect anti 1. Co ion of a,-and o, could lead
to the potentiation of spinal adrenergic analgesia via an opioid-ox, interaction.
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rat spinal cord (Giron et a/., 1985; Simmons and Jones, 1988; Roudet ef al., 1993).
That these binding sites are functionally coupled is demonstrated by the

effects of ay-selective agonists and antagonists on motor,

autonomic 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 Arunachalam, 1992). Inthe latter case, intrathecal (it.) a,-agonists like
methoxamine and phenylephrine significantly increased the thermal nociceptive
threshold of conscious rats (tail-flick and hot-plate tests) (Howe et al., 1983; Yaksh,
1985). Unlike ar,-agonists however, antinociceptive doses of methoxamine and
phenylephrine facilitated motor reflexes, raising questions about the selectivity of
action and thus the potential of a,-agonists as spinal analgesic drugs.
Nevertheless, the contribution of o,-adrenoceptors in sp.nal adrenergic
antinociception/analgesia has never been disproved by experimental data.
,-Adrenoceptors are excitatory in the CNS (Aghajanian and Rogawski,
1983), enhancing neuronal depolarization and Ca** influx. Consequently, the ability
of a,-agonists to effect spinal antinociception suggests that they activate, or at least
facilitate, an inhibitory neural input on primary afferent and/or projection neurons in
nociceptive pathways. Enkephalin, one of three major endogenous opioid peptides,

is known to i naci i I 1 in the spinal cord (see

review by Yaksh, 1993). Enkephalin-containing neurons, and the 5-opioid receptors

that are believed to mediate the biological activity of enkephalin, are densely
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localized in the dorsal horn (Dado ef al., 1993; Todd and Spike, 1992; Ruda et al,,
1986). There is an extensive literature documenting the antinociceptive synergy
between opioids, including enkephalin anal and st ing co-

injection into laboratory animals (Ossipov et al., 1990; Omote et al, 1991; Roerig

etal., 1982). Asimilar i ion has also be reported in h (Motsch et al.,
1990; Gordon et al., 1992; Siddall ef al., 1994). Recent studies in our laboratory

have shown that, in the rat, dose of i.t. ine significantly

potentiates the antinociceptive effect of the highly seleclive a,-agonist,

via a & pt i in-dep! it process
(Loomis et al., 1992a, 1992b, 1893). Although a pharmacokinetic interaction
between the two drugs could not be fotally excluded, the data suggest that
methoxamine, and presumably other a,-agonists, augment the antinociceptive
activity of a,-agonists in the rat spinal cord by facilitating the local release of
enkephalin (see Figure 1). Extraceliular enkephalin would then be free to inhibit
nociceptive transmission through its normal opioid receptor-coupled mechanisms
in the spinal dorsal hom. In this manner, the co-aclivation of &,- and a,-
adrenoceptors with appropriate receptor agonists could induce, albeit indirectly, an
a,-opioid interaction that is known to be both supra-additive and antinociceptive.
Considering the fact that norepinephrine (NE), the neurotransmitter released from
bulbospinal neurons of the endogenous pain control system, is a non-selective a-

agonist, and the proximity of enkephalin-containing neurons fo the terminals of these
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noradrenergic fibers, it is possible that such an interaction also underlies the
modulatory effect of NE, at leastin the rat.

If the hypothesis illustrated in Figure 1 is correct, then non-selective a-
agonists like NE, and a-selective agonists like methoxamine, should exhibit cross-
tolerance to &-agonists in the rat spinal cord. Conversely, highly selective o,
agonists such as dexmedetomidine (DX) should be unaffected by tolerance to it.
6-agonists. Using dose-response analysis, we determined the degree of cross-
tolerance between opioid- and a-feceptor subtype selective agonists in the rat tail-
flick test. Opioids were delivered by continuous i.t. infusion using ALZET osmotic
mini-pumps. The antinociceptive effect of the it. @-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 Opioid Analgesia

Although opioids unquesti ly produce analgesiaby a sup inal action,
basic and clinical studies have shown that they also act directly inthe spinal cord
to inhibit the 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, Dugganet al., 1977; Sastry, 1978). The conclusion from
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these studies was thal, at appropriate doses, opioids could selectively depress the
activity of small afferent fibres involved in pain iransmission without affecting large
diameter fibers.

The development of the technique of chronic catheterization of the
'subarachnoid space in several animal species (Yaksh and Rudy, 1976a) made it
feasible to apply opioids to the spinal cord of conscious animals. Using this
procedure, spinal opioids were shown to produce segmental analgesia that was

i it, ific and ar by (Yaksh and Rudy,

1976b). At analgesic doses, the acute i.t. injection of opioids in animals has no
rnajor effect on respiration, muscle activity or autonomic functioi: (Yaksh and Rudy,
1876b), although large dose can produce hind limb weakness and convulsions
(Frenk et al,, 1984; Watkins et al., 1984).

Within three years of the first report of spinal opioid analgesia in rats, spinal
morphine was tested in humans (Wang ef al,, 1979). Wang and coworkers reported
that the i.t injection of 0.5-1.0 mg of morphine relieved severe back and leg pain in
patients with inoperable malignancies of the genitourinary tract for up to 24 h. Since
thatfirst clinical report, spinal opioids have been used successfully in the treatment

of postoperative pain, obstetric pain, pain i with trauma,
pain and pain arising from chronic iliness, including cancer. In the clinical
management of pain, both i.t. and epidural routes of administration are used.

The selective and localized effect of spinal opioids offers a number of
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advantages over other forms of pain control. First, the duration of analgesia is
longer with spinal injection than with systemic administration of the same agent. In

humans, i ini ine (10 mg, s.c.) produces analgesia

lasting for 4-5 h (Jaffe and Martin, 1890), while the equivalent dose administered
epidurally is effective for Lp fo 18 h(Cousins and Mather, 1984). The duration of
spinal analgesia permits a longer dosing interval during repeated administration,
thereby providing more fre:adom to the patient and the altendant medical personnel.
A second advantage is that the i.t. or epidural injection of opicids concentrates the
drug near its site of action inthe dorsal horn. Consequently, effective analgesia can
be produced with lower doses of opiocids than those required for systemic
administration. For example, in the treatrnent of cancer pain, doses of it. morphine
ranging from 0.5-16 mg, zind doses of epidural morphine ranging from 2-30 mg have
been recommended (Pzyne, 1987). This is in contrast to oral doses of 30-60 mg
(Foley and Inturrisi, 1987) which must also be given more frequently than i.t.
morphine. As a result, the concentration of drug eventually reaching the systemic
circulation after spinal injection is lowand the incidence of adverse effects mediated
at supraspinal sites, such as mental clouding and drowsiness, is reduced (Payne,
1987). Athird advantage is that the selective action of spinal opioids avoids the

of with spinal anesthesia. Overall,

the absence of autonomic and motor effects with spinal opioids provides patients

with adequate pain control over long periods of time, while remaining ambulatory
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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 isa
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 spinal
opioids. Forexample, of 62 patients receiving it. morphine for cancer pain, 74% of
the patients experienced effective analgesia without severe respiratory depression

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

as outpati However, 43% of patients given repeated i..
morphine injections, and 50% of patients receiving continuous i.t. 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.t. opioids are wuseful in the
management of chronic pain, itis clear that more effective drugs or combinations
of drugs are needed to reduce the problems of tolerance and the incidence of

adverse effects. Moreover, some types of pain, particularly those of a non-
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malignant nature, do not respond to opioids administered either spinally or
systenmically (i.e. neural injury pain) (Amér and Meyerson, 1988; Siddal etal., 1994).

Synaptic transmission between primary afferent fibres and second order
neurons that comprise the spinothalamic tract is subject to modulation by a 1« Je
number of neurotransmitters/neuromodulators within the spinal cord (substariws P,
VIP, CCK, somatostatin, neurotensin, angiotensin, met-enkephalin, bombesin,
excitatory amino acids, GABA, norepinephrine, and serotonin)(Hokfelt etal., 1977;
Barber ef al., 1978; Salt and Hill, 1983; Basbaum and Fields, 1984; Besson and
Chaouch, 1987, Yaksh, 1993). Drugs that mimic the actions of spinal
neurotransmitters or neuromodulators that inhibit pain transmission could be useful
as spinal analgesics. To the extent that these drugs exert their effect through a
receptor subtype and an intracellular mechanism that is distinct from those of the
opioid peptides, they could be used as adjuncts with spinal opioids or as an
alternative therapy to optimize analgesia.

1.3 Endogenous Pain Control System - D ing itory F y

Anatomical and pharmacological studies have identified descending and
intrinsic neuronal systems in the spinal cord that modulate nociceptive transmission
in the dorsal homn (Dahlstrom and Fuxe, 1965; Basbaum and Fields, 1984; Fields
and Basbaum, 1989). Neurons utilizing serotonin (5-HT) as a neurotransmitter

descend from the nucleus raphe magnus in the medulla through the dorsolateral
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funiculus of the spinal cord 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 A5 nucleus, andthe A7 nucleus (see reviews by Proudfit, 1988;
Jones, 1991) to terminate in the outer dorsal hom. Following their release in the
spinal cord, NE and 5-HT inhibit the evoked discharge of spinothalamic neurons.

These descending (bulbospinal) inhibitory pathways are thought to provide
aregulatory feedback loop, whereby naciceptive fransmission through the dorsal
horn is modulated by afferent inputs reaching the thalamus, periaqueductal grey
(PAG) and brainstem. For example, afferent input in the spinomesencephalic tract
(and probably other tracts ascending through the anterolateral quadrant of the spinal
cord), aswell 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 noxious
stimutation (Fields and Basbaum, 1989).

The discovery of 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-
opioic! modulation of noxious sensory processing inthe spinal cord of experimental

animals,
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1.4 NE and 5-HT Effect Spinal Antinociception
Consisterit with their inhibitory role inthe spinal cord, and like the opioids, NE
and S-HT were shown to depress the discharge of dorsal horn neurons driven by
noxious stimulation (Headley et al, 1978). In subsequent rodent behavioral studies,
it. 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 et al.,
1985). However, NE was approximately 30 times more potent than 5-HT. The spinal
antinociceptive effect of NE could be blocked by a-, but not B-adrenoceptor

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

Antinociception was also i by monoamine oxidase inhibitors and
monoamine reuptake blockers (Kuraishi et al, 1979, Reddy et al., 1980; Reddy and
Yaksh, 1980; Yaksh and Wilson, 1979). In view of the fact that vasoconstrictors,

such as angil in 11, and i , such as lykinin, given i.t., were without

effect in these behavioral tests, it was concluded that i.t. monoamine-induced
antinociception is not secondary to changes in spinal cord blood flow. 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 it. NE or 5-HT impractical for clinical use, these studies provided
direct experimental evidence that monoamines could selectively inhibit the

behavioral responses to noxious stimuli in conscious behaving animals.
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Importantly, the antinociceptive effect of it. NE is shared by other a-agonists.
For example, low dose i.t. idine produced signif antinoci ion without

disturbing motor function (Yaksh and Wilson, 1979; Yaksh and Reddy, 1981; Milne
et al., 1985b). In general, the rank order of potency of a-agonists in behavioral tests
of nociception parallels that in other i ions utilizing

a-adrenoceptors. A fundamental question arising from these resuits, and one
critical for the rational selection of an adrenergic spinal analgesic, is the
a-adrenoceptor subtype(s) mediating antinociception in the spinal cord.

1.5 Spinal A

P and A

1.5.1 Binding Studies

Early binding studies with radiolabelled ligands that could discriminate

between a,-, a,-and R-adrer the of all three binding
sites in the spinal cord (Jones et al., 1982). Autoradiography with PH]WB-4101, an

a, a density of a,-binding sites in the

and the spinal trigeminal nucleus of the rat (Young and Kuhar,
1980). Similar studies with [*H]para-aminoclonidine showed the highest density of
a,-binding sites in rat and human spinal cords to be in the substantia gelatinosa and
the intermediolateral cell column (Young and Kuhar, 1980; Unnerstall ef al., 1984).
In contrast, a,-binding sites were very low in the ventral hom. Using the fluorescent

probe, 8-amino-acridine propranolol, a high density of R-receptors was located in the
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region of the ventral horn containing a-motoneurons (Melamed et al, 1976). R-
Receptor binding was sparse in the dorsal hom except in the substantia gelatinosa
where moderate B-receptor binding was observed.

In a subsequent study, the lesioning of descending adrenergic fibers with 6-
hydroxydopamine was shown to have no detectable effect on the density of a,-
binding sites in the gray matter of the cat lumbar spinal cord (Howe et al,, 1987a).
These data indicate that the majority of a,-binding sites are present on cells in the
lumbar spinal gray malter, and not on the spinal terminals of descending adrenergic
neurons. This is further supported by autoradiographic data indicating that a,-
adrenoceptors are located on spinal dorsal homn neurons in the rat (Sullivan et al.,
1987). Howe et al. (1987b) also showed that a unilateral ganglioectomy of the
dorsal roots in the cat yielded only a 20% reduction in the total number of a,-binding
sites in the ipsilateral umbar dorsal hom. It was inferred that the remaining 80% of
a,-sites are post-synaptic to the primary afferents neurons (i.e. on projection

neurons andlor interneurons).

1.5.2 Pharmacological Studies
The observation of a,-, a,- and R-binding sites in the substantia gelatinosa,

an area of the dorsal hom known to modul: i input, raised the

that all three types of adrenergic sites could be "analgetically coupied'. However,

the it injection of the R-receptor agonist, isopropylnorepinephrine, had no effect on
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the behavioral responses of rats to thermal nociceptive stimuli, Likewise, it. NE-
induced antinociception was not reversed by the B-antagonist, propranolol (Reddy

etal., 1980). In contrast, a variety of x-agonists, with differing selectivities for o,-

and oy -adrenoceptors, prod igni d antinociception

following i.t. administration to laboratory animals (Reddy et al., 1980; Yaksh and
Reddly, 1981; Mine et al, 1985b; Loomis ef a/., 1985; Sherman et al., 1987); an
effect thatwas dose-dependently inhibited by phentolamine, but not by propranolol
(Reddyetal., 1980; Yaksh and Reddy, 1981; Milne et al, 1985b). The resulting
rank order of potency in the rat tail flick, hot plate and acetic acid writhing tests was:
ST-91 (a-seleclive agonist) = NE > methoxamine (a,-selective agonist) >>
isopropylnorepinephrine = 0. Similar results were reported in the primate shock
fitration test (Yaksh and Reddy, 1981). Thus, the ability of it. NE and other
adrenergic agonists to elevate nociceptive threshold appears to be uniformly
mediated by ox-adrenoceptors.

To assess the relative role of spinal o,- and o-adrenoceplors in

noradrenergic antinociception, dose-response studies using - and o ,-selective

were ). imbine significantly inhibited i.t. ST-91

in the tail flick and hot plate test. Consistent with its selective blockade of ox,-
adrenoceptors in this experiment, the IDg, of yohimbine was 1/10th that of i.t.
prazosin (Howe etal., 1983). Incontrast, it. prazosin was approximately 10times

more potent yohimbine in antagonizing the antinociceptive effect of it. methoxamine
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and NE. The relative order of activity i rsversing thermal antinociception with i.t.

NE was: prazosin, ine, rauwolscine, imbine, cor
(=0) (Yaksh, 1985; unpublished observations). The relative order of activity in

ing ST-91 was: yohimbi ine, prazosin, p! ine, cory
propranolol (=0) (Yaksh, 1985). Thus, the i ion of g
p liating spinal anti ion in the rat exhibit a pharmacalogical profile
ic of oy i.t. NE (a ne lective a-agonist)

was more potently antagonized by i.t. prazosin than i.t. yohimbine (Howe ef al.,
1983; unpublished observations), suggesting that spinal a,-adrenoceptors may

contribute to the overall inhibitory effect.

Indeed, ay ive agonists, i i i irazoline and

phenylephrine, were shown to inhibit the behavioral responses to thermal and
mechanical nociceptive stimuli (Reddy ef al., 1980; Howe et al., 1983; Yaksh, 1985;

). A lective effect at
at high doses, could not account for these results as methoxamine was more
potently antagonized by prazosin than yohimbine (Howe et al., 1983). The

«a,-agonists had a lower i inociceptive effect to NE or to the

a,-selective agonists. In with this ion, phenylephrine and
cirazoline were shown to be less efficacious than NE in stimulating the maximum
accumulation of inositol phosphate (Chiu ef al., 1987), the second messenger

coupled to ay-adrenoceptors (Minneman and Johnson, 1984). However,
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antinociceptive doses of i.t. mett ine and pl phrine also p clear

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

to non-nocif ive stimuli. In the rat, dose-dependent,
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 facilitatory role of
spinal a,-adrenoceptors on motor neurons (Tanabe et al., 1990), could explain the
apparent lower efficacy of a,- as compared to a,-agonists given spinally. At the
very least, the measurement of the behavioral responses to nociceptive stimuli
following i.t. ar,-agonists, involving both reflex and supra-spinally co-ordinated motor

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

ay in gic antinociception has not been completely or

accurately investigated.

1.6  Cellular Mechanisms Underlying Spinal a,- and a,-Adrenoceptor-
Mediated Antinociception

The activation of neuronal a,-adrenoceptors results in the opening of

directed K* This causes a ization of the cell, which
results in the suppression of neuronal firing (see figure 3) (Nakamura et al., 1981;
Egan et al., 1983). As well, a,-adrenoceptor activation can inhibit voltage sensitive

calcium channels (Williams and North, 1985), thereby suppressing Ca** 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
et al., 1987). Consistent with these observations, it has been shown that a-
agonists, acting primarily through the a,-adrenoceptor (Kuraishi et al., 1985; Go and
Yaksh, 1987) can inhibit the release of substance P in mammalian spinal cords,
using both in vivo (Kuraishi et al., 1985; Go and Yaksh, 1987) and in vitro (Pang and
Vasko, 1986) preparations. Similarly, a,-receptor activation has been shown to

inhibit the release of calcitonin gene-related peptide (CGRP) (Holz et al., 1989). -

Adrer also t ize iving neurons in the spinal cord and thus

attenuate their response to neurotransmitters released from adjacent nerve
terminals.
a,-Adrenoceptors have been shown to regulate the level of excitability of

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

i, 1983). Using ior ic 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 a,-receptor activation to facilitate neuronal transmission (Aghajanian

and i, 1983). Electr i ical studies using in vitro spinal cord
preparations have also shown that NE can excite unidentified dorsal horn neurons;

an effect mediated by a,-receptors (North and Yoshimura, 1984).
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Hence, it appears that a,- and a, affect K* cor in
ways. Oy livation i K leading to
cell ization and the inhibition of neuronal ission. In contrast, a,-

adrenoceptor activation decreases K* conductance leading to depolarization and an
increase in neuronal excitability. Unlike the electrophysiological results of the a,-

agonists, these data appear i i with an antinoci ive effect. Indeed,

electropt i ings have the depolarization of many dorsal
horn neurons following the local application of NE or o,-agonists (North and

‘Yoshimura, 1984; Todd and Millar, 1983; Howe and Zieglg&nsberger, 1987).

1.7 a,F of i Inhibition in the Rat Spinal Cord

In view of the izing effect of o, inthe CNS (

and Rogawski, 1983), the ability of a,-agonists to effect spinal antinociception

suggests that they activate, or at least facilitate, an inhibitory neural input on primary

afferent and/or projection neurons in nociceptive p y'S. in, one of
three major endogenous opioid peptides, is known to selectively modulate
nociceptive transmission in the spinal cord (see review by Yaksh, 1993).
Enkephalin-containing neurons, and the &-opioid receptors that are believed to
mediate the biological activity of enkephalin, are densely localized in the dorsal horn
(Dado ef al., 1993; Todd and Spike, 1992; Ruda et al., 1986). 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 material in the spinal cord of anesthetized rats (LeBars ef al.,
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 a,-adrenoceptors in the CNS, and the location of
enkephalin-containing neurons in the dorsal horn, activation of these receptors could
facilitate the local release of enkephalin in the spinal cord.

Intracellular recordings indicate that opicids 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 tail-flick
latency induced by p-, &-, or k-agonists is attenuated by K* channel blockers; and
b) antinociception induced by K* channel openers is blocked differentially by i.t.
opioid antagonists (norbinaltorphimine, ICI 174,864, and naloxone) (Welch and
Dunlow, 1993). The resuits also suggest that these two classes of drugs probably
do not interact at a common receptor, but rather with a common second messenger
system (Welch and Dunlow, 1993).

Opioid-induced hyperpolarization of dorsal hom neurons inhibits the release
of nociceptive neurotransmitters (see Figure 1). Thus, p-agonists have been shown

to inhibit the release of substance P in vivo (Yaksh et al., 1980; Kuraishi et al., 1983;
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Go and Yaksh, 1987) and in vitro (Jessell and Iversen, 1977; Pang and Vasko,

1986). Sub: Pisa itter found in small primary afferent fibers and
released by AS/C-fiber activity (Yaksh et al,, 1980; Kuraishi et a/., 1983; see review
by Yaksh and Noueihed, 1985). Similarly, i log (i.e. 5-agonists)

attenuate the evoked release of substance P in vitro (Jessell and Iversen, 1977,
Mudge et al., 1979) and in vivo (Go and Yaksh, 1987); an effect that is antagonized
by naloxone. Anatomical and electrophysiological data also suggest that opioids
can act at receptors located post-synaptically to primary afferent terminals to

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

Noueihed, 1985). D-Ala®D-Leu® phalin (DADLE) induced
excitation of attached rootlets in vitro (Zieglgansberger and Sutor, 1983), and
intracellular recordings in vitro showed that 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 effect when administered near the cell
body (see review by Yaksh, 1985).

These data indicate that enkephalin-containing interneurons, and the opioid

p! iating their effect, are str i located in the dorsal horn where
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Figure 2.  Pre- and post: ic sites of antil ptive action of opioid-
and a,-adrenergic agonists in the dorsal horn of the spinal cord. The large
triangle represents a central nerve terminal of a small diameter, myelinated (A3) 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 small triangles represent y- and
B-opioid receptors mediating the inhibitory (-) effects of morphine and enkephalin
(ENK), respectively. a,-Adrenoceptors, mediating the inhibitory effects of clonidine
or dexmedetomidine (DX), 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, a,-adrenoceptor activation would bring
these neurons closer to the threshold for action potential generation thereby

the er release of er in under conditions of noxious

stimulation.

1.8 i i Spinal a,- and a,-Agonists in the

Rat - Opioid and Adrenergic Synergy

Previous studies in our laboratory have shown that a threshold dose of i.t.
methoxamine (10 pg) potentiates the effect of i.t. dexmedetomidine (a,-selective
agonist) in the rat tail-flick and paw pressure tests (Loomis et al., 1992a, 1992b,
1993). Dexmedetomidine (0.01-1 pg it) alone produced dose-dependent
antinociception (EDs, = 45 ng in the tail-flick test and 252 ng in the paw pressure
test). The addition of a fixed dose of methoxamine (10 pg i.t.), yielding <5% MPE
in the teil-flick test and 0% MPE in the paw pressure test when injected alone,

shifted the idine dose

P curve to the left (EDs, = 8.1
ng; tail-flick test and 10 ng; paw pressure test). Methoxamine did not prolong
dexmedetomidine's duration of action suggesting that a pharmacokinetic interaction
was unlikely. Moreover, pretreatment with SCH 32615 (75 g it; a neutral
endopeptidase inhibitor), but not vehicle, produced a further parallel leftward shift

of the methoxamine + dexmedetomidine dose response curve (EDy, = 1.8 ng; tail-
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flick test and 7.7 ng; paw pressure tast). This potency shift exceeded the effect of
SCH 32615 on dexmedetomidine alone. A fixed dose combination of methoxamine

(10 ug) idine (0.025 pg), p ing near maximal activity in the tail-
flick test and intermediate activity in the paw pressure test, was significantly blocked
by each of the following pretreatments: prazosin (10 pg i.t.), WY 27127 (0.5 pgit.),
naloxone (30 pg it), ICI 174,864 (75 pg/kg i.p.), and antiserum to Met-enkephalin
(10plit). These data strongly suggest that the synergy exhibited between MX and
DX involves a spinal enkephalin-dependent process, consistent with the known
antinociceptive synergy between spinal opioid- and a,-agonists in experimental
animals (Ossipov et al., 1990; Omote et al., 1991; Roerig et al., 1992), and in
humans (Motsch et al., 1990; Gordon ef al.,, 1992; Siddall et al., 1994). The
interaction described between a-agonists is not specific to MX and DX. Intrathecal

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

byit i (B-selective gonist) or i.t. naloxone (Loomis et al.,
1993). Thus, ay may be il to spinal Qi
by facilitating the local enkephalinergi ion of

transmission (Figure 1).

1.9 is and Specific Objectives

There is an and icient body of evi indicating that a,-

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 pl i ivation of spinal a: effects

antinociception in experimental animals. However, these receptor subtypes are
normally excitatory in the CNS suggesting that their ability to 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 horn, the selective modulatory effect of enkephalin on
nociception in the spinal cord, and the well characterized antinociceptive interaction
between opioid- and a,-agonists in the spinal cord of experimental animals, we
hypothesized that spinal a,-adrenoceptors facilitate the release of enkephalin in the
rat spinal cord. The observation that i.t. methoxamine significantly potentiated the
inhibitory effect of i.t. 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 (i.e. those with

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

antinociceptit 1ce to i.t. 3-selective agonists. That is, down-regulation

of spinal 5-opioid receptors following the continuous i.t. infusion of a &-selective

agonist (i.e. DADLE) should attenuate the ized enkephalinergic

ying oy i antinociception in the spinal cord (see Figure 1). In
contrast, a-selective agonists (e.g. DX), that do not utilize an enkephalin-dependent

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 (p-agonist), D-Ala®-D-Leu® enkephalin (DADLE; highly specific
B-agonist) or vehicle for 6 days using ALZET osmotic mini-pumps. Infusion doses

producing robust antinociception via distinct spinal opioid sites (u versus &) were

verified with - and 5-selective ar ists. Antinociception was ined during
and after infusion using the tail-flick test. After the 6-day infusion was discontinued,
dose-response curves for i.t. NE (non-selective a-agonist) or DX were determined
in morphine-tolerant, DADLE-tolerant and vehicle-infused rats. The magnitude of
cross-tolerance was determined from the shift in the dose-response curve (e.g. EDg,

potency ratio). The specific ob, «.ives of the thesis research were:

9. To determine the time-course of recovery of antinociceptive activity following

the continuous i.t infusion of morphine or DADLE.

2, To determine if rats, made tolerant to i.t. morphine, exhibit antinociceptive

cross-tolerance to i.t. NE.

3 To determine if rats, made tolerant to i.t. DADLE, exhibit antinociceptive

cross-tolerance to i.t. NE.

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

cross-tolerance to i.t. DX.
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To verify the ivity of i.t. DX for a. ceptors by

paring its
<ensitivity to the a,-antagonist, WY 27127, and the ,-antagonist, prazosin.

To verify the selectivity of morphine and DADLE for p- and &-receptors,
respectively, during continuous i.t. infusion by comparing their sensitivity to
the &-antagonist, naltrindole, and the p-antagonist, naloxone.
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