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ABSTRACT 

The central hypothesis of this dissertation is that agonists acting at opioid 8 or K 

(but not ).1) receptors may be useful for the production of effective pain relief with 

decreased incidence of side-effects, as well as for the possible treatment of drug-addiction. 

This dissertation focused on differentiating SUbtypes of the 8 as well as the 1C opioid 

receptor to provide selective targets for drug-development. Studies of the opioid 8 

receptor in vivo indicated that agonists at opioid 8 receptor SUbtypes (B, and B:J may 

produce antinociception via activation of different second messenger pathways. A study 

using the mouse isolated vas deferens (MVD), a bioassay in vitro for B receptors, 

demonstrated that the MVD contains only one functional 8 receptor which is of the 82 

subtype. A thermodynamic study of radioligand binding in vitro demonstrated that there 

were fundamental differences in the way [3H]naltrindole, a 8-antagonist, bound to B 

receptors in the brain compared to the spinal cord. Another study of radioligand binding 

using brain membranes from the ground squirrel hibernator (C. lateralis) directly 

identified subtypes of B receptor in the brain of this species, providing further evidence 

for the existence of 8 receptor subtypes and possibly identifying a procedure which could 

be used to determine the selectivity of drug candidates for these subtypes. Studies of the 

opioid 1C receptor were also performed in vitro using bioassays and radioligand binding. 

Studies using bioassays demonstrated that differences in efficacy among several K

agonists could not explain examples of differential antagonism seen in studies in vivo. 

Radioligand binding studies made use of a non-equilibrium antagonist, thought to produce 

differential antagonism in vivo, to demonstrate that binding of K receptor radioligands 
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could be differentially blocked by the non-equilibrium antagonist. These studies support 

the existence of 1C receptor sUbtypes and provide a convenient way of determining the 

affinity of a drug-candidate at these sUbtypes. Taken as a whole, this dissertation has 

provided strong evidence for the existence of subtypes of both the opioid Band 1C 

receptors and described methodology for the determination of the selectivity of drug 

candidates for these subtypes. Hopefully, development of such compounds will allow for 

the production of analgesia in the absence of undesirable side-effects or for the improved 

treatment of drug-addiction. 
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INTRODUCTION 

Background 

Introduction to Opiate Pharmacology 

Opiates are compounds extracted from opium or compounds having effects which 

mimic, to some degree, those of opium. Although opiates produce a variety of 

pharmacological effects, they are used clinically primarily for the production of analgesia 

(Jaffe and Martin, 1990). Opium is known to contain more than 20 distinct alkaloids, 

such as morphine, codeine and thebaine. In 1806, the chemist Friedreich Serturner first 

extracted a pure compound from the opium poppy (Papaver somniferum) (Jaffe and 

Martin, 1990); this substance was termed morphine after Morpheus, the latin name for the 

Greek god of dreams. Since the middle of the nineteenth century, pure alkaloid 

preparations have been used in preference to crude opium, and have served as the most 

effective analgesics ever known by man (Lasagna, 1964; Lasagna and Beecher, 1954). 

Unfortunately, the invention of the hypodermic syringe has resulted in the abuse and 

misuse of opiates. In spite of their obvious critical role in the modern pharmacopeia, the 

associated euphoria, development of tolerance to their effects and the severe physical 

dependence resulting from repeated exposure to opiates remain a major worldwide 

problem in society. 

Opioid Receptors and Endogenous Opioids 

Receptors for opiates such as morphine were initially suspected based on classical 

pharmacological evidence including (a) a well developed structure-activity relationship 

(e.g., Harris, 1974), (b) the finding of differences in activity to produce pharmacological 
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actions for isomers of compounds (Portoghese, 1970), for example levorphanol and 

dextrorphan, (c) the identification of partial agonists such as nalorphine and, critically, (d) 

the identification of opiate specific antagonists, especially naloxone. Specific receptors 

for opiates such as morphine were demonstrated in neural tissues in 1973 (Pert and 

Snyder, 1973) using the new (at that time) technique of radioligand binding. The 

theoretical basis of receptor binding had been developed only shortly before the 

identification of specific opioid receptors (Goldstein et aI., 1971). Further support for the 

identification of opiate receptors was reported nearly simultaneously by two other groups 

(Terenius, 1973; Simon et a!., 1973). Opioid receptors are now known to be distributed 

in parts of the brain which have a role in antinociception (Quirion et aI., 1983). 

The existence of opiate receptors in the brain provided researchers with support 

for the hypothesis that endogenous compounds existed within the body which could act 

at these receptors - this hypothesis was based, in part, on the findings that electrical 

stimulation of certain areas of the brain could elicit a powerful analgesia in animals and 

in man, and that this analgesic action was naloxone reversible (Reynolds, 1969; Mayer 

et aI., 1971). The prediction of the existence of "endogenous opiate compounds" was 

confirmed in a rapid series of exciting discoveries of the sequences of endogenous 

peptides which mimicked the actions of opiates. John Hughes and Hans Kosterlitz 

identified the existence of two pentapeptides from extracts of porcine brain in 1975 and 

confirmed their opiate nature by employing a functional assay of isolated guinea-pig 

ileum (Hughes et aI., 1975). These endogenous pentapeptides were called the 

"enkephalins" which translated from the Greek meaning "in the head" and were later 
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found to have the following sequence: Tyr-Gly-Gly-Phe-X, where X could be either [Met] 

or [Leu]; the pentapeptides were thus tenned [Mets]enkephalin and [Leus]enkephalin, 

respectively. Other groups also provided supporting evidence for the existence of 

endogenous opioid compounds using radioligand binding assays (e.g., Terenius and 

Wahlstrom 1975). These discoveries led to the use of tenninology for those compounds 

identified from the extract of the opium poppy or synthetically produced to be referred 

to as opiates, and the term opioids for all of these compounds, as well as those found 

endogenously. The identified basic structure of the enkephalins led to a search of known 

peptides for fragments which might contain similar or identical sequences. Such searches 

resulted in the recognition of a 31 amino acid peptide identified from extracts of the 

pituitary gland of camels which contained the sequence of [Mets]enkephalin in the amino 

terminus (Li and Chung, 1976); this peptide was called ~-endorphin. A third important 

endogenous opioid was discovered ill 1979, and termed dynorphin (Goldstein et al., 1979). 

This peptide possessed potent opioid activity in isolated tissue preparations (Chavkin and 

Goldstein, 1981). As a group, enkephalins, ~-endorphin and dynorphin are called the 

endogenous opioid peptides. 

It was later determined that these three opioid peptides are derived from the 

precursor protein products of three separate genes. These genes are referred to as pro

opiomelanocortin (POMC) (Mains et al., 1977), pro-enkephalin A (Kimura et al., 1980) 

and pro-enkephalin B (pro-dynorphin) (Kakidani et al., 1982). Interestingly, the products 

of these three genes are all similar in size and structure. For example, each precursor 

contains a hydrophobic signal peptide followed by a cysteine residue in the amino 



13 

tenninus, allowing the peptides to be transported across the endoplasmic reticulum (Hallt, 

1985). Also, there are paired basic amino acid residues at the border of most cleavage 

sites in the precursor protein, thought to serve as proccessing signals. Lastly, the 

sequence for either [Mets]enkephalin or [Leus]enkephalin can be found at the N-tenninus 

of each of the opioid pep tides derived from these three precursor proteins (Hallt, 1985). 

The anatomical distributions of the opioid peptides ~-endorphin, enkephalin and 

dynorphin are consistent with their probable involvement in antinociceptive processes 

(Bloom et ai., 1978; Finley et ai., 1981; Watson et ai., 1982; Millan, 1986; Khachaturian 

et ai., 1982; Cruz and Basbaum, 1985). 

Multiple opioid receptors 

The now well-established concept of multiple opioid receptors was initially 

proposed on the basis of profiles of action for certain prototype opiates in animal models 

in vivo (Portoghese, 1967; Martin, 1967; Martin et al., 1976). Investigations using 

prototype nonpeptidic opiate agonists led to the postulated existence of opioid Il and K

(as well as possibly 0'-) opioid receptors (Martin et al., 1976; Gilbert and Martin, 1976). 

The phannacology of opioid Il and K receptors has been extensively studied (e.g., 

Pasternak, 1986; Millan, 1990; Kosterlitz et ai., 1981). On the basis of differences in 

rank order of potency of alkaloidal and peptidic opioids, Kosterlitz and colleagues later 

suggested the existence of a novel type of opioid receptor in the electrically-stimulated 

mouse isolated vas deferens (MVD) (Henderson et ai., 1972) which was tenned the opioid 

5 receptor (Lord et ai., 1977). Subsequent studies have identified and investigated the 

phannacology of the 5 receptor in other tissues such as the brain (e.g., Akiyama et ai., 
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1985; Heyman et aI., 1986; 1987; Jiang et aI., 1990a,b; Dray and Nunan, 1984) and 

gastrointestinal tract (e.g., Egan and North, 1981; Sheldon et aI., 1990). 

Cloning of the opioid receptors 

Recently, the opioid 5, 1.1 and K receptors have all been cloned. Two groups 

initially succeeded in the cloning of the opioid 5 receptor from NO 108-15 cells by 

making use of expression cloning and random primed cDNA libraries (Evans et aI., 1992; 

Keiffer et aI., 1992). The isolated receptors were characterized using standard receptor 

binding techniques and the data were characteristic of binding to an opioid 5 receptor in 

each case. Although these investigators published slightly different amino acid sequences 

for the 5 receptor, subsequent examination of the nucleotide base sequence from each 

group reveals that these amino acid differences are likely to be the result of small 

sequencing errors which led to frame shifts in deducing the amino acid sequence. 

Another group has now reported on the cloning of the opioid 5 receptor from rat brain 

(Fukuda et aI., 1993); the rat 5 receptor has about 97% homology to the opioid 5 receptor 

from mouse. 

At the same time, another group had been trying to identify two orphan receptors 

which had been cloned from adult mouse brain as part of a somatostatin receptor cloning 

project (Yasuda et aI., 1993). The sequence of one of these receptors was essentially 

identical to that published by Evans and colleagues and Keiffer and colleagues, suggesting 

that this orphan receptor was the opioid 5 receptor. This was supported by radioligand 

binding experiments which demonstrated an opioid 5 receptor selectivity profile (Yasuda 

et aI., 1993). The second orphan receptor was then screened with opioid receptor ligands 
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and was determined to have the selectivity profile of an opioid 1< receptor (Yasuda et aI., 

1993). Thus, the cloning of the opioid 1< receptor has also been recently accomplished. 

Further exciting results were reported at the 1993 International Narcotics Research 

Conference (July, Skovde, Sweden). The cloning of the opioid ).1 receptor was reported 

and is now published (Chen et aI., 1993). This receptor was cloned from a rat brain 

cDNA library by using the polymerase chain reaction (PCR) with primers derived from 

the published sequence of the opioid 5 receptor. The sequence of this receptor shares 

approximately 60% homology with the sequences for the opioid 5 and 1< receptors (Chen 

et aI., 1993). A second group has also reported on the cloning of the opioid ).1 receptor 

as well as the opioid 5 receptor from rat brain (Fukuda et aI., 1993); their copy of the ).1 

receptor exhibits binding affinities comparable to Chen et aI. (1993). At this time, all 

three of the known opioid receptor types have now been cloned and demonstrate 

considerable sequence homology. All three opioid receptors appear to be members of the 

a-protein coupled receptor superfamily (see below). 

Interestingly, although considerable functional evidence has been reported which 

supports the existence of sUbtypes of the ).1, 5 and 1< receptors (see below), to date, no 

structural evidence has yet been presented for the existence of these SUbtypes. It is 

possible that SUbtypes will not differ in molecular sequence but rather may result from 

differential processing of the transcription product, e.g., differential glycosylation. 

Alternatively, SUbtypes may result from differential a-protein coupling, depending on the 

a-proteins that are available in a given cell. These possibilities remain open for 

investigation. 
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It is also interesting to note the existence of an apparent discrepancy in the binding 

affinities reported for several reference ligands at the cloned receptors when compared to 

affinities determined at these receptor types in membrane preparations from tissues such 

as brain, spinal cord and isolated cells. Of particular interest is the fact that [D-Pen2, D

Pens]enkephalin (DPDPE), a standard reference opioid 5 agonist (Mosberg et aI., 1983) 

and morphine seem to have low affinity at the cloned 5 receptor. A careful analysis of 

opioid 5 receptor binding in the three 5 receptor clones compared to published data in 

membrane preparations reveals that the affinities obtained in the cloned receptors (Keiffer 

et aI., 1993; Evans et aI., 1993; Yashuda et aI., 1993) are 2-20 times lower than values 

obtained in membrane preparations (Goldstein and Naidu, 1989; Leslie, 1987). These 

discrepancies could be the result of (a) inappropriate incubation times, (b) differences in 

buffer systems or binding temperatures, or (c) the fact that membranes prepared from 

brain and spinal cord will contain all of the possible sUbtypes of opioid receptors, 

resulting in a composite binding affinity at each individual type in these studies. 

Furthermore, the receptor-G-protein interaction is important for the binding of agonists 

and could cause differences between binding to membranes from cells chosen for 

expression of the clones (COS cells) and normal membrane preparations. 

A second example of potential problems is that DPDPE was reported to have 

negligible affinity at the cloned J...l receptor (Chen et aI., 1993). A quick survey of the 

methodology, however, reveals that experiments were conducted a 4°C for only 90 min. 

Under these conditions, it is likely that the slow association rate for DPDPE (Le., 

approximately 5 hrs to reach eqUilibrium at 25°C, see Knapp and Yamamura, 1992 for 
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review) would not allow it to compete effectively for the sites labelled by the radioligand. 

Future studies will be able to discern if there are real differences in binding affinities at 

the cloned receptors or if the current reports simply have methodological problems which 

must be overcome. 

Mechanism of action for opioid receptors 

Inhibition of adenylate cyclase activity 

In 1974, a report appeared showing that morphine and other opioid agonists could 

inhibit the formation of cyclic AMP in rat brain homogenate which had been stimulated 

by prostaglandin El (POEl) or E2 (POE~ without altering the basal production of cyclic 

AMP (Collier & Roy, 1974). It was also demonstrated that this opioid inhibitory effect 

was antagonized by naloxone, suggesting an opioid receptor mediated event (Collier & 

Roy, 1974). In general, most other researchers have found it difficult to study opioid 

mediated inhibition of adenylate cyclase activity in brain membranes because the effect 

is small and quantification difficult in these tissues (Childers, 1988). However, Childers 

and colleagues have devised a method of brain membrane pretreatment (preincubation at 

pH 4) which optimizes the opioid signal (Childers, 1988). These investigators, and 

others, have demonstrated that all opioid receptors can inhibit adenylate cyclase activity 

in brain membranes (Childers, 1991). 

Opioids have also been shown to inhibit prostaglandin stimulated adenyl ate cyclase 

activity as well as basal adenyl ate cyclase activity in mouse neuroblastoma x rat glioma 

NO 108-15 cells (Sharma et aI., 1975; Traber et aI., 1975). Again, these opioid effects 

could be antagonized by naloxone. In the years since this demonstration, many studies 
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of opioids and adenylate cyclase have been conducted with the NO 108-15 cell line (e.g., 

Blume et aI, 1979; Law et aI, 1982; Law et aI, 1991). While NO 108-15 cells are 

extremely useful for the study of opioid-inhibited adenyl ate cyclase, they have been 

shown to express only one type of opioid receptor (Blume et a1., 1977), presumably the 

B receptor (Law et a1., 1985). More recently, opioid Il receptor mediated inhibition of 

adenyl ate cyclase has been observed in other cell lines which contain Il receptors (Frey 

and Kebabian, 1984; Yu et aI, 1986). In addition, there are now human lung cancer cell 

lines which express membrane receptors for Il, 5 and K opioids in which opioids can 

inhibit adenyl ate cyclase activity (Maneckjee & Minna, 1990). Most recently, it has been 

demonstrated that opioids are capable of inhibiting the formation of cAMP in COS-l cells 

expressing the cDNA for either the opioid 5 receptor or the opioid K receptor (Yasuda et 

a1., 1993). 

Unfortunately, the relationship between opioid inhibition of adenylate cyclase and 

the biological actions of opiates remains unclear (Di Chiara and North, 1992). Reduction 

of adenyl ate cyclase activity (and levels of cAMP) does not seem to be involved in either 

the coupling of opioid receptors to membrane channels (Crain and Shen, 1990) or to the 

inhibition of transmitter release by opioids (Mulder et a1., 1984). Possibly the reduction 

of cAMP levels by opioids has effects on the phosphorylation of proteins by cAMP

dependent kinases (Guitart and Nestler, 1990) and the expression of genes which possess 

cAMP-responsive promoter elements (DiChiara and North, 1992). Genes encoding 

endogenous opioid peptide precursors have been identified among those which can be 
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regulated by levels of cAMP, providing a possible mechanism of feedback control on 

endogenous opioid peptide synthesis (H511t, 1993). 

Involvement of G-proteins 

Researchers have also examined the second messenger system involved in the 

mediation of opioid effects. It was demonstrated in 1979 that GTP was required for 

opioid inhibition of stimulated adenylate cyclase activity (Blume et aI., 1979). This 

suggested to others that G-proteins may be an integral component of the molecular 

mechanism of opioid action. Pertussis toxin, known to ADP-ribosylate a cysteine residue 

in the a-subunit of inhibitory G-proteins, was later shown to attenuate the ability of 

opioids to inhibit stimulated adenyl ate cyclase activity in NG 108-15 cells (Kurose et ai., 

1983). Further, it is known that binding of agonists, but not antagonists, to opioid 

receptors is regulated by guanine nucleotides (e.g., Childers, 1991) and that agonists 

stimulate the hydrolysis of guanine nucleotides (Ueda et al., 1991). These findings have 

been extended by Law et a1. (1983; 1985; 1991) to examine the mechanisms of tolerance 

and expression of high-affinity 5 opioid receptors in NG 108-15 cells. It was concluded 

that G-proteins are important for the inhibitory action of opioids but are not required for 

receptor downregulation during chronic exposure to agonists. 

New evidence for the involvement of G-proteins with opioid receptors comes from 

the molecular cloning, sequencing and characterization of the eDNA encoding opioid 5 

receptors (see above). The deduced amino-acid sequence of each of these receptors 

demonstrates that these receptors are most likely to fall into the class of G-protein-linked 

receptors, possessing seven possible transmembrane regions and sequences thought to be 
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important in the coupling of receptors with G-proteins (Evans et al., 1992; Keiffer et al., 

1992). Further, Yasuda and colleagues have demonstrated that competition binding of 5 

agonists against eH]naltrindole ([3H]NTI), a 5 receptor antagonist (Portoghese et ai., 

1988; Yamamura et ai., 1992), to 5 receptors expressed in COS-l cells transfected with 

cDNA for the opioid 5 receptor is sensitive to guanine nucleotides and sodium (Yasuda 

et ai., 1993). The binding of [3H]U69,593 (Lahti et aI., 1985), an opioid K agonist related 

to U50,488 and other arylacetamides (Von Voitlander et ai., 1983) to K receptors 

expressed in COS-l cells transfected with cDNA for the opioid K receptor also is sensitive 

to guanine nucleotides and sodium (Yasuda et aI., 1993). 

Ion channel effects and inhibition of transmitter release 

Work by North and colleagues and MacDonald and colleagues (see North, 1986, 

for review) has suggested that 1.1 and 5 receptor activation produces an increase in the 

membrane conductance of potassium, while K receptor activation produces a decrease in 

the conductance of calcium (Werz and MacDonald, 1984; 1985). The net effect of 1.1, 5 

or K activation apparently is to decrease neuronal discharge and transmitter release by 

producing a hyperpolarization of the neurons. The basis for these findings has been 

experimentation done on individual neurons of rat locus coeruleus (Williams and North, 

1984) and guinea pig submucous plexus, as well as in cultured mouse dorsal root 

ganglion cells (Werz and MacDonald, 1983). Such work has also suggested that the 

potassium conductance changes produced by 1.1 and 5 receptor activation may be identical 

to those changes in potassium conductance produced by the activation of (X2 and 

somatostatin receptors (North and Williams, 1985). It has recently become clear that 1.1 
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and 6 receptors do co-exist on the same neurons (Rogers and Henderson, 1990; Egan and 

North, 1981). In support of this concept, it is also likely that cx2 adrenergic and 

somatostatin receptors co-exist with Il and/or 6 receptors on a single neuron (North and 

Williams, 1985; North and Surprenant, 1985). 

Reduction of transmitter release as a result of neural inhibition is a well

characterized effect of opioids (Illes, 1989). Typical mechanisms by which opioid 

agonists inhibit the release of transmitters is summarized by Crain and Shen (1990). 

Opioids activate a SUbtype of G-protein which can directly couple to membrane channels; 

inwardly rectifying K+ channel conductance is increased as a result of opioid Il or 6 

receptor activation and Ca2
+ channel (voltage-dependent, N-type) conductance is decreased 

by opioid K receptor activation. The result of either Il, 6 or K receptor activation, then, 

is to shorten the action potential duration of neurons and decrease the release of 

transmitter from the synapses of these neurons (Crain and Shen, 1990). For example, the 

ability of opioid Il, K and 6 agonists to inhibit the stimulated release of acetylcholine has 

been summarized (Izquierdo, 1990). Production of analgesia could be the result of 

inhibition of the release of Substance P (a nociceptive transmitter) from primary afferent 

neurons in the spinal cord (Yaksh et al., 1980). 

These findings offer rational mechanisms by which opioid Il and 6 agonists may 

produce anti nociceptive effects. Recently, work in vivo by Ocana et al. (1990) has 

employed tools with apparent selectivity for different types of K+ channels, i.e., 

glybenclamide and tetraethylammonium bromide (TEA) (Amoroso et al., 1990). Their 

work has indicated that the anti nociceptive actions of morphine are antagonized in a dose-
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related fashion by glybenclamide, presumably a blocker of the A TP-dependent K+ 

channel, but not by TEA, a blocker of other types of K+ channels (Cook, 1988). That 

morphine may be acting through such an ATP-sensitive K+ channel is supported by other 

observations as well. Early work by David et al. (1956) and later work by Singh et al. 

(1983) showed that substances which generate ATP such as glucose could antagonize 

morphine antinociception, whereas 2-deoxyglucose and 2,4-dinitrophenol, compounds 

which deplete cellular A TP, enhanced morphine antinociception (Singh et al., 1983). The 

relationship between sugars and opioid analgesia has been extensively studied by Dewey 

and colleagues. Simon and Dewey (1981) have shown that morphine anti nociceptive 

potency was reduced in mice pretreated with dextrose or fructose and that the potency of 

morphine was also decreased in streptozotocin-induced diabetic (i.e., hyperglycemic) 

mice. Additionally, it is well established that fasting animals (i.e., production of 

hypoglycemia) produces an increased potency of morphine (e.g., Simon and Dewey, 1981) 

and also that insulin enhances the antinociceptive potency of morphine (David et al., 

1956; Simon and Dewey, 1981). The mechanisms by which these changes in potency 

may be occurring appears to be related to the regulation of levels of intracellular A TP. 

This has been explored by Amoroso et al. (1990) who showed in slices of rat brain 

substantia nigra that sulfonylureas (of which glybenclamide is one) can block ATP

sensitive K+ channels, whereas glucose raised intracellular A TP and closed the channel. 

These findings provide a basis for the regulation of cellular activity in response to 

compounds which are thought to act by way of K+ channels, i.e., /l and 5 opioids (see 

above). 
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Excitatory effects of opioids 

Opioids can produce effects consistent with excitation but these effects are usually 

attributed to a disinhibition mechanism; i.e., opioids inhibit transmitter release from 

inhibitory interneurons (Tortella, 1988; Zieglgansberger et al., 1979). However, the 

possibility that low concentrations of opioids produce excitation directly has been raised 

(Crain and Shen, 1990). The majority of evidence for opioid excitatory effects comes 

from electrophysiological studies where a naloxone-reversible prolongation of the action 

potential can be produced by low concentrations of selective Il, K and 6 opioid agonists 

(Crain and Shen, 1990). At higher concentrations, opioids also produce shortening of the 

action potential, the more generally observed phenomenon. Interestingly, opioids may 

produce excitatory effects by a different mechanism than that by which they produce 

inhibitory effects. Prolongation of action potential in dorsal-root ganglion neurons by 

opioids is blocked by cholera toxin A, a toxin which is known to ADP-ribosylate the Os 

protein (Crain and Shen, 1990). This is in contrast to the pertussis toxin-sensitive 

inhibitory effects of opioids described above. It also seems that opioid-induced excitation 

is sensitive to manipulations of cAMP levels, again in contrast to opioid-induced 

inhibition (Crain and Shen, 1990). Thus, excitatory effects of opioids are likely to 

stimulate adenylate cyclase activity via Os proteins, resulting in an increase in intracellular 

cAMP. Increased levels of cAMP would stimulate protein kinase A, leading to either a 

decrease in K+ conductance for Il and 6 receptor activation or an increase in Ca2
+ 

conductance for K receptor activation, both of which would result in an increased action 

potential duration and increased transmitter release (Crain and Shen, 1990). 
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Although inhibitory effects of opioids can be linked to anti nociceptive effects, it 

is also possible that excitation produced by opioid agonists could produce antinociception 

(Crain and Shen, 1990). A possible mechanism for the production of spinal 

antinociception would be for opioid agonists to enhance the release of inhibitory 

modulators, such as adenosine, by activating excitatory opioid receptors on the 

presynaptic terminals of these non-nociceptive dorsal-root ganglionic neurons (Crain and 

Shen, 1990). This mechanism would parallel that of inhibition of transmitter release from 

nociceptive neurons. 

Studies of opioid B receptors 

Early understanding of the pharmacology of the B opioid receptor in vivo proved 

difficult, in part, because of (a) the lack of biological stability of [Mets]- or 

[Leus]enkephalin (Hambrook et aI., 1976; Cowan et aI., 1976), and (b) a relative lack of 

selectivity of these endogenous B opioid ligands (Hughes et aI., 1975). Attempts to 

stabilize these peptides by incorporating D-amino acids into the peptide sequence resulted 

in compounds such as [D-Ala2]-Met-enkephalinamide (DAME) (Pert et aI., 1976) and [D

Ala2, D-Leus]enkephalin (DADLE). Though such compounds were stable and suitable 

for studies in vivo, they maintained only very limited selectivity for the B opioid receptor 

(Chang and Cuatrecasas, 1979; Mosberg et aI., 1983). 

The investigation of B opioid receptor pharmacology had to await the development 

of biologically stable and selective B opioid receptor agonists and antagonists. The first 

examples of such molecules were DPDPE (Mosberg et ai., 1983) and ICI 174,864 (Cotton 

et ai., 1984), a selective B opioid agonist and antagonist, respectively. DPDPE, and the 



25 

more recently discovered naturally occurring 5 opioid receptor agonist [D-Ala2
, 

Glu4]deltorphin (Erspamer et aI., 1989; Kreil et aI., 1989), have been shown to be capable 

of eliciting antinociception in rats and mice at both supraspinal (Porreca et aI., 1984; 

1987a,b; Galligan et aI., 1984; Jensen and Yaksh, 1986; Heyman et aI., 1987; 1988b; 

Takemori and Portoghese, 1987; Jiang et aI., 1990a,b; 1991; Mattia et aI., 1991a,b) and 

spinal (Tung and Yaksh, 1982; Porreca et aI., 1984; 1987a,b; Heyman et aI., 1987; 

Drower et aI., 1991; Mattia et aI., 1992) sites. 

On the basis of the relationship between binding affinity, bioassay potency and 

antinociceptive potency, Audigier et al. (1980) and Chaillet et al. (1984) have suggested 

the exclusive involvement of opioid Il receptors in antinociception. In contrast, the 

studies of Galligan et al. (1984) and Porreca et al. (1984) suggested a role for supraspinal 

5 receptors in antinociception. This question was examined in detail by Heyman et al. 

(1987) through the use of selective antagonists for the 5 (lCI 174,864; Cotton et aI, 1984) 

and Il (~-FNA) receptors at both supraspinal and spinal sites in the mouse tail-flick test; 

at both supraspinal and spinal sites, ICI 174,864 was found to produce a dose-related 

antagonism of the anti nociceptive effects of DPDPE, but not those of [D-Ala2
, N-Me

Phe4, Gly-ol]enkephalin, (DAMGO) (Handa et aI., 1981) and morphine, while 

pretreatment with the Il-antagonist ~-FNA (Ward et aI., 1982; Ward and Takemori, 1982) 

displaced the anti nociceptive dose-response curves of DAMGO and morphine, but not that 

of DPDPE. Additionally, further studies with naloxonazine (Heyman et aI., 1988a), a Il 

opioid antagonist, showed that the antinociceptive actions of supraspinal morphine and 

DAMGO were antagonized, while those of DPDPE were not. 
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Additionally, studies from Vaught and colleagues with /l-receptor-deficient mice 

(CXBK mice) showed that the potency of morphine and DAMGO were greatly reduced 

while the potency of [D-Pen2
, L-Pens]enkephalin (DPLPE) (also a highly selective 6 

agonist) was virtually unaffected (Mathiasen and Vaught, 1987; Vaught et aI., 1988), 

offering direct evidence of involvement of supraspinal 6 receptors in antinociception. 

Further, Jensen and Yaksh (1986) showed, using a microinjection study, that there are 

brain sites at which opioid 6 agonists produce anti nociceptive effects whereas opioid /l 

agonists are inactive (e.g., the medullary reticular formation). These studies provided a 

method of separation of the involvement of /l and 6 receptors in supraspinal 

antinociception and strongly suggested that both receptors were potentially important. 

The issue of involvement of 5 receptors in supraspinal antinociception has been reviewed 

(Heyman et aI., 1988b). The involvement of spinal 6 opioid receptors in antinociception 

has not been questioned and is supported by many studies (e.g., Tung and Yaksh, 1982; 

Ling and Pasternak, 1983; Porreca et aI., 1984; Heyman et aI., 1987; Yaksh et aI., 1980). 

In recent years, understanding of the pharmacology of opioid 6 receptors has 

increased significantly due to the development of novel tools with increased selectivity 

and biological stability. An important lead for the development of agonists with 6 

receptor selectivity has come from the work of Erspamer and colleagues, who have 

isolated novel peptides which have been termed the deltorphins from skin extracts of 

frogs (Kreil et aI., 1989; Erspamer et aI., 1989). This family of peptides has been 

demonstrated to have high affinity and selectivity for the opioid 6 receptor. One of the 

peptides, [D-Ala2
, Glu4]deltorphin has been shown to have approximately a 13-fold higher 
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affinity for the 5 receptor than DPDPE (Erspamer et aI., 1989). Additionally, [D-Ala2
, 

Glu4]deltorphin has a high IJ/5 selectivity when measured as the ratio of potency in the 

guinea-pig isolated ileum (GPI) (Gyang and Kosterlitz, 1966) to that in the mouse isolated 

vas deferens (Henderson et aI., 1972). This W5 selectivity ratio is substantially higher 

than that seen in these assays with DPDPE (approximately 2000-3000-fold) (Mosberg et 

aI., 1983). Studies with [D-Ala2
, Glu4]deltorphin have also shown that this compound 

produces antinociceptive effects following i.c. v. administration to mice which last for 

approximately 40 min (Jiang et aI., 1990a). The antinociception produced by either [D

Ala2
, Glu4jdeltorphin or by DPDPE, but not by 1..1 agonists such as morphine or DAMGO, 

is antagonized by ICI 174,864 (Heyman et aI., 1987; Jiang et aI., 1990a). In contrast, the 

antinociceptive actions of morphine and DAMGO, but not those of DPDPE or [D-Ala2
, 

Glu4]deltorphin, are blocked in mice pretreated with the selective I.l-antagonist, /3-

funaltrexamine (Ward and Takemori, 1982; Heyman et aI., 1987; Jiang et aI., 1990a). 

These data have been interpreted to further support the suggestion that supraspinal 5 

receptors mediate the anti nociceptive actions of DPDPE and [D-Ala2
, Glu4]deItorphin 

(Heyman et aI., 1989a,b; Jiang et aI., 1990a). 

Delta receptor subtypes 

Two other novel tools for the study of opioid 5 receptors have proved central to 

the demonstration of subtypes of opioid 5 receptors. One, the novel opioid peptide 

antagonist [D-Ala2
, Leu!!, Cys6]enkephalin (DALCE), was reported to produce covalent 

binding to the 5 receptor in rat brain membranes, presumably by thiol-disulfide exchange 

between a sulfhydryl group in the binding site of the receptor and the cysteine residue in 
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position 6 (Bowen et aI., 1987). Subsequent studies with DALCE in vivo have shown 

that this compound produces an initial anti nociceptive effect followed by a long-lasting, 

irreversible antagonist action selective for the 5 receptor (Jiang et aI., 1990b; Calcagnetti 

et aI., 1989). Thus, pretreatment with DALCE produces a dose- and time-related 

antagonism of the anti nociceptive effects of DPDPE, but not those of morphine (Jiang et 

aI., 1990b). The importance of the cysteine residue for irreversible binding has been 

confirmed by the lack of irreversible antagonism seen with [D-Ala2
, Leus, Ser6]enkephalin 

(DALES), a close structural analogue of DALCE (Mattia et aI., 1991a). The synthesis 

and characterization of naltrindole-5' -isothiocyanate (5' -NTH) has also been reported 

(Portoghese et aI., 1990). This compound has been shown to produce non-equilibrium 

antagonism of the anti nociceptive effects of [D-Ser,Leus,Thr6]enkephalin (DSLET) but 

not of morphine or of the K-agonist, U50,488H (Portoghese et aI., 1990). 

DALCE and 5'-NTII have been used to dissect the possible involvement of opioid 

5 receptor sUbtypes in supraspinal antinociception in mice produced by selective 5 

agonists. The results show that, whereas both DPDPE and [D-Ala2
, Glu4]deltorphin act 

at a 5 receptor for the production of direct anti nociceptive actions, these compounds can 

be distinguished on the basis of sensitivity to either DALCE or 5' -NTH, suggesting the 

existence of sUbtypes of 5 receptors. I.c.v. administration of [D-Ala2
, Glu4]deltorphin or 

DPDPE resulted in dose- and time-related antinociception and indicated that [D-Ala2
, 

Glu4]deltorphin was 13.5 fold more potent than DPDPE. Pretreatment with B-FNA, at a 

dose and time previously shown to be selective for Il receptor inactivation, did not alter 

the dose-response lines for [D-Ala2
, Glu4]deltorphin or for DPDPE, but produced a 
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marked rightward displacement of the i.c. v. morphine dose-response line. In contrast, the 

5 antagonist, ICI 174,864 produced a rightward displacement of the i.c.v. [D-Ala2
, 

Glu4]deltorphin and DPDPE dose-response lines (Jiang et al., 1990a), but did not affect 

the response to morphine. Administration of 5'-NTII produced no measurable agonist 

effects in this test but produced a time-clependent antagonist action when evaluated 

against [D-Ala2
, Glu4]deltorphin. Pretreatment with 5'-NTII (17.54 nmol at -24 hr) at -24 

hr produced a significant rightward displacement of the [D-Ala2
, Glu4]deltorphin dose

response line. In contrast, 5'-NTII pretreatment failed to antagonize the aminociceptive 

effects of DPDPE. Pretreatment with DALCE at -24 hours did not result in any direct 

antinociception, but antagonized the antinociceptive effect of DPDPE. In contrast, the 

antinociception produced by [D-Ala2
, Glu4]deltorphin was unaffected by DALCE 

pretreatment at any dose- or time-point tested. These data demonstrate a· two-way 

differential antagonism of two 5-selective agonists and indicate that sUbtypes of opioid 

5 receptors exist (Jiang et al., 1991). Takemori and colleagues have used a similar 

approach with the competitive antagonists naltriben (NTB) and NTI (Sofuoglu et al., 

1991a). In their study, NTB antagonized the anti nociceptive effects of DSLET in mice 

better than those of DPDPE whereas NT! antagonized the anti nociceptive effects of 

DPDPE better than those of DSLET (Sofuoglu et al., 1991a). Their data are consistent 

with the hypothesis that there are SUbtypes of opioid 5 receptors. Recently, another 

antagonist has been synthesized which provides evidence for SUbtypes of opioid 5 

receptors in mice. The compound 7-benzylid~nenaltrexone (BNTX) was shown to 
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potently antagonize the anti nociceptive effects of DPDPE but not those of either DSLET, 

morphine or U69,593 (Portoghese et al., 1992; Sofuoglu et al., 1993). 

Another line of evidence which supports the existence of SUbtypes of B receptors 

stems from antinociceptive cross-tolerance studies. The development of anti nociceptive 

tolerance to, and cross-tolerance between, two highly selective B agonists (DPDPE and 

[D-Ala2
, Glu4]deltorphin) as well as to DAM 00, a highly selective Il agonist, was studied 

in mice. Tolerance to the antinociceptive actions of each of these agonists was 

demonstrated following 3 days of twice-daily i.c. v. injections. When antinociceptive 

cross-tolerance was tested, no cross-tolerance was observed between DAMOO and either 

DPDPE or [D-Ala2
, Glu4]deltorphin, a finding that would be expected. In support of 

SUbtypes of opioid B receptors, however, no cross-tolerance was observed between 

DPDPE and [D-Ala2
, 0lu4]deltorphin (Mattia et aL, 1991b). Again, Takemori and 

colleagues have taken a similar approach to demonstrate a two-way lack of cross

tolerance between the anti nociceptive effects of DPDPE and DSLET in mice, concluding 

that SUbtypes of opioid B receptors are supported (Sofuoglu et al., 1991b). 

Further investigation into opioid B receptor pharmacology has begun to identify 

differences in the characteristics of these receptors in different tissues. Stammer and 

colleagues synthesized a cyclopropyl-phenylalanine substituted enkephalin, [D-Ala2
, (2R, 

3S)-VEPhe\ Leus]enkephalin methyl ester (CP-OMe) (Shimohigashi et al., 1987; 1988), 

which bound to opioid B receptors with good affinity but had only weak activity in the 

MVD bioassay (Shimohigashi et al., 1987; 1988). Using this compound to compete with 

[3H][D-Pen2
, p-CI-Phe\ D-Pens]enkephalin ([3H]P-CI-DPDPE) binding in rat brain and in 
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MVD, Yamamura and colleagues showed that, whereas p-Cl-DPDPE had similar affinity 

in both brain and MVD membranes, the affinity of CP-OMe was 33-fold lower in the 

MVD than in brain (Vaughn et a1., 1990). This finding was suggestive of a difference 

between the 5 receptors in MVD and those in brain. 

Multiplicity of opioid 5 receptors has also been suggested in radioligand 

competition studies in vitro where DPDPE biphasically inhibits the binding of [3H][D

Ala2, Asp4]deltorphin to rat brain homogenates (Negri et a1., 1991). Additionally, 

Rothman and associates have suggested the existence of sUbtypes of 5-opioid receptors 

in rat brain (Xu et a1., 1991; 1992). In these studies, site-directed acylating agents were 

used to deplete rat brain membranes of Il-opioid receptors and competition studies using 

eH][D-Ala2, D-Leus]enkephalin (DADLE) with a series of 5-opioid receptor selective 

ligands were conducted. In some cases, two binding sites were identified, a finding 

consistent with the presence of subtypes of 5-opioid receptors. Most recently, Takemori 

and colleagues have shown that receptors labelled with [3H][D-Ser2,LeuS,Thr6]enkephalin 

(DSLET) may differ from those labelled with [3H]DPDPE (Sofuoglu et a1., 1992), also 

supporting sUbtypes of 5-opioid receptors in mouse brain. One study in vitro 

demonstrated, using electrophysiology, that the rat hippocampus appears to possess opioid 

51 receptors but not opioid 52 receptors (Watson and Lanthorn, 1993). 

Studies of opioid K receptors 

Initial studies with opioid K-agonists such as pentazocine (Harris and Pierson, 

1963) and cyclazocine (Harris and Rosenberg, 1967) have demonstrated a different 

pharmacological profile for K-agonists compared to morphine. Both pentazocine and 
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cyclazocine are essentially inactive in tests which employ thermal nociceptive stimuli such 

as the hot plate and tail flick tests, but demonstrate reasonable activity in visceral

chemical endpoints, such as the acetic-acid writhing test. This is in contrast to the profile 

of morphine which consistently demonstrates good activity in anti nociceptive tests 

involving heat, as well as virtually every other form of nociceptive stimulus. However, 

as recently shown in vivo (Millan, 1989; Millan et aI., 1989) and in electrophysiological 

studies in spinalized rats (Parsons and Headley, 1989a,b), K-agonists do have 

antinociceptive activity against thermal nociceptive stimuli which is intensity dependent. 

In these studies, numerous K-agonists showed limited activity at high levels of noxious 

stimulation. The reason for this reduced effectiveness is at present unclear, and may 

relate to the pharmacokinetic properties of these compounds (Leighton et aI., 1987; 

Millan, 1990; Parsons et aI., 1989). 

An alternate explanation of the somewhat limited effectiveness of opioid K

agonists in tests of thermal nociception is that they may be compounds of low efficacy. 

As the majority, if not all presently available K-opioid agonists of reasonable selectivity 

possess an arylacetamide moiety (Lahti et aI., 1985; Costello et a!., 1988; Hunter et a!., 

1990; Hayes et a!., 1990), this explanation could be viewed as a possibility. 

Unfortunately, the quantitative measurement of efficacy in vivo is difficult, though several 

approaches have been explored through the use of progressive reductions in receptor 

population with non-competitive antagonists (Adams et aI., 1990) or different types of 

antinociceptive endpoints thought to differ in stimulus type and perhaps intensity (Shaw 

et a!., 1988). In spite of the importance of efficacy as a variable in the response of 
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agonists under conditions of differing stimulus intensity, this concern has not been 

thoroughly studied, probably due to limitations in the ability to quantitatively determine 

this factor. The discovery of an opioid K-agonist with high efficacy would repr~sent an 

important advance in that such a compound would be predicted to be highly effective in 

treating severe pain in man. Recently, approaches towards examining the importance of 

efficacy in vivo using different stimulus intensities have begun (Jiang et aI., 1990c). 

Opioid K-agonists are now well known to produce antinociception following spinal 

administration (Millan et aI., 1989; Calthrop and Hill, 1983; Fleetwood-Walker et aI., 

1988; Piercey et aI., 1982). The evidence is also quite convincing that supraspinal 

administration of opioid K-agonists produce antinociception (Sasson and Kornetsky, 1986; 

Unterwald et aI., 1987; Leighton et aI., 1988; Millan et aI., 1989), a finding which has 

been confirmed in our laboratory (Horan et aI., 1991; 1992). In these latter studies, 

U69,593 and bremazocine were found to be potent antinociceptive agents when tested in 

the mouse warm-water (55°C) tail-flick test following i.c. v. administration. Further, the 

anti nociceptive effects of these compounds appear to be mediated by the opioid K

receptor. Pretreatment with receptor-selective doses of the Il-antagonist ~-FNA or the 

selective 5 antagonist ICI 174,864 had no effect on the anti nociceptive responses to either 

U69,593 or bremazocine. Further evidence for the K-selectivity of bremazocine was 

obtained with the observation that after blockade of opioid Il-receptors with ~-FNA, the 

5 antagonist ICI 174,864 continued to have no effect on bremazocine-mediated 

antinociception (Horan et aI., 1992). 

Kappa receptor subtypes 
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One promising approach that may provide further insight into the basic 

pharmacology of the opioid K-receptor system and aid in the development of clinically 

relevant K-opioid analgesics, is the concept of K-opioid receptor multiplicity. It has been 

suggested that the arylacetamide K-opioids, such as U69,593, bind to the KI-opioid 

receptor, while benzomorphan K-opioids, such as bremazocine and ethylketocyclazocine, 

preferentially activate a different K binding site, the K2-opioid receptor (Iyenger et aI., 

1986; Zukin et aI., 1988; Tiberi and Magnan, 1990; Unterwald et aI., 1992). Additionally, 

other sUbtypes of the opioid K-receptor (Kia and Klb) have been proposed using radioligand 

binding techniques (Clark et aI., 1989; Rothman et aI., 1990). Evidence has also been 

presented (Price et aI., 1989; Clark et aI., 1989) which suggests the presence of an opioid

K3 receptor sUbtype upon pretreatment of bovine striatal calf membranes in vitro with 

naloxone benzoyl hydrazone (NaIBzoH); this work with Na1BzoH has been extended using 

techniques in vivo to suggest the presence of a K3 receptor in the mouse (Gistrak et aI., 

1989; Paul et aI., 1990). A major impediment to the hypothesis of K-receptor sUbtypes 

(Traynor, 1989) has been the lack of a K-receptor subtype-selective antagonist which 

could discriminate the actions of these different classes of K-agonists in vivo. 

Recently, de Costa et aI. (1989) have described the synthesis of the 2-

isothiocyanate derivative of the active enantiomer of U50,488, (-)-UPHIT. Following 

i.c. v. pretreatment of guinea-pigs, (-)-UPHIT was found to completely inhibit the binding 

of the arylacetamide, U69,593, while reducing the binding of the benzomorphan, 

bremazocine, by approximately 50%. Studies from our laboratory in mice pretreated with 

(-)-UPHIT have shown that it selectively blocks the antinociceptive responses to U69,593, 
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whereas it had no effect on the anti nociceptive actions of bremazocine. This selective 

reduction of the anti nociceptive effects of U69,593 was found to be of an extended 

duration, lasting for up to 48 hrs. In contrast, (-)-UPHIT was not found to block the 

anti nociceptive properties of the selective opioid K agonist, CI-977 (Horan and Porreca, 

unpublished observations), presumably due to the higher efficacy of CI-977 in the CNS 

(see Present Study chapter). 

In further studies, the K-selective antagonist, nor-binaltorphimine (nor-BNI) 

(Takemori et al., 1988), was found to attenuate bremazocine-induced antinociception in 

(-)-UPHIT pretreated mice, while having no further effect on U69,593-mediated 

antinociception under these conditions. Additionally, it would appear that the efficacies 

of both U69,593 and bremazocine would not be a factor in the differential antinociceptive 

responses to these compounds following (-)-UPHIT pretreatment for several reasons. 

First, the efficacy of both compounds were similar in the guinea-pig ileum longitudinal 

muscle myenteric plexus preparation (see Present Study chapter), which has recently been 

suggested to contain only one K-opioid receptor (probably the KI subtype) (Dissanayake 

et al., 1990). Second, should both U69,593 and bremazocine be acting in the mouse brain 

at a single receptor type but with differing efficacies, pretreatment with (-)-UPHIT to 

irreversibly bind a fraction of the receptor population would be expected to result in a 

rightward shift of the dose-response curves for both U69,593- and bremazocine-mediated 

antinociception, though only the compound with higher efficacy (presumably 

bremazocine) would be expected to produce a maximal effect. This was not the case, in 

that the dose-response line for bremazocine was not displaced to the right. Third, 
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radioligand binding studies following pretreatment in vivo with (-)-UPHIT produced a 

reduction in the number of opioid K receptors labeled by [3H]U69,593, while having no 

effect on the binding of eH]-(-)-bremazocine (see Present Study chapter). It would be 

unlikely then, that the differential antagonism of U69,593- and bremazocine-mediated 

antinociception could be a consequence of differing efficacies at a single receptor type. 

These results, coupled with the apparent K-selective actions of both U69,593 and 

bremazocine, can be best interpreted as additional evidence of K-opioid receptor 

multiplicity in the mouse. 

Another compound which was recently studied in our laboratory as a opioid K 

subtype-selective antagonist was quadazocine (WIN 44,441), a derivative of the 

benzomorphan opioid, metazocine (Michne et a1., 1978). Originally, quadazocine was 

reported to be an antagonist with selectivity for opioid K receptors (Michne et a1., 1978) 

though later studies (Dykstra et a1., 1987b; Pechnick et a1., 1985; Ward et a1., 1983) 

refuted this notion. A limited number of studies (Iyengar et a1., 1986; Rothman et a1., 

1990) have suggested that quadazocine may be acting at a K opioid receptor subtype. In 

studies in vivo, quadazocine was found to produce a differential antagonism of the 

anti nociceptive effects of bremazocine while having no effect on the anti nociceptive 

properties of U69,593. The antagonistic actions of quadazocine were not found to be 

selective for opioid K receptors, however, as a dose of 3 nmol, i.e.v., was also found to 

attenuate both DAM GO- (ll agonist) and DPDPE- (5 agonist) mediated antinociception 

(Horan et al., 1993a). In view of these results it would appear that quadazocine acts 

(within the context of opioid K receptors) as a selective K2 receptor antagonist in the 
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mouse eNS. These findings provide a two-way differential antagonism of the 

anti nociceptive effects of U69,593 and bremazocine; (-)-UPHIT antagonized the effects 

of U69,593 but not bremazocine whereas quadazocine antagonizes the effects of 

bremazocine but not U69,593. This demonstration of a two-way differential antagonism 

provides strong evidence in vivo for the existence of sUbtypes of opioid K receptors. 

As a final piece of evidence for the existence of opioid K receptor sUbtypes in 

vivo, cross-tolerance studies were undertaken in our laboratory. A three-day treatment 

regimen of twice daily injections (Mattia et aI., 1991b) with either U69,593 or 

bremazocine was capable of producing tolerance to the anti nociceptive effects of these 

agonists (Horan et aI., 1993b). Further, there was a two-way lack of cross tolerance 

between the antinociceptive effects of these selective K agonists, again supporting the 

existence of SUbtypes of the opioid K receptor in mice (Horan et aI., 1993b). 

Interestingly, it seems that the presence of opioid receptor subtypes is species

dependent (Dykstra et aI., 1987b; Zukin et aI., 1988; Rothman et aI., 1992). However, 

it has recently it has been demonstrated that at least some of the opioid K receptor 

SUbtypes are present in man (Rothman et aI., 1992b). This will hopefully allow for a 

novel approach towards the development of K opioids with increased therapeutic 

usefulness as analgesic compounds in humans. 

Explanation of the problem and its context 

The need for medications that produce safe, effective and non-addicting analgesia, 

and for medications that aid in the recovery from drug addiction continues to be a major 

priority in society. Providing a safe, pain-free state, especially for patients suffering from 
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chronic or atypical pain, and restoring the addict to a nonnal and productive existence are 

ambitious goals, and will be difficult to achieve. Development of medications to aid in 

the treatment of drug abuse is particularly crucial as society struggles with the growing 

cost of the destruction of families, children and lives through the abuse of drugs. 

Additionally, but of no small consequence, is the enonnous social and financial burden 

of the crime associated with illicit drug use. 

The central hypothesis of this dissertation is that opioid agonists, antagonists, or 

especially partial agonists, acting at non-Jl receptors may be useful (a) in the production 

of effective pain relief with decreased, or no, incidence of physical dependence, (b) as 

medications for the treatment of addiction to drugs of abuse, and possibly cocaine, and 

(c) for the development of an increased understanding of the pharmacology of opioid 

receptor SUbtypes, thus allowing the development of such non-Jl compounds. 

Despite significant efforts since the 1940's to synthesize and develop novel non

addictive drugs to treat pain and manage drug addiction, progress has been disappointing. 

Clinical application of narcotics continues to be limited to substances that have significant 

side-effects and that share the same basic mechanism of action via opioid Jl receptors 

(Jaffe and Martin, 1990; Jaffe, 1990). Unfortunately, compounds acting at opioid Jl 

receptors produce a variety of troublesome, undesirable side-effects in addition to 

analgesia. One of these side-effects is respiratory depression, a dangerous and potentially 

fatal effect of higher doses of opioid compounds acting at Jl receptors (Jaffe and Martin, 

1990). Recent studies indicate that agonists at opioid 5 receptors may stimulate, rather 

than depress, respiratory functions (Cheng et aI., 1993; Dr. Thomas H. Kramer, 
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Department of Anesthesia, University of Pennsylvania, personal communication). Another 

disturbing side-effect of opioids is the inhibition of gastrointestinal propulsion (Sheldon 

et a!., 1990). While inhibition of gastrointestinal propulsion can be therapeutic for cases 

of severe diarrhea, and in fact represents the second major clinical application of opioids, 

it is problematic in applications where relief of pain is the desired endpoint. A further, 

extremely important problem with the use of currently available opioids is abuse and the 

development of physical dependence (Cowan et a!., 1988); such problems appear to be 

less likely with agonists at opioid 5 or K receptors. A recent compound which may 

embody some of these attributes, though with a novel opioid and non-opioid mechanism 

of action, is tramadol (Raffa et a!., 1992a). 

Even less successful than the development of novel opioid analgesics has been the 

effort to introduce new medications for the treatment of drug addiction. Pharmacological 

treatment for drug addictions still relies heavily on methadone therapy (Dole and 

Nyswander, 1966; 1967). The "next generation" of compounds (after methadone and 

naltrexone) has all but failed to materialize; LAAM is only now being introduced to 

clinical practice (Jaffe, 1990), and although recent data suggest some applicability for 

buprenorphine in opioid (Mello and Mendelson, 1980) and cocaine (Mello et a!., 1989) 

abuse, these pharmacotherapies have yet to be proven successful in humans. 

For these reasons, development of compounds which act selectively at either 

opioid 5 or K receptors, rather than opioid 11 receptors, may result in therapeutically useful 

compounds. The existence of subtypes of opioid 5 and K receptors offer even further 

possibilities for the selective production of analgesia. Development of ligands which have 
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high seiectivity for sUbtypes of opioid receptors will be greatly facilitated by an increased 

understanding of the pharmacology of those sUbtypes. Such an increased understanding 

will allow for rational modifications in drug design and allow for rapid determination of 

the selectivity of newly synthesized compounds. There are already some indications of 

the possible usefulness of compounds acting at opioid 1< and 5 receptors in humans. 

Therapeutic potential for opioid 5 receptor agonists 

The development of compounds with high selectivity for 5 opioid receptors 

remains a therapeutically useful goal. There is an indication that use of such compounds 

may result in less frequent or "severe" physical dependence compared with opioid Il 

agonists (Cowan et aI., 1988). The possibility also exists that compounds with selectivity 

for SUbtypes of opioid 5 receptors may not produce physical dependence at all (Horan and 

Porreca, unpublished observations). Further, compounds with selectivity for opioid 5 

receptors may stimulate, rather than depress, ventilatory functions (Cheng and Szeto, 

1991; Cheng et aI., 1993). Thus, the clinical use of 5 agonists would have a significant 

advantage over the use of Il agonists, which significantly reduce respiratory function. It 

is also clear that agonists acting at opioid 5 receptors produce few adverse reactions in 

the gut (Sheldon et aI., 1990). Additionally, the specific mechanism of the 

gastrointestinal action of 5 agonists may be particularly significant for clinical 

management of disorders such as diarrhea and the pain of cholecystitis (Sheldon et aI., 

1990). Finally, 5 agonists produce beneficial modulatory effects (Le., enhance potency 

and efficacy) on standard opiates such as morphine (Vaught and Takemori, 1979; Jiang 

et aI., 1990c). 
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For 5 antagonists, potential clinical applications include the delay or prevention 

of tolerance and physical dependence to morphine and other Jl-acting opioids (Abdelhamid 

et al., 1991; Miyamoto et ai., 1993). Opioid 5 receptor antagonists also appear to be 

useful in blockade of the reinforcing properties of substances of abuse, such as cocaine, 

in mice and rats (Menkens et al., 1992; Reid et al., 1993). A previous study of the 

reinforcing effects of cocaine in rats has demonstrated that naltrexone, a long-lasting 

opioid antagonist with limited selectivity for the opioid Jl receptor, was effective in 

reducing the positive affective state that can be produced by administration of cocaine 

(Bilsky et al., 1990). In 1992, a follow-up study by Menkens and colleagues 

demonstrated that NTI, the 5-selective antagonist, was as effective as naltrexone for 

reducing the positive affective state produced by cocaine (Menkens et al., 1992). An 

additional test of the hypothesis that opioid 5 receptor antagonists might have utility in 

the treatment of cocaine abuse was performed in the laboratory of Dr. Larry Reid. It was 

demonstrated that cocaine could increase the rate of pressing for positively rewarding 

electrical stimulation at several intensities into the brain and that administration of 

naltrindole could block this effect of cocaine (Reid et al., 1993). Administration of 

naltrindole alone produced no effect on pressing for positively rewarding electrical 

stimulation into the brain (Reid et al., 1993). Most recently, naltrindole has been reported 

to change the parameters for self-administration of cocaine by rats in a manner consistent 

with the hypothesis that naltrindole lowers the rewarding value of cocaine (Dr. Larry 

Reid, Department of Psychology, Rensselaer Polytechnic Institute, personal 

communication). 
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Understanding of the physiological and pharmacological role of opioid 5 receptors 

has been consistently hampered by the lack of appropriate tools with which to study these 

sites. Although progress with peptidic and selective opioid 5 ligands has been rapid and 

exciting and such compounds have revealed a significant body of information on the 5 

receptor system, peptides at present cannot be employed practically to evaluate a variety 

of issues related to potential clinical utility of agonists and antagonists at this receptor, 

a fact related mainly to their relative lack of systemic activity, and to their 

physicochemical characteristics. Thus, the possible utility of compounds acting at opioid 

5 receptors is based on a body of evidence accumulated with site-directed injection of 

opioid peptides in rodents. With few exceptions, currently available selective opioid 5 

ligands are peptidic in nature and thus are unsuitable for administration by systemic 

routes. Some non-peptidic 6 ligands are available, but most of these compounds are 

antagonists (e.g., NTI, NTB, BNTX) developed within the laboratories of Drs. Portoghese 

and Takemori (see Takemori et a!., 1992, for review). Although these have been highly 

useful and important compounds, they suffer from rather poor (Le., < 100-fold) selectivity 

for the 5 receptor; by the selectivity standards of peptidic opioid 5 agonists (Le., > 1000-

fold), these antagonists would have been rejected, a fact which underscores the need for 

the development of highly selective opioid 5 receptor ligands. 

While significant progress has been made in modifying characteristics of 5 opioid 

receptor-selective peptides which may make these compounds therapeutically important 

in the future (Rapaka and Porreca, 1991), problems remain in achieving significant 

penetration of the blood-brain barrier and absorption from the gastrointestinal tract. The 
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identification of a highly selective and nonpeptidic 5 opioid agonist could lead to further 

insights into structural requirements for activity at 5 opioid receptor sites, and an 

opportunity to overcome problems of absorption from the gastrointestinal tract and 

penetration into the brain. 

Therapeutic potential for opioid K receptor agonists 

Since the discovery of the K-opioid receptor, much progress has been made in 

understanding the function of this receptor type and its role in antinociception. With the 

development of selective antagonists, more potent and possibly efficacious agonists, and 

the apparent existence of opioid K receptor subtypes, a much greater understanding of this 

receptor should be possible, leading to new drug therapies for the treatment of pain. A 

newly developed opioid K receptor agonist, the aryl acetamide CI-977 (Leighton et aI., 

1987; Hunter et aI., 1990), is currently undergoing clinical trials, but it is not yet clear 

whether the well-established problems of dysphoria and diuresis of compounds acting at 

K receptors can be surmounted by these compounds (Pfeiffer et aI., 1986; Peters et aI., 

1987; Peters and Gaylor, 1989). 

These problems are often observed following the administration of opioid K

agonists and may decrease their potential usefulness as analgesics for humans. In 

particular, opioid K-agonists have been found to produce diuresis. This adverse effect 

(especially in the context of antinociception) has been well documented in animals 

(Leander et aI., 1987) and man (Peters et aI., 1987), though it may not necessarily be an 

especially troublesome side effect clinically. A second group of potentially troublesome 

side effects seen after the administration of these compounds, of perhaps greater 
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significance than their diuretic actions, are the pronounced adverse subjective effects that 

they produce, most notably sedation (Tang and Collins, 1985; Ukai and Kameyama, 1985; 

Dykstra et aI., 1987a) and psychotomimesis (Kumor et aI., 1986; Pfeiffer et aI., 1986; 

Peters and Gaylor, 1989). Although the former effect could conceivably be of benefit in 

the treatment of pain, this may restrict the use of these compounds to non-ambulatory 

patients. Interestingly, these side-effects of opioid K agonists appear to occur at doses far 

below those which produce antinociception (Dykstra et al., 1987a), and are shared by 

compounds which possess markedly different chemical structures. 

It may be possible, however, that the side-effects and antinociceptive effects of 

these compounds may be separable through differential rates of development of tolerance 

(i.e., tolerance may develop to diuresis faster than to antinociception). A similar 

difference in the rate of development of tolerance to various effects has been seen to 

some of the effects of morphine following either its protracted (Martin and Jasinski, 1969) 

or continuous (Ling et aI., 1989) administration. This possibility for K-analgesics has not 

been fully explored in the literature, and remains an area of further research. Indeed, 

tolerance has been shown to develop to the subjective effects of K-opioids (Shippenberg 

et aI., 1988a) as well as to other actions such as sedation (Gmerek et aI., 1987). It is not 

known, though, if tolerance development to these effects is expressed differentially to the 

tolerance which develops to the antinociceptive effects of these agents, and again requires 

further study. 

Apart from tolerance, pain itself may decrease the aversive responses to these 

compounds as has recently been shown using the conditioned place pairing paradigm 
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(Shippenberg et a1., 1988b). This was observed with only one type of noxious stimulus 

(Freund's adjuvant-induced inflammation) and it is not known if this phenomenon is 

applicable to other models of chronic pain, if acute pain would produce the same response 

or if this observation would extend to other species such as man. This would appear to 

be a finding of considerable importance in regards to increasing the therapeutic utility of 

K-opioids, and may prove significant as more of these compounds enter clinical trials. 

A different approach towards separating anti nociceptive effects of opioid K 

receptor agonists from unwanted side-effects is the development of compounds with 

selectivity for a sUbtype of opioid K receptor. At this time, it is not clear whether side

effects such as diuresis, sedation and psychotomimesis are results of activation of a single 

sUbtype of opioid K receptor which may be different from the subtype of opioid K 

receptor which produces antinociception. This possibility may be explored further with 

the development of agonists and antagonists with selectivity for subtypes of opioid K 

receptors. 

Explanation of thesis format 

The format of this thesis will be to include work that has been published or which 

is accepted for publication in refereed journals, as well as manuscripts which are 

publishable in refereed journals. Published work has appeared, or is in press, in several 

journals having a good reputation in the field of pharmacology, including the Journal of 

Pharmacology and Experimental Therapeutics, the European Journal of Pharmacology 

and Pharmacological Reviews. The author of this dissertation is the primary author on 

eight of the eleven manuscripts and second author on the remaining three. His 
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involvement with each manuscript will be clearly stated in the chapter entitled "Present 

Study" . The reprints and manuscripts included are related to investigations of the 

pharmacology of opioid 5 and K receptors, and sUbtypes of those receptors, both in vivo 

and in vitro. Thus, they are relevant to the topic of this dissertation. Reprints and 

manuscripts included as part of the dissertation research are appended at the end of this 

dissertation. 
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PRESENT STUDY 

The methods, results and conclusions of this work are presented in the papers 

appended to this thesis. The following section is a summary of the most important 

findings in these papers. Also, the involvement of the author of this dissertation in each 

specific study will be clearly indicated. 

Opioid 5 receptor subtypes 

Studies of antinociception ill vivo in the mouse 

ATP-sensitive potassium channeLs and opioid antinociception 

One study in vivo investigated the involvement of A TP-sensitive potassium 

channels in the anti nociceptive effects of compounds acting at opioid Il, K, 51 and 52 

receptors in the mouse warm-water tail-flick test (Wild et al., 1991; see Appendix A). 

This study made use of the A TP-sensitive potassium channel blocker, glybenclamide as 

well as a non-specific potassium channel blocker, tetraethylammonium bromide (TEA). 

The results demonstrated that glybenclamide antagonized the antinociceptive effects of 

morphine (Il agonist) and DPDPE (51 agonist) but not those of U69,593 (K agonist) or [0-

Ala2, Glu4]deltorphin (52 agonist), whereas TEA antagonized the anti nociceptive effects 

of [D-Ala2
, Glu4]deltorphin, but not of morphine, DPDPE or U69,593. Glybenclamide 

and TEA had no anti nociceptive effects when administered alone. These results indicated 

that ATP-sensitive potassium channels are involved in mediating the anti nociceptive 

effects of agonists at opioid Il and 51 receptors. In contrast, these channels do not appear 

to be involved in mediating the anti nociceptive effects of agonists at opioid 52 or K 

receptors. However, due to the antagonism of [D-Ala2
, Glu4]deltorphin by TEA, it seems 
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likely that some type of potassium channel is involved in mediating the antinociceptive 

effects produced by activation of opioid 52 receptors. The antinociceptive effects of 

opioid K receptor activation would not appear to involve potassium channels. This is 

consistent with the idea that antinociception produced by activation of opioid K receptors 

involves calcium channels rather than potassium channels. These results also provided 

additional evidence in vivo which supports the hypothesis of sUbtypes of opioid 5 

receptors. 

An additional test of the involvement of ATP-sensitive potassium channels in the 

antinociceptive effects produced by activation of Il and 51 receptors was conducted using 

the A TP-sensitive potassium channel activator, diazoxide (Wild et aI., in preparation; see 

Appendix B). This compound was demonstrated to increase the antinociceptive effects 

of morphine and DPDPE without affecting the antinociceptive actions of [D-Ala2
, 

Glu4]deltorphin or U69,593. Glucose and 2-deoxyglucose were also used to test the 

hypothesis that A TP-sensitive potassium channels are involved in mediating the 

antinociceptive effects produced by activation of Il and 61 receptors (Wild et aI., in 

preparation). The results demonstrated that glucose, a compound which could elevate 

intracellular ATP and close ATP-sensitive potassium channels, was able to antagonize the 

antinociception produced by morphine and DPDPE but not that produced by [D-Ala2
, 

Glu4]deltorphin and U69,593. Further, 2-deoxyglucose, a compound with the ability to 

interfere with the normal production of intracellular A TP and thus open A TP-sensitive 

potassium channels, potentiated the antinociception produced by morphine and DPDPE 

but not by [D-Ala2
, Glu4]deltorphin and U69,593. Taken together, these data provided 
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further support for the hypothesis that opioid j.l and 5\, but not 52 and K receptor mediated 

antinociception involved ATP-sensitive potassium channels. These data also provide 

continued support for the existence of sUbtypes of opioid 5 receptor sUbtypes. 

Adenylate cyclase and opioid antinociception 

Another study in vivo examined the involvement of adenylate cyclase as a second 

messenger which might participate in mediating the antinociceptive effects of opioid j.l, 

5\, 52 and K receptors (Wild et aI., in preparation; see Appendix B). Previous work has 

shown that administration cyclic adenosine monophosphate (cAMP) by direct i.c. v. 

injection to mice produced a significant antagonism of morphine antinociception (Ho et 

aI., 1973). It has also been demonstrated that the phosphodiesterase inhibitor theophylline 

can antagonize the anti nociceptive effects of morphine (Contreras et aI., 1972). In light 

of the antagonism of morphine and DPDPE antinociception by glybenclamide (but not 

TEA), and the antagonism of [D-Ala2
, Glu4]deltorphin by TEA but not glybenclamide, it 

seemed possible that compounds having effects on the adenylate cyclase system would 

have differential effects on these agonists. 

Dibutyryl cyclic AMP (dBcAMP), a lipophilic stable analogue of cyclic AMP, was 

coadministered to mice with either morphine, DPDPE, [D-Ala2
, Glu4]deltorphin, U69,593 

or saline and antinociception was evaluated after 10 min, a time previously shown to 

produce maximal antinociception for each of these agonists. The dose of dBcAMP 

chosen was equimolar to the dose of cAMP previously reported to be effective against 

morphine (Ho et aI., 1973) and produced no measurable antinociceptive or observable 

behavioral effects alone. In agreement with the report of Ho et ai. (1973), dBcAMP 
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antagonized the antinociception produced by morphine, as well as that produced by 

DPDPE. In contrast, dibutyryl cAMP did not alter the antinociception produced by [D

Ala2
, Glu4]deltorphin or that of U69,593. This indicates that inhibition of adenylate 

cyclase may be part of the mechanism of action for antinociception produced by J.l and 

51 but not 52 or K receptor activation. 

If that were the case, antagonism of morphine and DPDPE would also be produced 

by coadministering a compound which interferes with the breakdown of cAMP, such as 

theophylline. Mice received theophylline (10 mg/kg, i.p.) and after 10 min, i.c. v. 

morphine, DPDPE, [D-Ala2
, Glu4]deltorphin, U69,593 or saline were administered and the 

anti nociceptive effects of these compounds evaluated after a further 10 min. Theophylline 

alone did not produce any measurable anti nociceptive or behavioral effect. Pretreatment 

with theophylline, however, antagonized the antinociception produced by morphine, in 

agreement with the results of Contreras et a1. (1972). Theophylline also antagonized the 

anti nociceptive effects of DPDPE. However, this pretreatment did not affect the 

antinociception produced by [D-Ala2
, Glu4]deltorphin or by U69,593. This confirms that 

activation of opioid J.l and 51 receptors may produce antinociception by inhibiting 

adenyl ate cyclase. In contrast, 52 and K receptors produce antinociception by a 

mechanism which may not involve adenyl ate cyclase (Wild et aI., in preparation). 

In all of the studies described thus far, the author of this dissertation collected the 

data with the aid of an undergraduate student assistant. The author of this dissertation 

prepared the manuscripts for publication with the assistance of Professor Frank Porreca. 
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Further, the responses to reviewers were and will be answered by the author of this 

dissertation in conjunction with Professor Frank Porreca. 

BW 373U86, a noveL, non-peptidic opioid 5 agonist 

BW 373U86 has been described as a novel, non-peptidic opioid 5 receptor agonist. 

This description is based upon selctivity for the opioid 5 receptor, compared to 1..1 or K 

receptors, in radioligand binding studies in mouse brain and an opioid 5 agonist profile 

in the MVD/GPI bioassay system (Chang et a1., 1993). We studied the anti nociceptive 

profile of this compound in the mouse warm-water tail-flick test and the acetic-acid 

abdominal-constriction test following i.c. v., i.th., i.p. and p.o. administration (Wild et a1., 

in press, 1993d; see Appendix C). BW 373U86 was found to act as a partial 1..1 agonist 

at higher doses following i.th. administration using the warm-water tail-flick test. Using 

the acetic-acid abdominal-constriction test, BW 373U86 was found to possess 5 receptor 

activity at lower doses when administered i.c. v., i.th. and i.p. but not p.o.. The overall 

conclusion was that BW 373U86 possesses some opioid 5 receptor partial agonist activity 

at lower doses and partial 1..1 agonist activity at higher doses in tests of antinociception in 

the mouse. Thus, although BW 373U86 does not have high selectivity for 5 receptors or 

full agonist activity at 5 receptors, this compound represents an advance in the 

understanding of synthesizing non-peptidic opioid 5 receptor agonists and may lead to the 

development of better compounds (Wild et ai., in press, 1993d). 

In this study, the author of this dissertation collected some of the data together 

with several of the coauthors on this manuscript. The manuscript was written completely 

by the author of this dissertation in conjuction with Professor Frank Porreca. Again, the 
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responses to reviewers (including extra experimentation) were handled by the author of 

this dissertation together with Professor Frank Porreca. 

Studies ill vitro 

Investigations of the thermodynamic interaction between opioid 5 receptors in the 

mouse isolated vas deferens and opioid 5 receptor ligands 

The thermodynamic quantities of change in free energy (b.Go,), change in enthalpy 

(b.HO'), and change in entropy (b.SO') were determined for the interaction of [D

pen2.S]enkephalin (DPDPE) with the 5-opioid receptor in the mouse vas deferens (MVD). 

Specifically, a mouse isolated vas deferens preparation was used to examine the effect of 

temperature on DPDPE-induced inhibition of the electrically-evoked twitch (Raffa et al., 

1992b; see Appendix D). Dissociation constants (KA) for DPDPE were determined at 

several temperatures over the range of 25-40°C from the equiactive concentrations 

obtained before (A) and after (A') partial irreversible blockade of a fraction of the 

receptor population by ~-chlornaltrexamine (~-CNA) plotted as (VA) against (VA') [KA 

= (slope - l)/intercept]. The values of KA increased with temperature over this 

temperature range, indicating that the affinity of DPDPE for the opioid 5 receptor is an 

inverse function of temperature. From these results, the thermodynamic quantities b.Ho, 

and b.So, were determined from a van't Hoff plot of In(KJ against 1fT. The relative 

magnitudes of the change in enthalpy (b.Ho, = 4.78 kcal mol-I), the change in entropy 

(b.So, = 0.044 kcal mol-I degree-I) and the change in free energy (b.Go, = -8.68 kcal mo}"!) 

are consistent with data reported in radioligand binding studies. These results suggest that 

the interaction between DPDPE and the opioid 5 receptor in MVD is an endothermic 
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exergonic reaction, entropy-driven and results in an increase in disorder of the system 

(Raffa et aI, 1992b). 

Dissociation constants (KB) for naloxone inhibition of the actions of [D-Pen2
, D

Pens]enkephalin (DPDPE) in the mouse isolated vas deferens preparation (inhibition of 

electrically-induced twitch) were determined at five temperatures ranging between 25 -

40°C (Raffa et aI., 1993; see Appendix E). The values of KB trended to increase with 

temperature over the range examined, indicating that the affinity of naloxone for the 

opioid 5 receptor is an inverse function of temperature. Using these data, the 

thermodynamic quantities flOo' (change in free energy), flHo, (change in enthalpy) and 

flSo' (change in entropy) were calculated from a van't Hoff plot of In (KB) against lIT. 

The thermodynamic quantities determined in this study in vivo (flOo, = -10.59 kcal mol- i
, 

flHo, = -15.73 kcal mol- i and flSo, = -0.0168 kcal mol-10K- i
) are consistent with data 

reported from radioligand binding studies in vitro and suggest that the interaction between 

naloxone and the opioid 5 receptor in the mouse isolated vas deferens is enthalpy-driven 

(Raffa et aI., 1993). These data represent the first evaluation of the thermodynamics of 

opioid antagonist/receptor interaction in a physiological assay. 

In these two studies, the author of this dissertation was responsible for supervising 

the collection of data by a technician. The data were summarized and statistically 

analysed by the author of this dissertation with supervision by Professor Frank Porreca 

and Dr. Robert Raffa of the R.W. Johnson Pharmaceutical Research Institute. The author 

of this dissertation was responsible for writing the methodology and results sections of 

this manuscript whereas Dr. Raffa and Professor Porreca were primarily involved in the 
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writing the introduction and discussion of the manuscipt. The author of this manuscript 

was also involved in responding to the reviewers. 

Investigation of the nature of the functional opioid 5 receptor in the mouse 

isolated vas deferens 

A bioassay study of the mouse isolated vas deferens (MVD) was conducted to 

determine the nature of the opioid 5 receptor in this tissue (Wild et ai., 1993a; see 

Appendix F). Specifically, we wished to examine this preparation for sUbtypes of opioid 

5 receptors using methodology similar to that which was successful in demonstrating 

sUbtypes in vivo. Thus we used the antagonists 5'-naltrindole isothiocyanate (5'-NTH) and 

[D-Ala2, Leus, Cys6]enkephalin (DALCE) against the agonists DPDPE and [D-Ala2, 

Glu4]deltorphin. Whereas these antagonists produce a two-way differential antagonism 

of DPDPE and [D-Ala2
, Glu4]deltorphin in vivo, a different result was obtained in the 

MVD. DALCE was ineffective as an antagonist against either DPDPE of [D-Ala2
, 

Glu4]deltorphin in the MVD under a variety of conditions, including high concentrations 

and lack of oxygenation to the preparation to prevent possible oxidation of DALCE. In 

contrast, 5'-NTII was effective as an antagonist against both DPDPE and [D-Ala2
, 

Glu4]deltorphin. These results indicated that the MVD may contain only one functional 

sUbtype of opioid 5 receptor and that that sUbtype is most like that which is classified as 

52 in the brain in vivo (sensitive to antagonism by 5'-NTI!). 

A cross-tolerance approach was next employed to test the hypothesis that the 

MVD contained only one functional opioid 5 receptor subtype. The MVD was made 

tolerant to the effects of DPDPE or [D-Ala2
, Glu4]deltorphin and the preparation was 
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examined for cross-tolerance between DPDPE and [D-Ala2
, Glu4]deltorphin. Whereas a 

two-way lack of cross-tolerance has been demonstrated in the brain in vivo, the MVD 

demonstrated a two-way presence of cross-tolerance between DPDPE and [D-Ala2
, 

Glu4]deltorphin. These results further supported the contention that the MVD possesses 

only one functional sUbtype of opioid 5 receptor, and that this sUbtype is likely the 52 

subtype. Thus, the MVD may be a useful preparation for studying opioid 52 receptors 

and screening new compounds for opioid 52 agonist activity. However, the MVD should 

not be the only preparation used for screening new compounds as possible opioid 5\ 

agonist activity might be missed. 

The data of this study were collected by the author of this dissertation with the aid 

of a student technical assistant. The manuscript was then prepared by the author of this 

dissertation under the supervision of Professor Frank Porreca. This manuscript was 

accepted for publication without revision. 

Mechanism of antagonism by [D-Ala2
, Cys4jdeltorphin 

The [Cys4]-substituted analogue of [D-Ala2
, Glu4]deltorphin was synthesized as a 

potential ligand which might bind "irreversibly" at the opioid 52 receptor SUbtype through 

a proposed thiol-disulfide exchange mechanism. The [Ser4]-substituted analogue was also 

synthesized as a control for [D-Ala2
, Cys4]deltorphin. Because the Ser residue does not 

possess the free sulfuydryl group of Cys, this compound would not be able to bind 

"irreversibly" at the opioid 52 receptor SUbtype through a thiol-disulfide exchange 

mechanism. Studies in vivo demonstrated that intracerebroventricular (i.e. v.) pretreatment 

with [D-Ala2
, Cys4]deltorphin, 24 h prior to anti nociceptive testing, could produce 
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antagonism of [D-Ala2
, Glu4]deltorphin- but not DPDPE-induced antinociception in mice. 

Surprisingly, however, the [Ser4]-analogue and even the parent molecule, [D-Ala2
, 

Glu4]deltorphin, had the same antagonistic effect following pretreatment in vivo, while 

pretreatment with an equiantinociceptive dose of [D-Ser,Leus, Thr6]enkephalin, a 

structurally unrelated 52-opioid receptor agonist did not exhibit long-lasting 

antinociceptive actions. These data raised questions regarding- the mechanism of the 

antagonism observed in vivo with the deltorphins. Therefore, a study was conducted to 

explore these issues using radioligand binding techniques (Wild et aI., in press, 1993c; see 

Appendix G). The results of these studies demonstrated a decrease in the Bmax of 

[tyrosyl-3', 5,_3H, D-Pen2
, p-CI-Phe\ D-Pens]enkephalin ([3H]p-CI-DPDPE) (5-opioid 

receptor ligand) following i.c. v. pretreatment of mice (at -24 h) with [D-Ala2
, 

Cys4]deltorphin or [D-Ala2
, Glu4]deltorphin, but not with [D-Ala2

, Ser4]deltorphin, 

suggesting a difference in mechanism of antagonism seen in vivo with these compounds. 

Incubation of mouse whole brain homogenates in vitro with [D-Ala2
, Cys4]deltorphin or 

with [D-Ala2
, Glu4]deltorphin, also resulted in a decrease in the radioligand binding of 

[3H]p-CI-DPDPE. However, this effect was not prevented by coincubation with 

dithiothreitol, a thiol reducing agent, suggesting that the thiol-exchange mechanism does 

not account for the apparent "irreversible" binding of these compounds. Direct evaluation 

of binding using eH][D-Ala2
, Glu4]deltorphin (5 nM) showed that a portion of this ligand 

(Le., about 10% of all specific binding) remained specifically and "irreversibly" bound to 

mouse brain membranes following incubation in vitro and extensive washing. The 

"irreversibly", specifically bound [3H][D-Ala2
, Glu4]deltorphin could be removed, 
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however, by brief exposure of the membranes to a low pH (2.5), high-salt (0.5 M NaCl) 

solution. 'fhese results suggested that [D-Ala2
, Cys4]deltorphin and [D-Ala2

, 

Glu4]deltorphin bind in a "pseudoirreversible" (non-covalent) manner to an 5-opioid 

receptor via a mechanism that apparently does not involve thiol-disulfide exchange. 

The data of this study were collected by the author of this dissertation. The 

manuscript was prepared by the author of this dissertation and Professor Frank Porreca. 

The response to reviewers was handled by the author of this dissertation with the aid of 

Professor Frank Porreca. 

Mechanism of action for BW 373U86 as an agonist at opioid 5 receptors 

As demonstrated above, BW 373U86 is a novel, non-peptidic compound with 

some activity at, and selectivity for, opioid 5 receptors. The sensitivity of BW 373U86, 

and of the peptidic 5 agonists DPDPE and [D-Ala2
, Glu4]deltorphin, to regulation by 

guanine nucleotides and sodium was evaluated in competition studies against the 5 

selective radioligand [3H]naltrindole (Wild et aI., in press, 1993b; see Appendix H). The 

ICso values for DPDPE and [D-Ala2
, Glu4]deltorphin were significantly increased in brain 

and mouse vas deferens in the presence of Gpp(NH)p and NaCl. In contrast, the ICso 

values for BW 373U86 were not altered in the presence of Gpp(NH)p and NaCl in either 

tissue. The data indicate that the agonist properties of BW 373U86 may not be affected 

by the supposed uncoupling of the C( subunit of the G-protein from a receptor thought to 

be G-protein linked. 

This study was the collaborative effort of the author of this dissertation and 

graduate student Lei Fang. The data for radioligand binding in mouse brain were 
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collected by the author of this dissertation in the laboratory of Professor Frank Porreca 

whereas the data for radioligand binding in mouse vas deferens was collected by Lei Fang 

in the laboratory of Professor Hank Yamamura. The response to reviewers was handled 

by the author of this dissertation with the help of Professor Frank Porreca. 

Thermodynamic differentiation of opioid 6 receptor subtypes 

In spite of strong pharmacological support for the existence of sUbtypes of opioid 

5 receptors, radioligand binding studies have only provided limited evidence for the same 

suggestion. Traditional binding techniques usually employ only one temperature to 

measure Kd - this measure is a ratio of the forward and reverse rate constants of the 

reaction between ligand and receptor - this reaction is temperature dependent and ratio 

may fortuitously be very similar at any given temperature. Thermodynamic analysis 

provides a method to intimately characterize the ligand-receptor interaction and may be 

applied for the differentiation of receptors in vitro. In spite of the similarities of the 

dissociation constant for a particular ligand in different tissues at anyone temperature, 

differences in the interaction of ligand and receptor in different tissues may be revealed 

across a variety of temperatures. The use of an antagonist radio ligand such as eH]NTI 

avoids problems of distinguishing between affinity states - [3H]NTI binding is not 

regulated by guanine nucleotides and sodium (Wild et aI., in press, 1993b). We 

hypothesized, therefore, that subtle receptor-ligand interactions could be observed by 

analysis of radioligand binding at multiple temperatures. Further, the chances of 

observing differences in binding parameters, particularly if the receptor(s) are closely 

related (Le. subtypes), may be improved by studying multiple tissues which differ in 
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pharmacological profile, such as brain and spinal cord. The thermodynamics of the 

receptor-ligand interaction might be different for the same radioligand in different tissues 

even though the Kd is similar at a single temperature. Radioligand binding experiments 

were conducted in mouse brain and mouse spinal cord using [3H]NTI to assess the 

validity of these hypotheses (Wild et ai., submitted, 1993e; see Appendix I). 

First, association rate experiments for [3H]NTI binding to mouse whole brain and 

mouse spinal cord membranes at each temperature to ensure that binding is done under 

eqUilibrium conditions at each temperature. Next, the binding parameters for eH]NTI 

were determined using complete saturation studies in mouse whole brain and mouse 

spinal cord across a range of temperatures from 1O-40°C. van't Hoff analysis was 

performed on the results of the radioligand binding experiments to determine the 

thermodynamic parameters of enthalpy (~Ol), entropy (~SOI) and Gibbs free energy 

(~GOI). The binding reaction between [3H]NTI and the B receptor was found to be 

different in mouse whole brain and mouse spinal cord. The binding experiments were 

conducted using exactly the same conditions, including equilibrium conditions for both 

tissues at all temperatures, side-by-side experiments with brain and spinal cord, use of the 

same buffers and the same radioligand. Therefore, differences in the thermodynamic 

parameters identified are likely to reflect differences in the B receptor at which [3H]NTI 

binds in the brain vs. spinal cord. The data may be interpreted to suggest differences in 

the populations of SUbtypes of B receptor which predominate in these two tissues. One 

alternative, but perhaps less likely explanation, is a difference in the receptor mileau (e.g., 
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membrane components) between brain and spinal cord which are revealed at different 

temperatures. 

The NO 108-15 cell line, known to express opioid a receptors, has been used 

extensively to study this receptor (Le., Il and K.receptors not expressed). However, the 

possibility of multiple a receptors in NO 108-15 cells has not been extensively studied. 

An opioid a receptor has recently been cloned from this cell line (Evans et aI., 1992; 

Kieffer et aI., 1992) but it is unclear whether this a receptor is identical or similar to one 

of the SUbtypes proposed pharmacologically in brain or spinal cord. Thus, thermodynamic 

analysis of [3H]NTI binding to opioid a receptors in mouse brain and spinal cord in vitro 

may be compared to similar studies in NO 108-15 cells and might provide a classification 

of the a receptor found in this cell line. This experiment was conducted and NO 108-15 

a receptors were found to be most similar to brain a receptors. These findings suggest 

that the a receptor recently cloned from these cells may be most similar to the SUbtype 

predominately found in the brain. 

The data of this study were collected solely by the author of this dissenation and 

the manuscript was written in collaboration with Dr. Roben Raffa of the R.W. Johnson 

Pharmaceutical Research Institute and Professor Frank Porreca. Response to reviewers 

will be handled by the author of this dissenation with the help of Professor Frank Porreca. 

Characterization of opioid a receptors in the ground squirrel hibernator (Citellus 

lateralis) 

We have studied the binding of [3H]naltrindole ([3H]NTI), a a-selective antagonist, 

in homogenates prepared from the brains of Citellus latera lis in the non-hibernating state 
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(Wild et ai., in preparation; see Appendix J). [3H]NTI labelled two sites, a high affinity 

(Kd of 43 ± 10 pM), low capacity (Bmax of 13 ± 1.6 fmoVrng protein) site and a lower 

affinity (Kd of 783 ± 170 pM), higher capacity site (Bmax of 59.1 ± 4.6 finoVmg protein). 

These findings may provide direct binding evidence for the existence of sUbtypes of 5 

receptors using radioligand binding techniques and suggest that this species may be 

particularly useful for the further investigation of opioid 5 receptor systems. However, 

it is also a possibility that eH]NTI labels other opioid receptor types at higher 

concentrations in this species, such as the opioid Il receptor. Further studies will 

investigate this possibility. 

These studies were conducted primarily by the author of this dissertation with the 

aid of graduate students Stacie Wild and Ed Bilsky. The manuscript was written by the 

author of this dissertation together with Professor Frank Porreca. Response to reviewers 

will be handled by the author of this dissertation with the help of Professor Frank Porreca. 

Opioid K receptor subtypes 

Bioassay study ill vitro 

Opioid K agonists have been demonstrated to display somewhat limited 

effectiveness as anti nociceptive agents in tests of thermal nociception. One possible 

explanation for this is that opioid K agonists may be compounds of low efficacy. 

Unfortunately, the quantitative measurement of efficacy in vivo is difficult, though several 

approaches have been explored through the use of progressive reductions in receptor 

population with non-competitive antagonists (Adams et aI., 1990) or different types of 

anti nociceptive endpoints thought to differ in stimulus type and perhaps intensity (Shaw 
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et aI., 1988). In spite of the importance of efficacy as a variable in the response of 

agonists under conditions of differing stimulus intensity, this concern has not been 

thoroughly studied, probably due to limitations in the ability to quantitatively determine 

this factor. The discovel"j of an opioid K-agonist with high efficacy would represent an 

important advance in that such a compound would be predicted to be highly effective in 

severe pain in man. 

One attempt to determine efficacy has focused on the measurement of the relative 

efficacy of a series of K-agonists using test systems in vitro. Studies from our laboratory 

(Porreca et aI., 1990; Horan et aI., in press; see Appendix K), as well as others, (Leff and 

Dougall, 1989) have examined both the potency and efficacy of a variety of K-agonists 

in producing inhibition of contractions in the standard guinea-pig isolated ileum 

preparation. The reason for comparing the efficacy of these agonists in vitro rests on the 

unproven assumption that if the K-receptors in the guinea-pig ileum are the same as those 

in the central nervous system, then in spite of differences in absolute efficacy in 

transduction of antinociception as opposed to inhibition of contraction of smooth muscle, 

the relative efficacy of a series of compounds should not be different. Using an 

irreversible opioid antagonist, ~-chlornaltrexamine (~-CNA) (Caruso et aI., 1980), to bind 

a fraction of the available receptor sites in this tissue permitted the estimation of the 

affinity (KA) of the compounds, as well as the fraction of receptors occupied at each level 

of effect (Horan et aI., in press; see Appendix K). Thus, a comparison of the percent of 

receptors occupied to produce an equivalent effect by each compound reflects the efficacy 

of the compound. Our data show that most of the K-agonists produce a 50% response in 
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the guinea-pig ileum assay by occupying 2-8% of the available receptors, firmly 

supporting the concept of spare K-receptors in this tissue. This finding would suggest that 

the compounds studied did not differ statistically in efficacy. A notable exception to this 

result, however, is the finding with the novel K-agonist, CI-977 (Hunter et ai., 1990). 

This compound was found to produce a 50% response in the guinea-pig ileum while 

occupying only 0.07% of the available receptors, an indication of significantly greater 

(Le., 33-119 fold) efficacy than any of the other compounds tested. This finding with CI-

977 suggests that this compound should have increased activity in tests of severe 

nociceptive stimulus. 

These studies of the efficacy of opioid K agonists were conducted by the author 

of this dissertation and a technician under the direction of the author of this dissertation. 

The majority of this manuscript was prepared by Peter Horan, a post-doctoral student. 

However, the portion of this manuscript dealing with efficacy data was prepared by the 

author of this dissertation. 

RadioJigand binding approach ill vitro 

Recently, de Costa et a1. (1989) have described the synthesis of the 2-

isothiocyanate derivative of the active enantiomer of U50,488, (-)-UPHIT. Following 

i.c. v. pretreatment to guinea-pigs, (-)-UPHIT was found to completely inhibit the binding 

of the arylacetamide, U69,593. Studies from our laboratory in mice pretreated with (-)

UPHIT, (65 nmoIlmouse, i.c. v., at -24 hr prior to anti nociceptive testing) have shown that 

it selectively blocks the anti nociceptive responses to U69,593, while having no effect to 

those of bremazocine (Horan et ai., 1992). This selective reduction of the anti nociceptive 
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effects of U69,593 was found to be of an extended duration, lasting for up to 48 hrs. In 

contrast, (-)-UPHIT was not found to block the anti nociceptive properties of the selective 

opioid K agonist, CI-977 (Horan and Porreca, unpublished observations), presumably due 

to the higher efficacy of CI-977 in the CNS. This interpretation receives support from 

experiments following pretreatment in vivo with (-)-UPHIT, in which radioligand 

saturation studies in mouse whole brain membrane homogenates revealed a 29.8% 

decrease in number of opioid K receptors labeled by [3H]U69593, with a 4.6-fold decrease 

in the affinity of this radioligand for its binding site (Horan et a!., in press; see Appendix 

K). In contrast, pretreatment with (-)-UPHIT produced no change in the receptor density 

of opioid K receptors labeled by eH]-( -)-bremazocine (in the presence of [D-Pen2, D

Pens]enkephalin, [D-Ala2
, NMPhe4, Gly-ol]enkephalin, and U69,593 all at 100 nM in 

order to block 6, 11 and K1 sites), or its affinity for its binding site. These observations 

provide further evidence of a selective antagonistic action of (-)-UPHIT at an opioid K 

receptor SUbtype which binds U69,593, but not bremazocine. Moreover, they suggest that 

the increased aminociceptive potency of CI-977 in comparison to other K agonists, such 

as U69,593 and bremazocine is due to the greater efficacy of CI-977 in the CNS. 

The data related to radioligand binding studies were conducted by the author of 

this dissertation with some minor assistance from Peter Horan. The portions of the 

manuscript dealing with these experiments were prepared by the author of this 

dissertation. 
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Previous data have indicated that opioid I' and 8 
receptors may act by opening potassium channels in the 
central nervous system (Nonh. 1986). A recent report 
by Ocana et 011. (1990) suggests that morphine antinoci
ception may be associated with ATP·sensitive potas
sium channels. nus conclusion was based on the find· 
ing that the anti nociceptive eHect of morphine was 
antagonized by glyblenclamide. a compound which 
blocks ATP·sensitive potassium channels (Amoroso et 
al •• 1990). but not by tetraethylammonium bromide 
(TEA). a compound thought to act on other types of 
potassium channels (Cook. 1988). This finding raised 
the question of whether opioid 8 receptors are 'linked 
with the same potassium channels as morphine. and 
whether subtypes of opioid 8 receptors are linked to the 
same potassium channels. Evidence suggesting the ex· 
istence oC opioid 8 receptor SUbtypes has now been 
accumulated. and has demonstrated that these receptors 
are activated selectively by [D-Pen2.D-Perr')enkephalin 
(DPDPE) or by [D-Ala2)dellorphin II (Jiang et al.. 
1990; Jiang. Mosberg and Porreca. submitted). The 
purpose of the present experiment was to determine (a) 
whether the antinociceptive actions of DPDPE could 
also be linked to a glyblenclamide·sensi tive potassium 
channel (presumably an A TP·sensitive potassium chan
nel) and (b) whether the anti nociceptive actions of 
[D.Ala2 )deltorphin II were associated with potassium 
channels and if so. whether these channels were also of 
the g1yblenclamide·sensitive type. Additionally. in order 
to validate the data. an opioid /C receptor agonist was 
tested as this receptor is thOUght to be linked to calcium 
channels in the central nervous system (North. 1986) 
and responses mediated through this receptor type 
should be insensitive to potassium channel blockers. 

Male. ICR mice (25·30 g. Harlan) were used. Anti
nociception was determined by recording the latency to 
a rapid tail· nick using warm water (55 0 C) as the noci· 

---
Correspondence 10: F. Porreca. Depulmenl of Ph:umacotogy. Uni· 
venily of Arizona Heal1h Sciences Cenler. Tucson. AZ 85724. U.S.A. 

ceptive stimulus with a cut·off time of 15 s. Mice 
received graded intracerebroventricular (i.c.v.) injections 
of distilled water or vehicle (0.1 % DMSO for [D. 
Alal)deltorphin II only and 2.5% Tween 80 for gly. 
blenclarnide only). morphine sulfate (Mallinckrodt). 
DPDPE, (D.Alal)deltorphin II or U69.S93 (Sigma) 
alone. glyblenclamide (40 I'g) or TEA (40 I'g) alone. or 
co-administered agonist with g1yblenclamide (40 I'g) or 
TEA (40 I'g). All compounds were administered in a 
volume of 51'1; DPDPE and (D-Alal)deltorphin II were 
synthesized as previously reported. Antinociception was 
calculated 10 min after i.c.v. injection using the follow· 
ing formula: % antinociception - 100 X (test latency
control latency)/(15 - control latency). 

The data from these experiments are shown in table 
1. Neither g1yblenclamide. TEA or any vehicle pro
duced any measurable antinociception alone (data not 
shown). In agreement with the results of Ocana et al. 
(1990). the antinociceptive effects of morphine were 
antagonized by g1yblenclamide. but not by TEA. Simi. 
larly. the antinociceptive actions of DPDPE were 
blocked by g1yblenclamide. but not by TEA. As ex· 
pected. the anti nociceptive effects of the Ie agonist. 
U69.593 were insensitive to both glyblenclamide and to 
TEA. In contrast to the results with morphine and with 
DPDPE, however. the anti nociceptive actions of [D· 
Ala%Jdeltorphin II were blocked by TEA. but not by 
g1yblenclamide. 

The present results confirm the previous suggestions 
that morphine antinociception is sensitive to g1y
blenclarnide. implicating ATP·sensitive potassium chan
nels in this effect. Additionally. these data show that the 
antinociception produced by the opioid 8 agonist. 
DPDPE, is also sensitive to glyblenclamide. implying 
that this type of 8 receptor is also linked to an A TP· 
sensitive potassium channel. In contrast to this result. 
however. the data indicate that the effects of another 
highly selective & agonist. [D.Alal)deltorphin II (Jiang 
et al .. 1990). are mediated through a glyblenclamide. 
insensitive potassium channel. That this 8 receptor sub· 
type is also linked to potassium channels is supported 
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TABLE 1 

AlItinociccptive A50 values (and 95' confidence intervals) (or agoruslS acting al opioid RCqltor subt)'pCS in the mouse tail·nick tcsL 

Agonist Cilyblenclimide (CiL YB) 

Alone +40 I'll Cilyb 

MOl11hine 1.462 7.18 
(0.81·2.11) (3.77·10.59) 

DPDPE 21.319 192.93 
(15.52·27.12) (9.94-375.91) 

DeItOl11hin " 12.235 10.664 
(9.1I·1S.J6) (B.JO.I3.03) 

U69,593 2$.477 26.60 
(17.68-33.28) (17.35.35.85) 

by Ihe sensilivilY of the antinoc:iceptive effect of TEA. 
Given the previous evidence linking IC receptors 10 

calcium channels. the lack of effect of either g1y
blenclamide or TEA is not surprising and confirms the 
validity of the present approach. Thus. it appears that 8 
receptor SUbtypes may be linked to different types of 
potassium channels which can be discriminated on the 
basis of sensitivity 10 g1yblenclamide or TEA. These 
g1yblenclamide·sensitive potassium channels (i.e .• pre
sumably A TP-sensitive potassium channels) appear to 
be activated by p. opioids such as morphine as well as 
by the classical 8 agonist. OPOPE. Additionally. the 
present study reveals that a 8 receptor SUbtype. selec· 
tively acted upon by (O-Alazldeltorphin II. produces an 
antinociccptive eUect via TEA-sensitive potassium 
channels. The data confirm the existence of 8 receptor 
SUbtypes and offer novel insights into the mechanism by 
which these receptors may mediate their anti nociceptive 
e{(ects. 

Shi(t 
ralio 

4.9 

9.1 

0.9 

1.0 

Tetnethylammonium (TEA) 

Alone +40 I'g TEA Shift 
ralio 

1.462 1.373 0.9 
(0.BI·2.1I) (0.65.2.09) 

6.2616 6.313 1.0 
(4.72·7.80) (4.24-8.39) 

4.2" 16.945 4.0 
(2.97-5.58) (5.89-28.00) 

16.512 18.3" 1.1 
(9.01.24.01) (10.23·26.48) 
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INTRODUCTION 

Work by North and colleagues and MacDonald and colleagues (see North, 1986 for 

review) has suggested that Jl and 0 receptor activation produces an increase in the membrane 

conductance of potassium, while K: receptor activation produces a decrease in the conductance of 

calcium (Werz and MacDonald, 1984, 1985). The net effect of Jl, 0 or K: activation is to decrease 

neuronal discharge and transmitter release by producing a hyperpolarization of the neurons. The 

basis for these findings has been experimentation done on individual neurons of rat locus 

coeruleus (Williams and North, 1984) and guinea pig submucous plexus, as well as in cultured 

mouse dorsal root ganglion cells (Werz and MacDonald, 1983). Such work has also suggested 

that the potassium conductance changes produced by Jl and 0 receptor activation may be identical 

to those changes in potassium conductance produced by the activation of <X.z and somatostatin 

receptors (North and Williams, 1985). It is unclear at present whether Jl and 0 receptors can co

exist on the same neurons (although an early report by Egan and North (1981), suggests that this 

may be the case), however it seems likely that <X.z adrenergic and somatostatin receptors co-exist 

with Jl and or 0 receptors on a single neuron (North and Williams, 1985; North and Surprenant, 

1985). 

A recent report by Ocana et al. (1990) suggests that morphine antinociception may be 

associated with ATP-sensitive potassium channels. This conclusion was based on the finding that 

the antinociceptive effect of morphine was antagonized by glybenclamide, a compound which 

blocks ATP-sensitive potassium channels (Amoroso et al., 1990), but not by tetraethylammonium 

bromide (TEA), a compound thought to act on other types of potassium channels (Cook, 1988). 

Early work by David et al. (1956) and later work by Singh et al. (1983) showed that 

substances which generate A TP such as glucose could antagonize morphine antinociception, while 

2-deoxyglucose and 2,4 dinitrophenol, compounds which deplete cellular ATP, enhanced morphine 
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antinociception (Singh et al., 1983). The relationship between sugars and opiate analgesia has 

been extensively studied by Dewey and colleagues. Simon and Dewey (1981) have shown that 

morphine antinociceptive potency was reduced in mice pretreated with dextrose or fructose and 

that the potency of morphine was also decreased in streptozotocin-induced diabetic (Le., 

hyperglycemic) mice. Additionally, it is well established that fasting animals (Le., production of 

hypoglycemia) produces an increased potency of morphine (e.g .• Simon and Dewey, 1981) and 

insulin enhances the antinociceptive potency of morphine (David et aI., 1956; Simon and Dewey, 

1981). The mechanisms by which these changes in potency may be occuning appears to be 

related to the regulation of levels of intracellular A TP. This has been explored by Amoroso et 

al. (1990) who showed in slices of rat brain substantia nigra that sufonylureas, of which 

glybenclamide is one, can block A TP-sensitive K+ channels, while glucose, which was shown to 

raise intracellular ATP, closed the channel. These findings provide a basis for the regulation of 

cellular activity in response to compounds which act by way of K+ channels, Le., Jl and B opioids. 

Previous work has indicated that the phosphodiesterase inhibitor theophylline can 

antagonize the antinociceptive effects of morphine, presumably by increasing intracellular levels 

of cAMP (Contreras et al., 1972). It has also been demonstrated that the administration of cAMP 

by direct i.c.v. injection to mice produced a significant antagonism of morphine antinociception 

(Ho et al., 1973). In light of the possible involvement of ATP-sensitive potassium channels and 

cAMP (adenyl ate cyclase) in the antinociceptive actions of morphine, it seemed possible that 

theophylline might produce differential effects on the antinociception produced by B-subtype 

selective agonists. The possible sensitivity of the antinociceptive effects produced by B-subtype 

selective agonists to manipulations of cAMP levels was investigated with theophylline and 

dibutyryl cAMP, a more stable and lipophilic analogue of cAMP. 

The studies discussed above have raised a variety of questions. The first is whether opioid 
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o receptors are linked with the same potassium channels as morphine, and whether subtypes of 

opioid 0 receptors are linked to the same potassium channels. Evidence suggesting the existence 

of opioid 0 receptors sUbtypes has now been accumulated, and has demonstrated that these 

receptors are activated selectively by [D-Pen2
, D-Pens]enkephalin (DPDPE) or by [D-Ala2, 

Glu4]deltorphin (Jiang et al., 1990; 1991). We wished to detennine whether (a) the 

antinociceptive actions of DPDPE could also be linked to a glybenclamide-sensitive potassium 

channel (presumably an ATP-sensitive potassium channel) and (b) the antinociceptive actions of 

[D-Ala2
, Glu4]deltorphin were associated with potassium channels and if so, whether these 

channels were also of the glybenclamide-sensitive type. Additionally, in order to validate the data, 

an opioid 1C receptor agonist was tested as this receptor is thought to be linked to calcium channels 

in the central nervous system (North, 1986) and responses mediated through this receptor type 

should be insensitive to potassium channel blockers. 

The hypothesis that 0 receptor subtypes are linked to different K+ channels offers other 

predictions which can be tested. Thus, the antinociceptive potency of morphine or DPDPE would 

be decreased by compounds which close the A TP-sensitive K+ channel by raising the levels of 

intracellular A TP (Le., glucose, dextrose, fructose), while potency would be increased by 

compounds which open the A TP-sensitive K+ channel directly such as diazoxide, or 2-

deoxyglucose (Le., lowering intracellular A TP). 
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MA TERIALS AND METHODS 

Animals. Male, ICR mice (20-25 g, Harlan, Indianapolis, IN) were used in all experiments. 

Animals were housed in groups of five in a temperature controlled room with a standard light-dark 

(12hr:12hr) cycle (lights on at 7:00 a.m.). Food and water were available continuously. 

Intracerebroventricular Injections. Compounds or vehicle were delivered into the lateral 

cerebral ventricle using a modification of the method of Haley and McCormick (1957) as 

previously described (Porreca et al., 1984). The mice were lightly anesthetized with ether, an 

incision made in the scalp and bregma located. Compounds were injected directly through the 

skull at a point 2 mm caudal and 2 mm lateral to bregma at a depth of 3 mm using a Hamilton 

(Reno, NV) microliter syringe with a 26-gauge needle. All i.c.v. injections were made in a 

volume of 5 pI. 

Test of antinociception. Antinociceptive responses were determined in separate groups of mice 

using water at 55°C as the noxious stimulus. The latency to the first sign of a rapid tail-flick was 

taken as the endpoint according to the method of Janssen et al. (1963). Prior to agonist 

administration, the tail of each mouse was immersed in the water and the latency to flick recorded 

(control latency). Animals not flicking their tails within 5 sec were eliminated from the study. 

This procedure was repeated 10 min after the i.c.v. administration of all agonists, a time 

previously established to be the time of peak antinociceptive effect (Heyman et aI., 1989a,b; Jiang 

et aI., 1990b,c). Animals not fliCking their tails within 15 sec were removed from the nociceptive 

stimulus and assigned a maximal antinociceptive score of 100% in order to avoid tissue damage. 

Antinociception is expressed as: 

% Antinociception = 100 x (test latency - controllatency)/(15 - control latency). All testing was 

done in unanesthetized mice. 

Chemicals. DPDPE and [D-Ala2
, Glu4]deltorphin were provided by Dr. Henry I. Mosberg and 
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synthesized in his laboratory as previously described (Mosberg et al., 1983). Morphine sulfate 

was purchased from Mallinckrodt Chemical Co. (St. Louis, MO). Glygenclamide, 

tetraethylammonium bromide, diazoxide, glucose, 2-deoxyglucose, theophylline and dibutyryl 

cAMP were obtained from Sigma Chemical Co. (St. Louis, MO). 

Procedures. 

Glybenciamide, TEA and Diazoxide. Mice received graded intracerebroventricular (i.c.v.) 

injections of distilled water or vehicle (0.1 % DMSO for [D-Alaz, Glu4]deltorphin only and 2.5% 

Tween 80 for glybenclamide only), morphine sulfate (Mallinckrodt), DPDPE, [D-Alaz, 

Glu4]deltorphin or U69,593 (Sigma) alone, glybenclamide (40 pg) or TEA (40 pg) alone, or co

administered agonist with glybenclamide (40 pg) or TEA (40 J.lg). All compounds were 

administered in a volume of 5 pI; DPDPE and [D-Alaz, Glu4]deltorphin were synthesized as 

previously reported. Similar experiments were conducted with diazoxide (40 J.lg) administration 

and coadministration. 

Glucose and 2-deoxyglucose. Mice received glucose (28 mmol/kg, Lp.) and after 10 min, graded 

doses of morphine, DPDPE, [D-Alaz, Glu4]deltorphin, U69,593 and saline were administered i.c.v. 

and the antinociceptive effects of these compounds evaluated after a further 10 min. Mice 

received concurrent i.c.v. injections of 2-deoxyglucose (15.2 pmol) and either morphine, DPDPE, 

[D-Alaz, Glu4]deltorphin, U69,593 or saline and antinociception was evaluated after 10 min, a time 

previously shown to produce maximal antinociception for each of these agonists. 

Theophylline, dibutyryl cAMP. Mice received theophylline (10 mg/kg, i.p.) and after 10 min, 

graded doses of morphine, DPDPE, [D-Alaz, Glu4]deltorphin, U69,593 and saline were 

administered i.c.v. and the antinociceptive effects of these compounds evaluated after a further 10 

min. Mice received concurrent i.c.v. injections of dibutyryl cAMP (36 pg) and graded doses of 

either morphine, DPDPE, [D-AlaZ, Glu4]deltorphin, U69,593 or saline and antinociception was 
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evaluated after 10 min, a time previously shown to produce maximal antinociception for each of 

these agonists. 

Statistics. All dose-response lines were analyzed using linear regression methods and all data 

points as described by Tallarida and Murray (1986). A minimum of 10 mice were studied at each 

dose level. In cases where the maximal antinociceptive effect was less than 100%, the Aso value 

refers to the dose producing a 50% antinociceptive response (rather than 50% of the maximal 

response). All Aso values shown were calculated only from the linear portion of the dose-response 

curve. 

RESULTS 

Studies with g/ybenclamide, TEA and diazoxide 

Neither glybenclamide, TEA or any vehicle produced any measureable antinociception 

alone (data not shown). In agreement with the results of Ocana et al. (1990), the anti nociceptive 

effects of morphine were antagonized by glybenclamide, but not by TEA (see Table 1). Similarly, 

the anti nociceptive actions of DPDPE were blocked by glybenclamide, but not by TEA (see Table 

1). As expected, the antinociceptive effects of the lC agonist, U69,593 were insensitive to both 

glybenclamide and to TEA (see Table 1). In contrast to the results with morphine and with 

DPDPE, however, the antinociceptive actions of [D-Ala2
, Glu4]deltorphin were blocked by TEA, 

but not by glybenclamide. 

Diazoxide produced effects opposite to those produced by glybenclamide; the 

antinociceptive potency of morphine and DPDPE were enhanced (see Table 2). In contrast, 

antinociception produced by [D-Ala2
, Glu4]deltorphin and U69,593 were not affected (see Table 

2). 

Studies with glucose and 2-deoxyglucose 

Neither glucose, 2-deoxyglucose or any vehicle produced any measureable antinociception 
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alone (data not shown). In agreement with the results of David et al. (1956) and Singh et "aI. 

(1983), the antinociceptive effects of morphine were antagonized by glucose and enhanced by 2-

deoxyglucose (see Table 3). Similarly, the antinociceptive actions of DPDPE were blocked by 

glucose and enhanced by 2-deoxyglucose (see Table 3). As expected, the antinociceptive effects 

of the K agonist, U69,593 were insensitive to both glucose and 2-deoxyglucose (see Table 3). In 

contrast to the results with morphine and with DPDPE, however, the antinociceptive actions of 

[D-Ala2
, Glu4]deltorphin were not affected by either glucose or 2-deoxyglucose (see Table 3). 

Studies with theophylline 

Theophylline alone did not produce any measurable antinociceptive or behavioral effect. 

Pretreatment with theophylline, however, antagonized the antinociception produced by morphine, 

in agreement with the results of Contreras et al. (1972), as well as those of DPDPE. However, 

this pretreatment did not affect the antinociception produced by [D-Ala2, Glu4]deltorphin or by 

U69,593. These data are summarized in Table 4. 

Studies with dibutyryl cyclic adenosine 3', 5'-monophosphate (dibutyryl cAMP) 

The dose of dibutyryl cAMP chosen was equimolar to the dose of cAMP previously 

reported to be effective against morphine (Ho et al., 1973) and produced no measurable 

antinociceptive or observable behavioral effects alone. In agreement with the report of Ho et al. 

(1973), dibutyryl cAMP antagonized the antinociception produced by morphine, as well as that 

produced by DPDPE. However, dibutyryl cAMP did not alter the antinociception produced by 

[D-Ala2, Glu4]deltorphin or that of U69,S93. These data are summarized in Table 4. 
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DISCUSSION 

The present results confirm the previous suggestions that morphine antinociception is 

sensitive to glybenclamide, implicating A TP-sensitive potassium channels in this effect. 

Additionally, these data show that the antinociception produced by the opioid 0 agonist, DPDPE, 

is also sensitive to glybenclamide, implying that this type of 0 receptor is also linked to an A TP

sensitive potassium channel. In contrast to this result, however, the data indicate that the effects 

of another highly selective 0 agonist, [D-Ala2
, Glu4]deltorphin (Jiang et al., 1990), are mediated 

through a glybenclamide-insensitive potassium channel. That this 0 receptor subtype is also linked 

to potassium channels is supported by the sensitivity of the antinociceptive effect to TEA. Given 

the previous evidence linking K receptors to calcium channels, the lack of effect of either 

glybenclamide or TEA is not surprising and confirms the validity of the present approach. Thus, 

it appears that 0 receptor SUbtypes may be linked to different types of potassium channels which 

can be discriminated on the basis of sensitivity to glybenclamide or TEA. These glybenclamide

sensitive potassium channels (i.e., presumably ATP-sensitive potassium channels) appear to be 

activated by J.l opioids such as morphine as well as by the classical 0 agonist, DPDPE. 

Additionally, the present study reveals that a 0 receptor subtype, selectively acted upon by [D

Ala2
, Glu4]deltorphin, produces an antinociceptive effect via TEA-sensitive potassium channels. 

The data confirm the existence of 0 receptor subtypes and offer novel insights into the mechanism 

by which these receptors may mediate their anti nociceptive effects. 

The findings that diazoxide, glucose and 2-deoxyglucose affect the antinociception 

produced by morphine and DPDPE, but not [D-Ala2
, Glu4]deltorphin in predictable ways (based 

on the results obtained with glybenclamide and TEA) support the notion that ATP-sensitive 

potassium channels are differentially involved in the antinociceptive mechanisms of opioid 0 

receptor subtypes. Additionally, circumstantial evidence supports a novel mechanism by which 
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glucose/2-deoxyglucose may modulate opioid antinociceptive potency, i.e., via modulating levels 

of intracellular ATP. 

Results with theophylline and dibutyryl cAMP also suggest that the 0 receptor subtype 

activated by DPDPE (as well as the opioid J.1 receptor may be linked to its effector system through 

a cAMP mechanism while the 0 receptor subtype activated by [D-Ala\ Glu4]deltorphin is not. 
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Table 1. Antinociceptive Aso values (and 95% confidence intervals) for morphine, DPDPE, [D-

Ala2
, Glu4]deltorphin and U69,593 (95% C.L.) alone and in the presence of glybenclamide or TEA 

(i.e. v.) and shift ratios in the mouse tail-flick test. 

GLYBLENCLIMIDE (GLYB) TETRAETHYLAMMONIUM 

(TEA) 

Agonist 
Alone +40 ~g Glyb Shift Alone +40 ~g TEA Shift 

(nmol) (nmol) Ratio . (nmol) (nmol) Ratio 

Morphine 1.462 7.18 4.9 1.462 1.373 0.9 

(0.81-2.11) (3.77 -1 0.59) (0.81-2.11) (0.65-2.09) 

DPDPE 6.87 76.72 11.2 6.26 6.31 1.0 

(5.63-8.13) (41.99-111.46) (4.72-7.80) (4.24-8.39) 

Deltorphin 3.82 5.53 1.4 5.47 21.669 4.0 

II (3.10-4.53) (3.62-7.43) (3.80-7.14) (7.53-35.8) 

U69,S93 25.477 26.60 1.0 16.512 18.355 1.1 

(17.68-33.28) (17.35-35.85) (9.01-24.01) (10.23-26.48) 
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Table 2. AsoS (nmol, i.e. v.) of Morphine, DPDPE, [D-Ala2
, Glu4]deltorphin and U69,593 (95% 

C.L.) alone and in the presence of diazoxide (40 pg, i.e.v.) and shift ratios in the mouse tail-flick 

test. 

Agonist Control + Diazoxide (40 p.1g) Shift Ratio 

Morphine 1.46 (0.81, 2.11) 0.48 (0.11, 0.85) 0.32 

DPDPE 6.88 (5.63, 8.13) 4.90 (4.07, 5.73) 0.71 

[D-Ala2
, 3.82 (3.10, 4.53) 4.85 (3.06, 6.64) 1.27 

Glu4]deltorphin 

U69,S93 20.99 (13.34, 28.64) 23.75 (18.88, 28.62) 1.13 
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Table 3. A5"s (nmol) of Morphine, DPDPE, [D-Ala2
, Glu4]deltorphin and U69,593 (95% C.L.) alone 

and in the presence of glucose and 2-deoxyglucose (2-DG) with shift ratios in the mouse tail-flick test 

Agonist Control +Glueose (28 Shift Ratio +2·DG (15.2 Shift Ratio 

mmol/kg, i.p.) pl13ol, i.e.v.) 

Morphine 1.46 28.24 19.34 0.61 0.42 

(0.81,2.11) (14.06, 42.42) (0.41,0.81) 

DPDPE 6.88 43.56 6.33 1.78 0.26 

(5.63,8.13) (25.03,62.09) (1.17,2.39) 

[D.Ala1, 3.82 5.43 1.42 4.59 1.20 

Glu4]deltorphin (3.10, 4.53) (3.31, 7.55) (3.71, 5.47) 

U69,593 20.99 17.06 0.81 21.64 1.03 

(13.34, 28.64) (12.39, 21.73) (19.07,24.22) 
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Table 4. As~ (nmol) of Morphine, DPDPE, [D-Ala2
, Glu4]deltorphin and U69,593 (95% C.L.) alone and 

in the presence of thcophyllinc (Thco) and dibutyryl cyclic AMP (dBcAMP) with shift mtios in the 

mouse tail-flick test. 

Agonist Control + Theophylline Shift Ratio +dBeAMP Shift Ratio 

(10 mg/kg, i.p.) (36 JIg, i.e.v.) 

Morphine 1.46 20.64 14.14 9.48 6.49 

(0.81,2.11) (12.99,28.29) (2.63, 16.34) 

DPDPE 6.88 40.82 5.93 35.89 5.21 

(5.63,8.13) (30.91,50.73) (24.71,47.07) 

[D.Ala2
, 3.82 5.84 1.53 3.86 1.01 

Glu4]deltorphin (3.10, 4.53) (3.41,8.27) (3.17,4.55) 

U69,593 20.99 21.66 1.03 20.46 0.97 

(13.34, 28.64) (15.53, 27.78) (8.88, 32.04) 
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ABSTRACT 
This study explored the antinociceptive properties of (±~:} 
~2S' .5R')-4·allyl.2.5-dimethyl.1,piperazinoljr.3-hydroxybeniYJlo. 
N.N-dlethyl·benzamlde dihydrochloride (BW373U86) a non pep
tldic compound proposed to be a delta opioid agonist, using 
three models of nociceptlon and four routes of administration in 
mice. BW373U86 produced dose- and tJme-dependent. nalox· 
one-sensitive antinociceptJon in both the tail·flick and tail-pincl1 
assays when given Intrathecally (1.1.). However, at doses up to 
187 nmol/mouse. I.c.v. BW373U86 was Inactive in the tail-flick 
or taiJ.pinch assays. Additionally, at doses up to 187 "moJ/kg, 
BW373U86 was not active after I.p. or p.o. administration in 
Ihese endpoints. Further, In the tall·fIIck test, I.c.v. BW373UB6 
did not antagonize the antinociceptive eHeets of I.c.v. [o-Perr.o
Penl]enkephalln or [p.Ala2,Glu·]deltorphin, but partially antago
nized the eHeets of i.c.v. morphine. In the acetic·acid abdominal 
constriction assay, BW373U86 produced dose-dependent anti· 

The now well·established concept of multiple opioid recep· 
tors wu initially proposed on the basis of profiles of action for 
c:enain prototype opiates in animal models in lJiUD (Martin et 
aL. 19;61. Investigations using prototype nanpeptidic opiate 
IIJ!OniJtlled to the postulated exisunce of apioid mu and Iwppa 
'U well u pollllibly ~lIlma, opioid receptors (Martin et aL,1976; 
GiJben and Martin, 19761. In contl'll8t, Kosterliu and col. 
leques potrulated the emtence of a navel apioid receptor type, 
the cUlla opioid receptor, on the basis of relative rank order of 
potency at' .Jpiate alkaloids and enkephalins (Hughes et aL, 
!9';'Slm t .... o bioU88YI in L'Uro (Lord et aL. 1977). Understand. 
ing the pbarmacology ot' the tkll4 opiaid receptor in uiuo proved 
diffICult, in pan. because of 1\ the lack of biological stability of 
IMet'I' or ILeu'lenkephalin (Hambrook et aL, 1976; Cowan et 
aL. 19i61, and 21 a relative lack of seleetivity of these endoge. 
nous cUlla apiaid ligands (Hughes et aL. 1975). Attempts to 
stabilize these pep tides by incorporsting unnatural D'wnino 

Rec.,vtd lor puoliuuOD Apnl 12. 1!I93. 
, 5upporud by • EiaMarcD Gr.,,, from BIUTOUIl>a WeUcom. Comp&DY. 

nociceptive eHects when given by the i.p., i.c.v. or i.t .. but not 
by the p.o .. routes. Intrathecal BW373U86 was 663-fold more 
potent in the abdominal constriction assay than when given by 
the same route in the tail·flick test. The eHeets of an A,o dose of 
i.p. or i.c.v. BW373U86In the abdominal constriction assay were 
partially antagonized by i.c.v. naloxone. but not by i.c.v. N,N
diallyl·WAib-Alb-Phe-Leu·OH, where Alb Is a·aminoisobutyric 
acid (ICI·174.864) or naltrindole. In contrast, 1.1. naloxone, ICI· 
174,864 or naltrindole antagonized the antinociceptive eHeet of 
i.p. or I.t. BW373U86 in the abdominal constriction assay. These· 
data suggest that BW373U86 can be clas'3lfied as a partial opioid 
agonist with actions at delta as well as mu receptors. The actiOns 
of lower doses of BW373U86 at spinal levels appears to Involve 
a delta mechanism whereas supraspinal eHeets appear to be 
aSSociated with Interactions at mu sites. 

acids into the peptide sequence (Pert et aL, 1976) resulted in 
compounds such as DADLE. Though such compounds were 
stable and suitable for studies in uiuo, they maintained only 
very limited selectivity for the della opioid receptor (Chang and 
Cuatrecasas, 1979; Moaberg et aL, 1983). 

The development of suitable tools for the investigation of 
delta opioid receptor pharmacology had to await the develop. 
ment of biologically stable and selective delta opioid receptor 
agonists and antagonista. The first examples of such molecules 
were DPDPE (Mosberg et at, 1983) and ICI·174.B64 (Cotton 
et aL, 1984), a selective delta opioid agonist and antagonist. 
respectively. DPDPE, and the more recently discovered natu· 
rally occurring delta opioid receptor agonist ID·A!a:, Glu'] 
deltorphin (Erspamer et aL, 1989; Krell et aL. 1989), have been 
shawn to be capable of eliciting antinociception in rsta and 
mice at both supraspinal (Porreca et aL, 1984, 1987a,b; Galligan 
et aL, 1984; Jensen and Yaksh, 1986; Heyman et aL,1987,19B8; 
Take!"ori and POrtoghese, 1987; Jiang et aL, 1990a,b. 1991; 
Mattia et aL, 1991. 1992) and spinal (Tung and Yaksh. 1982; 
Porreca et aL, 1984. 1987a,b; Hevman et aL 1987' Drower et 
aL, 1991) sites. .,' 

ABBREVIATIONS: OAOLE.lo-AJr.a-L.eu'lenk8Pl1a1Jn: DPDPE. la-Perro a-Pen')enkePll8lin: ICI·174 864 N N-diall J. WAlb-A1b-Phe-Leu-OH (Alb 
anutlOISODUtync aCid I: [a-Alaz.GJu')detIOlPh,n. Tyr'D.AIa.Phe-GIuoVaJ.VaJ.Gly-NH,: BW373U86. (:!:..4;(~,~ ... [(J, 5R')-4-eU 2 5-d,mel 1.pt~ 
az'nyl!-3-hydroxyDenzyl~N.NodllltrlylbenZBm'de: DAMGO. Tyr-o-Aia-Gly~MeH'he-GIY-DI: Sfl naltnnc!ole' U69 593' 5 7 8J~')oN I:7::N 7 1 
pylTOltOtnyl)-1-Dxasptr()(4,5)dec-8-yl)benzene aC8lam,ae: 1.1 .. ,nlralnecaJ: C.L .. conliaence Itmt\~. 1 FNA . ~or BNI . II. fl. - -me y 0( 0( • 

~ • , • it, • ;~:~n.orpnlmlne. 
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The development of compounds with high selectivity for delta 
opioid receptors remains a therapeutically useful goal. There is 
indication that use of such compounds may result in less 
frequent or "severe" physical dependence compared with mu 
opioid agonists (Cowan et aL, 1988). Further, such compounds 
may stimulate rather than depress ventilatory functions (Cheng 
and Szeto, 1991; Dr. Thomas H. Kramer, Department of Anes
thesia, University of Pennsylvania, personal communication). 
Although significant progress has been made in modifying 
characteristics of delta opioid receptor-selective pep tides, which 
may make these compounds therapeutically important in the 
future (Rapaka and Porreca, 1991), problems remain in achiev
ing significant penetration of the blood-brain barrier and ab
sorption from the gastrointestinal tract. The identification of 
a highly selective and nonpeptidic delta opioid agonist could 
lead to further insights into structural requirements for activity 
at delta opioid receptor sites, and an opportunity to overcome 
problems of absorption from the gastrointestinal tract and 
penetration into the brain. We recently identified BW373U86, 
a nonpeptidic molecule that shows a delta opioid profile in uitro 
(Chang et aL, 1993). This compound shows good affinity for 
delta opioid receptors (K, lit 1.8 nM) and moderate affinity for 
mu opioid receptors (K, .. 15 nM)(Chang et aL, 1993) in rat 
brain. BW373U86 potently (~ .. 0.2 nM) inhibits the twitch 
of the electrically stimulated mouse isolated vas deferens (Hen
derson et aL, 1972) through delta opioid receptors (Chang et aL, 
1993) and shows weak potency (~ .. 143 nM) (Chang et aL, 
1993) in the electrically stimulated guinea pig isolated ileum 
(Gyang and Kosterlit:. 1966), 8 pattern typical of delta opioid 
agonists. Though the delta opioid receptor selectivity of this 
compound in rat brain using radioligand competition IIII8IlYS 
(mu/delta dissociation constant ratio of 8.3) is diaappointing, 
the selectivity seen in peripheral bioassays (mu/delta potency 
ratio of approximately 700) compares well to peptidic opioid 
delta receptor agonists (Mosberg et aL, 1983; Akiyama et aL, 
1985; Goldstein and James, 1984; James and Goldstein, 1984). 

Based on the profile of,BW373U86 in uitro, especially in the 
peripheral bioassays, the present study explored the antinoci
ceptive profile of this compound in the mouse using three tests 
of antinociception and four routes of administration. Addi
tionally, in order to compare our results in uiuo with the profile 
of BW373U86 in uitro, we determined the affinity of this 
compound at opioid receptor types using radioligand binding 
in mouse brain and spinal cord membranes. 

Materials and Methods 

Animals 

Male ICR mice I Harl~ weighing approximately 25 to 35 g were 
used throughout thia study, They were housed in light. and tempera' 
ture·controlled room. and were given food and water ad libitum until 
immediately beCore testing. Studies were carried out in accordance with 
the Declarauon DC Helsinki and with the Guide (or the Care and Use 
DC Laboratory Animals as adopted and promulgated by the National 
Institutes DC Health. 

Radlollgand Binding 

Mice were decapiulted under light ether anaesthesia and whole brain 
(including cerebellum I and spinal corda were removed and homogenized 
using a polytron Ion the lowen .etting) at 4'C in 25 volumes of 50:5 
mM Tril·HCI:MgCl, buffer adjusted to pH 7.4. The tiaaue homogenate 
wes centriCuged at 48.000 X /l (or 20 min and the pellet resuspended in 
25 volume. o( iresh bufCer and incubated at ~5-C Cor ~O min in an 
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attempt to dissociate and remove endogenous opioid peptidea. ACter 
this incubation period. membranes again were centrifuged and resus· 
pended in Cresh bu(Cer at an appropriate concentration Cor use in 
radioligand binding competition studies. 

['HIDAMGO was used at a concentration of 2 nM to label mu opioid 
receptors with an incubation period DC 360 min at 25'C. ['HINTI was 
I15ed to label deil4 receptors and competition Itudies were performed 
at a concentration of 0.15 nM (brain I or 0.3 nM (spinal cord) at 25'C 
reaching equilibrium by3 hr. ('HIU69.593 was used at a concentration 
DC 2 nM with an incubation period DC 1 hr at 25'C to achieve equilibrium 
binding. At least 10 concentrations DC BW373U86 were used over a 5 
log concentration range. Nonspecific binding was defmed with 10 ,.M 
nolozone. Incubations were in 1 ml final volume DC Tria/MgCl, (50:5 
mM) with 1 mg/ml oC bovine serum albumin and 100 11M PMSF (final 
co~centration8). Final protein concentration was approzimately 600 
IIg/mlll"HIDAMGO and I'HINTII or 1200 IIg/ml (('H1U69593), as 
determined by the Lowry method. Incubationa were terminated by 
rapid filtration tbrough Whatman GFIB filter atrips previously soaked 
in 0.1 % polyethylenimine Cor at least 0.5 hr. The filtered membraneD 
were washed three times with 4 ml oC ice· cold 0.9% saline and radio· 
activity was measured using a liquid scintillation counter with >45% 
efficiency. 

Intracerebroventricular Injection Technique 
Compounds were given by direct administration into the lateral 

ventricle according to the modified method DC Holey and McCormick 
(1957) as previously described (Porreca et aL, 1984). Tbe mouse was 
lightly anesthetized witb ether, an inciaion was made in the acaIp and 
the injection was mada 2 mm lateral and 2 mm caudal to bregma at a 
depth DC 3 mm using a 10-,.! Hamilton microliter syringe with a 26-
geup needle. Intracerebroventricular injectioDi were mads using a 
volume oC5,.J. 

Intrathecallnjectlon Technique 
Intrathecal injections were given into the apinalaubarachnoid apace 

at the LS·L 7 level usin!! tbe method of Hylden and Wilcoz (1980) as 
modified by Porreca and Burka (1983). Lumbar punctures in unanes
tbetized mice were made using a 10-,.! Hamilton ayringe fitted with a 
30·gauge needle. All drup were administered in a constant injection 
volume of 5 III. 

Intraperitoneal and Oral Injections 
Compounda were given by these ~temic routea using a etandard 10 

mllkg volume. 

Antlnoclcaptlve Tests 
Warm-water tail·nlck test. Antioociception was determined 

using the tail· flick teat with 55'C warm water as the nociceptiva 
stimulus (Heyman et ~ 1986). On test day, predrug control latencies 
were determined and mice not responding within 5 sec were eliminated 
Cram tbis sWdy. After drug administration, the latency to tail nick was 
agoin determined. The mazimal poaaible latency allowed was 15 sec to 
avoid tissue damage. Mice not responding within 15 sec received the 
higbest poaaible score of 100% antinociception. Percent antinociception 
was calculated according to tbe foUowing Cormula: 

% antinociception - 100 x (postdrug IatencF predrug latency) , } = /(15 - predrug latency) 

Each animal was tested only once. 
Tall-pinch test. Tail·pinch aaaays were conducted in a quanta! 

Cashion by determining the number DC animola per ten group of 10 to 
12 at each dose that demonstrated a biting response to the application 
DC an anery clip at the base of the tail. 

Acetic acid abdominoJ conatriction test, The procedure w ...... 
described bv Porreca et aL (1987bl. Each mouse received 0.6% acetic 
acid injected i.p. in u volume DC 10 milks:. 5 min after adminiatration 
DC i.c.v. or i.t. lest compound. ur 20 min alter i.p. or p.o. test compound. 
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ACt~r a 6.~in del a)" the animall were obaerved for an addiLional5 min, 
dunng which the number of abdominal conauictiOD rnpoaaa .... 
cou.nted. The number of abdomiaa.\ coaauic:tion rapoaaa in aach tat 
~nod.w~ normalized to the mean nwaber abOWll by tha CODtIOl poup 
(u., diuliled watervehicJe). Pef'C1!Dt antiaocicepLioD wu azpraaad u: 

100 x (mean control resPOIllaI mean tat rnpoaael/ 
(. ) e (mean COUtlOJ respollHS). 

EvaluatioD oC BW373U86 U aD aDtagODiaL Due to Jack of activity 
of i.c.v. BW373U86 in the tail·ruck and tail.pinch caca. a relatively 
high do.e of thb compound (112.0 DDlol), or ..une ... u pveD i.c.v. 10 
miD before anLinociceptive doau of either DPDPE (31 DDlOI) or [D. 
AJa'.Glu'Jde)torphia (10 amol); antiaociception .... evaluated IWDC 
the tail·ruck test after an addit.ional 10 min. Aao. i.c.v. BW373U86 
(112.0 DDlOI), or sallae ..... coadminiItered with I2'lcied doles of 
DPDPE (5.0, 10.0,20.0 or 30.0 amol), [D.AJaI,Glu'Jdeltorphia (0.3. 1.0. 
3.0 and 10.0 nIDal) or morphiae aulfate (1.1. 3.0. 10.3 or 30.5 DDlOI); the 
anLinoci~ptive e£feeu of these papacies and morphiae were cated 10 
min after adminiuretioD, the time of peak anLinociceptive .£fect (Jimg 
et aL, 1990a.b, 1991). 

EvaluatioD oC poulble modulatory aCCecta at BW373U86 aD 
morphiae anUnociception. A do.e of BW373U86 (56.0 DDlol) that 
did DOt produce antiaoc:iceptioD after i.c.v. administratioD in the tail· 
ruck tat, or sallae vehicle .... coadmiaiatered with IJ'Ided i.c.v. do ... 
of morphine and antinocicepLioD wu uaeued after 10 min. In order 
to coDfirm the modulatory efrecu oC cU/ta.qoDista, a 1I01Wltiaoc:icep
tive do.e of DPDPE wu coadmiaiatered with i.c.v. morphiae and 
antiaoc~ption wu aueaed after 10 mIa, u previouaJy described 
(Heyman It aL. 1989a.b; Jiang It aL. 1990a.b, 1991). 

Chemlcall 

BW373U86 .... 'YI!thnized by standard approach" and drug aolu· 
tiona were prepared in diaUlled water. Morphine 1I1Ilata. Il&iDSOlle 
hydrochlorida,ICI.174,864. and DaltriDdole were purchued from com· 
IIIln:ia1lUppliera. DPDPE md [D·AJaI.G1u'Jdeltorphill were PIlIrDUI 

IiftI of Dr. Heary L MOIberc (College of Pbarmacy, UDivenity of 
MichipD, AIIII Arbor. MIl. 

Data Analyses 

~
diouglllld binding inhibition date were llIIalyzed using a microcom· 

tor and MlNSQ (Miczomath Software. Salt Lake City, UTI, a 
III curve·filLing packqt which utiIizIII nonlinear repaaion 

yell hued on one or two illdepelldent lite modela. ImproveDllllt ill 
t from mult.iple-lite analyaia wu determilled by the F·retio test. 1(, 
un were determined uaillr the Cbellg·Pruaoff equation. 1(, - Ie..! 

(~ + ([LJlK.I. 
Data for the tail·ruck IlIId acetic·acid abdomiDal conmiction uaaye 

are presented u the mellll (:: S.E.) of at leut 8 to 10 mice per pwp. 
IUrnuion Une. IlIId "'" valUH (Le., do .. producing a 50~ antinoci· 
captive ftlPOI1lll) with 96% C.L. were determilled with individual date 
poilltl uaing procedure 8 in the computer program of Tallarida IlIId 
Murray (19871. Date from variOUl treatment eroUPI were evaluated 
uaillr llIIalye~ of varillllce followed by StudeDt's t test where lignifi· 
CIlllC8 wu indicated. Data from the tail·pinch .... y were ezpraaad 
qUllltaily lIJiIIg 10 mi~ per croup and lIIaIyZed using the method of 
Litchfield IlIId Wilcoxon (1949) by procedure 46 of the program oC 
TalJarida and Mumy (1987). 

Results 

Radioliglllld binding studies in mouse brain and mouse 
spinal cord. Competition studies using BW373US6 against 
['H)DAMGO. ["HINTI and ["H)U69.593 demonstrated that 
BW373US6 has good affmity at mu. delta and kaooa sites in 
~oth mouse brain and mouse spinal cordl(table l).IAt both 
lirain and spinal sites. BW373US6 showed the highest affinity 

BW373U86·lnduced AnlinocicapUon 

TABLE 1 
K, values (nMllor BW373U86 at mu. del,. and kIIppa receptors in 
mau •• whole brain and mouse spinal cord membl'llne preparaUon. 

/.Iu/Ota ICI/lI»/Ota 
RallO RIIIO 

11M 

Brain 21.4 :: 16.6 22.2:: 20.4 0.93:: 0.83 23.0 23.9 
Spinal cord 14.8:: 11.8 11.3:: 8.2 D.74:: 0.44 20.0 15.3 

t.J 
vi so 
-II 

% 
0 60 ;:: 
0. 
Lo.I 
U 
U 40 
0 
Z 
;:: 
% 20 < 
~ 

TIME (min) 

Fig. 1. TIJTHIof8Sp0ns8 curves for I.th. BW373U86 given at 5.6 (0). 18.7 
(Vj, 56 (t:l) and 187 (0) nmoI in the we.rm-water taiJ.1IIck test. 

for delt4 receptors with lower and euentially equal affinity for 
mu and kappa receptors. BW373U86 showed equal affinity at 
cklta lites in both brain and spinal cord sites. but showed 
somewhat higher affinity (though nonsignificant) for mu and 
kappa sites in spinal cord compared to these receptor sites in 
brain. The selectivity of BW373US6 for delta sites compared 
tQ mu or kappa sites in these tissues ranged from 15· tQ 24·{0Id 
(table 11. 

Warm-water tail-flick test and tail-pinch test. Admin· 
istration of BW373US6 by the i.p .. p.o. (lS.6, 56 or lS7 /lIllol/ 
kg) or i.c.v. (lS.7, 56, or lS7 nmol) routes failed tQ elicit 
antinociception when evalusted at times ranging from 10 tQ 75 
min after administration (data not shown). Time- and dose
related antinociception was roduced i.t. administration 
of BW373US6 in both tests (ii • 1 and 21. The i.t. A.D values 
(nmol and 95% C.L.) of BW373 86 were 30.5 (23.3-39.2) and 
11.4 (6.7-1S.9) in the tail·t1ick and tail·pinch tests, respectively. 
In both tests, the effect persisted for at least 60 min at the 
highest dose tested. The antinociceptive effect of i.t. 
BW373US6 was signllicantly antagOniud by i.t. administration 
of naloxone (9.2 nmol: -20 min)~a1ues were iIIcreaaed 
2.6. and 1.S.fold in the tail.t1ick~and tail.p.inch testa, 
respectively. Coadministration (i.t.) of a Cielta Hlectlve dose of 
ICI.174.S64 (4.4 nmoll failed to antagonize significantly 
BW373US6 in the tail· flick test, but did shift the dose .. ffect 
curve 1.5.fold to the right (table 2). Pretreatment i.e: with a mu 
selective dose of P.FNA (0.052 nmol at -4 hrl (JIang et aL, 
1990a) significantly anUlgonized the effects of ~W373US6, 
though the dose.effect curve was displaced to the nght by only 
l.S.fold. Administration of a kappa selective dose of nor.B.NI 
(1 runol at -20 min/IHoran et aL. 1991, 1992b: J. M~COI'InJ.ck 
and F. Porreca. ~npublished~ observati~ns). res~ted. m n°tail~: 
nificant antagonism of BW3,3US6 antmOClceptJon m the 
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TABLE 2 
Antlnoc:lcepUve At. valu .. for BW373U86 (Lt., -10 min) alona or In 
the pre.enca of filed do.e. of nalolone (9.1 nmoll.t., -20 min), lei 
.lZ48B4..t4.4 nmol Lt., -10 minI, p·FNA (0.052 nmol Lt., -4 hr) or 
nor·BNI!ltnmol Lt., -20 minI In the mouae warm·waler tall·fllcIc 

Trennn Aoo(Cl.), Sliftfllllll 

Control 
Naloxone 
101174864 
fJ.fNA 
nor-BNI 

tmDI 

30.5 (23.3-39.2) 
78.5 (55.2-102.0) 
44.0 (18.2-69.8) 
54.4 (39.4-75.0) 
31.2 (21.2-46.0) 

• Confidence Iimrts (c.L.) In parentneses. 

2.6 
1.5 
1.8 
1.0 

flick assay (table 2); the shift· ratio for the BW373U86 dose· 
effect curve following nor·BNI was 1.0. 

Coadministration of i.c.v. BW373U86 (112 nmol) did not 
antagonize or enhance the antinociceptive effects of either 
DPDPE or [D.Alaz,Glu'ldeltorphin in the mouse tail·flick test; 
the respective Au, values (nmol and 95% C.L.) for DPDPE or 
[D·A1az.Glu·ldeltorpbin in the absence or presence of 
BW373U86 were 15.3 (6.0-39.2)/10.1 (2.6-37.9) and 2.9 (2.3-
3.9)/1.5 (0.3-6.7). In contrast, BW373U86 partially antago· 
nized morphine after i.c.v. coadministration in the tail·flick 
test: the respective morphine Au, values in the absence and 
presence of i.c.v. BW373U86 1112 nmoll were 2.1 (l.2 ... tO) and 
5.4 (3.2-9.1) nmol. indicating a 2.6·fold rightward displacement. 
Administration of an i.c.v. dose of BW373U86 (56 nmol) that 
did not produce activity in the tail·fIick test. together with 
graded i.c.v. doses of morphine. did not enhance the potency of 
morphine: the respective i.c.v. A .. values of morphine given 
alone or in the presence of i.c.v. BW373U86 (56 nmoll were 1.2 
(0.5-2.5) and 1.2 (0.7-2.1) nmol. The corresponding Au, value 
for morphine in the presence of a subantinociceptive dose of 
DPDPE was 0.3 (0.13-0.50) nmol. demonstrating a leftward 
displacement of the dose·effect line compared to that for mor· 
phine alone. 

Acetic acid abdominal constriction test. Administration 
of BW373UB6 by the i.c.v .• i.t. and i.p. routes resulted in 

~
u pression of acetic acid induced abdominal constriction!illi: 

3). The Au, values (nmol with 95% C.L.) were 0.022 (0.0013-
.039) and 0.046 (0.026-0.067) for the i.c.v. and i.t. routes, and 

2.ll (1.03-3.9) "mol/kg after administration by the i.p. route . 

a i.c.v, 
o i.th. 

o 0.006 0.06 0.2' 0.6 ,'.9 5.6 
"mol/mou.. ,.mol/k9 

DOSE BW 373U86 

VOl. 267 

Fig. 3. Dose-response linas for i.c.v. or I.th. (Iell panel) or i.p. or p.o. 
BW373U86 antJnocicepllon in the acetic·acid abdormnaJ constriction 
assay. 

This compound was ineffective in this test after p.o. adminis· 
tration at doses up to 56 "mol/kg (fig. 3). The i.p. or i.c.v . 
antinociceptive effect of an A'IO dose (i.e., dose producing a 70% 
antinociceptive response) of BW373UB6 (given i.p. 15 miD 
before, or i.c.v. concurrently with i.p. acetic acid) was partially, 
but significantly, antagonized by i.c.v. naloxone (9.1 nmol), but 
not by ICI-174.864 (4.4 nmol) or naltrindole (5.6 nmol) (all 

antagonists given ~~~ before the acetic acid, i.e., 10 
miD before testing) Jg. 4. and B). The i.p. or i.t. antinoci
ceptive effect of B given at an A'IO dose (given i.p. 15 
min before. or i.t. concurrently with i.p. acetic acid) was signif
icantly antegonized by i.t. naloxone (9.1 nmol). ICI-174.864 
(4.4 nmoll, or naltrindole (5.6) (given i.t.. 5 min before the 
acetic acid, i.e .• 10 min before le'sting*fig. 5/A and B). 

Discussion 

The present study has explored the antinociceptive profile of 
BW373UB6 in mice. Broad radioligand competition screening 
has shown that BW373UB6 shows negligible affinity at appro,;. 
imately 20 different receptors found in the rat central nervous 
system including adrenergic, cholinergic and serotonergic sites 
(Chang et aL, 1993) ... Analysis of the characteristics of this 
molecule in radioligand and bioassays in uitro indicates that it 
has activity at opioid receptors with limited selectivity for 
opioid delta receptors. Although the selectivity ratio of 
BW373UB6 determined in radioligand assays in present studies 
in mouse brain or spinal cord was not overly impressive (i.e .• 
15-25.fold). the delta selectivity observed for this compound in 
bioassays (i.e .. guinea pig isolated ileum and mouse isolated vas 
deferens) was calculated as approximately 700 (Chang et aL, 
1993), a value comparable to that observed with selective, 
peptidic opioid delta receptor agonists. The present radioligand 
competition data in mice also suggest that BW373UB6 baa 
reasonable affinity for mu and IuJppa receptors in brain and 
spinal cord (i.e .• 10-25 nM). In spite of its apparently good 
affinity for IuJppo opioid receptors. however, BW373U86 did 
not appear to demonstrate significant actions at these sites in 
uiuo, as shown by the resistance to antegonism by kappa selec· 
tive doses (Horan et aL, 1991, 1992b) of nor·BNI. Evidence of 
mu activity of this compound can be associated with 1) the 
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Flg .... A. effects 01 I.c.v.-admlnlstered ICI 174.864 (ICI. 4.4 nmol). 
naltrindole (Nn. 5.6 nmol) and naloxone (NX. 9.1 nmoll gIVen alone. 01' 
10 min alter I.p. administratiOn 01 eW373U86 (373. 5.6 "mol/kg) in tile 
aeatic-aad lIbdomlnal constriCllon assay. eW373U86 was given 20 min 
before tes~ng (I.e •• 15 min belore i.p. acetic aCldl. Astensk indicates 
significance at P < .05. StUdent's r test for groupeo oata. e. effects 01 
i.c.v.-administered ICI174,864 (ICI. 4.4 nmoll. nallnnOole (NTI. 5.6 nmol) 
ano naloxone (NX. 9.1 nmol) given alone. or 5 min Delore I.C.V. adminls
tratlon of eW373U86 (0.06 nmol) In Ine acetic-acid aDo aminal conslnctlon 
assay. eW373U86 was given 5 min Delore leStlng (I.e .. concurrenllv With 
I.p. aeauc aCid). Astensk II1dlcates signlilcance at P < .05. Sluoenl's I 
tesllor grouped dall. 

delta antagonist resistant (Heyman el 01 .. 1987: Ponoghese et 
aL.1988: Drawer et aL. 1991: K.D. Wild and F. Porreca. unpub· 
lished observations). but p-FNA- and naloxone-sensitive ac
tions observed in the tail-flick test after i.t. udministration: 2) 
penial antagonism of i.c.v. morphin~ actions in the tail·flick 
assay and 3) the suppression of th~ ahdominul constriction 
response after i.c.v. administration. Th~se dnta would suggest 
that BW373U86 displays properties Ill' II puniul mu agonist at 
both spinal and supraspinal sites. a vi~w which is supponed by 
the lack of effect in the tail-t1ick and tail-pinch essayo after 
i.c.v. administration. The inactivity of i.e.\'. BW:J73U86 in the 
tail·flick teat is in contrast to the actionH of typical opioid mu 
and IuJppa agonista (Porreca et al .• 1!l1l4. 1!lliia.u: Heyman et 
aL. 1987: Horan et aL. 1991) in Ihis II!st. It shlluld he noted. 
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Flg. 5. A. effects oll.l-admimslered ICI174.B64 (ICI. 4.4 nmol). naltm
dole (NTI. 5.6 nmol) and naloxone (NX. 9.1 nmol) given alone. or 10 min 
alter i.p.·adminlstered e~373U86 (5.6 "mol/kg) in tne acetiC·acid al). 
dOlTllnal constnction essay. BW373U86 was given 20 min Defore lesllllg 
(I.e .. 15 min belOl'e i.p. acebc aCid). Astensk Indicates Significance al P 
< .05. Student's t tesl lor grouped dala. e. effects oll.l.-administered 
ICI174.864 (lCI. 4.4 nmol). naltnnoole (NTI. 5.6 nmoll and naloxone (NX. 
9.1 nmol) given alone. or 5 min before i.t. eW373U86 (0.06 nmol) In the 
acetic aCid lIbdominai constnctlon assay. eW373U86 was given 5 min 
before lestll19 (I.e •• concurrenlfy With I,p. acetic acid). Astensk indicatas 
significance at P < .05, Studenl'S r leSI for grouped data. 

however. that the actions of BW373U86 at spinal mu sites 
appear to occur at doses significantly higher (i.e .• 663.fold) than 
those needed to activate spinal delta receptors. es shown by the 
opioid delta mediation of antinociceptive effects in the abdom· 
inal constriction esaay when BW373U86 is administered i.t. 
Interestingly, this ratio (663-fold) is comparable to the ratio of 
activity in· the bioessays in uitro and may be a reflection of 
delta selectivity at spinal sites in uiuo. 

The lack of antinociceptive activity of BW373U86 in the 
tail·flick and tail·pinch assays after i.c.v. administration is also 
surprising, however, in that i.e.v. administration of delta opioid 
selective peptides such as DPDPE and ID·A!a:. Glu')deltorphin 
show good activity in these assays (Heyman et aL. 1987; Jiang 
et aL. 1990a.b. 1991). In IIgreement with the activity of 
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BW373UB6 at opioid delta receptors (suggested by the data in 
vitro), this compound was active after i.t. administration in the 
tail-flick and tail-pinch assays, a profile similar to that seen 
with opioid delta peptides. The suggestion that the activity of 
i.t.-administered BW373UB6 in tail-flick and tail-pinch assays 
may be mediated via opioid delta or mu receptors is not sup
ported, however, by antagonism studies with i.t.-administared 
ICI-174,B64 and pretreatment with a mu selective dose of fJ
FNA. Both mu and delta antagonista displaced the BW373UB6 
dose-effect curve to the right hy about the same magnitude (i.e., 
1.5-1.B-fold). This, in combination with a significant antago
nism by naloxone, suggests that BW373UB6, at these higher 
doses, can act equally at available spinal mu. or delta receptors 
to produce antinociception in the tail-flick and tail-pinch as
says. The dose-effect curve for BW373U86 was completely 
unaffected by kDppa selective doses of nor-BNI i.t., suggesting 
that kappa receptors do not participate in BW373U86 actions 
at the spinal level. BW373U86 has been shown to be a potent 
and selective delta opioid receptor agonist in the mouse isolated 
vas deferens (Chang et aL, 1993), where its effects were selec
tively antagonized by delta opioid receptor antagonists but not 
by highly selective mu antagonists such as D-Phe-Cys-Tyr-o
Trp-Arg-Thr-Peu-Thr-NH2 (CTAP) (Kramer et aL, 19B9). 
Thus, the lack of activity at supraspinal delta opioid sites is 

. surprising and may reflect a low level of efficacy at a subtype 
of delta opioid receptor (Jiang et aL, 1991; Sofuoglu et aL, 1991; 
Negri I!t aL, 1991), which may predominate at supraspinal sites 
in the mouse. 

Consideration of the data from the present study seema to 
indicate that BW373UB6 does not act as a typical opioid delta 
receptor agonist, differing from DPDPE or (0-Ala2

, Glu')del
torphin. In this regard, i.c.v. BW373UB6 did not antagonize or 
enhance the antinociceptive effects of either DPDPE or (0-
Ala2,Glu']deltorphin in the tail-flick test, and did not produce 
a characteristic delta opioid receptor-mediated enhancement of 
morphine antinociception as demonstrated with DPDPE (Hey. 
man et aL, 19B9a,b; Jiang et aL, 1990a,b, 1991) and with (0-
Ala2,Glu')deltorphin (Horan et aL, 1992a). This well known 
modulatory action of delta opioid agonista, but not antagonists, 
appears to require very low efficacy and can be demonstrated 
with compounds such as (Leu')enkephalin (Vaught and Take
mori, 1979: Jiang et aL, 1990a,b) as well as with DPDPE or [0-
Ala2,Glu']deltorphin (Heyman et aL, 1989a,b: Jiang et aL.1991). 
The lack of delta antagonist, or mu modulatory, activity of 
BW373UB6 suggests that this compound may not act at supra
spinal delta sites that can be activated by either DPDPE or [0-
Ala2.Glu']deltorphin. compounds thought to act at either of 
two subtypes of delta opioid receptors (Jiang et aL. 1991; Mattia 
et aL, 1991. 1992: Sofuoglu et aL, 1991). Alternatively, 
BW373UB6 may be acting at these opioid delta receptora to 
produce a leftward displacement of the morphine dose-response 
curve and simultaneously interacting as a panial agonist at 
opioid mu receptors to antagonize the effects of morphine. 
These simultaneous delta and mu effects might result in a net 
lack of effect. The profile of BW373U86 also differs from that 
of the peptidic opioid delta receptor agonists in that. in spite of 
its inactivity at supraspinal sites, the compound is active in the 
tail-flick and tail-pinch assaya after i.t. administration. This 
effect appears to be mediated predominately via actions at 
opioid mu receptors, though· the shift-ratio seen with delta 
antagonists is not markedly different that seen with /1-FNA. It 
is IIlso imporulDt to note that the duration of activity of 
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BW3i3UB6 after i.t. administration (i.e., >60 min) suggests 
that its apparent lack of efficacy or offmity at delta opioid 
receptors after i.c.v. administration probably does not reflect a 
rapid breakdown of the molecule. 

Given the nonpeptidic nature of BW373UB6, its poor activity 
profile following i.p. administration is disappointing. Nevenhe· 
less, the antinociceptive activity of this compound in the acetic 
acid abdominal constriction test after i.p. administration re
veals that it was able to penetrate into supraspinal and spinal 
sites. This antinociceptive effect of BW373U86 was antago
nized by either i.c.v. naloxone, or i.t. ICI-174,864, naltrindole 
or naloxone. The site of action of BW373U86 in the acetic acid 
abdominal constriction assay is likely to be within the central 
nervous system as the potency of this compound was 2B2S- and 
l3S6-fold greater after i.c.v. or i.t. administration than it was 
after i.p. administration. However lack of activity of i.p.-, but 
not i.t.-administered BW373UB6 in the tail-flick and tail-pinch 
assays suggests that not enough of the compound was able to 
reach active sites at the spinal level. Such a conclusion would 
not be surprising as the potency of i.t. BW373U86 was 663· 
and 281-fold greater in the acetic acid abdominal constriction 
assay than in the tail-flick or tail-pinch assays, respectively. 
Thus, much higher doses of i.p. BW373UB6 are required to 
produce effects in the tail·flick or tail-pinch assays. 

Unfortunately, higher doses of i.p. BW373U86 could not be 
evaluated because of the significant toxicity of this compound. 
High dosas (e.g., greater than 18.7 I'mol/kg) resulted in con· 
vulsions, which occurred sponumeously and which could be 
greatly enhanced by auditory stimulation: these convulsant 
actions of BW373U86 have been characterized and have been 
reponed separately (Comer et aL, 1993) and other signs of 
toxicity noted in the present studies included running fits and 
barrel rolling. Such signs of toxicity could also be elicited by 
i.c.v. administration of BW373U86. Toxicity in mice is also a 
distinguishing feature of BW373UB6 in that opioid delta pep
tides such as DPDPE or [D-Ala2,Glu')deltorphin do not produce 
such effects in this species. Interestingly, however, previous 
studies have shown that very high doses of i.c.v. DPDPE (i.e., 
> 194 nmol) can result in barrel rolling in the rat (Galligan et 
aL. 1984), though this response has not been observed in the 
mouse (K.D. Wild anctF. Porreca, unpublished observationsl. 

It was also interesting to note that p.o. administration of 
BW373U86 did not result in activity in any of the antinocicep
tive assays, up to the doses tested. However, p.o. BW373U86 
inhibits prostaglandin ~·induced diarrhea in mice at doses of 
lB7 and 560 mg/kg, and an i.p. dose oflB.7 mg/kg ofBW373UB6 
is also effective in this test jPiviere and F. Porreca. unpublished 
results). At these high p.o. doses, no signs of toxicity were 
observed, suggesting a limited absorption of the compound from 
the gastrointestinal tract. 

In summary, the data from the present study indicate that 
BW373U86 can be classified as a panial opioid delta receptor 
agonist (acetic acid abdominal-constriction assay) as well as a 
panial mu receptor agonist (tail-flick and tail-pinchl. 
BW373UB6 appears to act via opioid delta receptors at spinal, 
but not supraspinal. levels, suggesting an activity profile which 
differs from those of peptidic delta agonists such as DPDPE 
and (0-Ala2,Glu')deltorphin. The lack of activity of this com· 
pound after systemic administration in tests requiring high 
efficacy (i.e" tail-flick or tail-pinch) suggests an insufficient 
penetration of this molecule to active sites at the spinal level. 
Funher. the compound shows no untinociceptive activity or 
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toxicity after p.o. administration. High i.p. or i.c.v. doses result 
in significant toxicity in the mouse, a feature that also distin· 
guishes this compound from the peptide delta agonist!. The 
continued development of nonpeptidic compounds with im· 
proved oral bioavailability, increased opioid delta receptor se· 
lectivity, increased antinociceptive efficacy and reduced inci· 
dence of toxicity may result in therapeutically useful analgesics 
that are 8880ciated with a1imited degree oiphysical dependence 
and respitatory depression. 
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Dissocialion COn5l3nlS (K,,) for (D.Pen:"']enkephalin (DPDPE) inhibilion of Ihe eleelrically evoked Iwitch of the mouse 
isolaled vas deferens preparation (MVD) were calculated at five temperatures (25. 3D, 34, 37 and 40"C). These values were 
determined from Ihe equiactive concentrations oblained before IA) and afler (A') panial irreversible blockade of a fraclion of 
Ihe receptor populalion by p-chlomaltrexamine (p·CNA) ploned as II/A) against II/A') where K" - (slope - ()/inlerccpt. 
The values of K" tended to increase (approximately doubled) over this lemperalure range, indicaling Ihal Ihe affinily of DPDPE 

I for Ihe opioid 6 receplor is an inverse funclion of lempcralure. From Ihese re5uils, Ihermodynamic paramelers were calculaled 
• from a Van 't Hoff plol of In(K,,) againsl I/T, The relative magnitudes of the change in enthalpy (odH"' - -6.67 kcal mol-I), 

I 
the chanse in enlropy (odS"' - +0.009 kcal mol -10K- I) and the change in free energy (.400' - -9.43 kcal mol-I) suggcstthat 
the inleraClion between DPDPE and the 6-opioid receplor in MVD is an exothermic exergonie reaction, predominanlly 
enthalpy-driven and rcsults in an increase in the enlropy of the system. 

Thermodynamics: 6.()pioid receplors: Mouse vas deferens: DPDPE «(D·Penl,D-Pen')cnkephalin) 

1. Introduction 

Thennodynamic analysis has been applied to a vari
ety of ligand-receptor interactions in order to gain 
infonnation about the fundamental molecular events 
underlying these interactions not obtainable by other 
techniques (for review, see Raffa and Porreca, 1989). 
Implicit in thennodynamic analysis of pharmacologic 
data is the quantitative measurement of the driving 
forces involved in the drug-receptor interaction. Such 
measurement is traditionally incorporated into more 
global measures such as 'affinity', but thennodynamic 
analysis offers potential insight into the underlying 
mechanisms occurring at the receptor level beyond the 
resolving power of. for example. the dissociation con
stant. The temperature dependence of the dissociation 

· constant allows the detennination of thermodynamic 
: parameters using a Van 't Hoff plot. The introduction 
I of ~-chlornaltrexamine (~-CNA) (Caruso et al .• 1979; 
Portoghese et al., 1980) makes the estimation of disso-

· ciadon constants of opioid agonists in isolated tissue 

I 
C;;;;;;;;;;dencc 10: R.B. Rarll. Drug Discovery Rescarch. The R.W. 
10hnson Phanmcculical Rescarch Inslilute. Welsh & McKc.an 
Roads, Sprin& House, PA 19477-0n6. USA. Tel.: (215)628·5699: 

, Fax: (215)628.2452. 
Supponed by DA 04285 Cram Ihe Nalional Inslilule on Drua 

Abuse • 

preparations possible by the method of partial receptor 
inactivation of opioid receptors. /3-CNA produces 
non-competitive (and apparently irreversible) antago
nism of opioid receptors in bioassays (Ward et al., 
1982) and has been used for estimating opioid receptor 
dissociation constants in the guinea-pig isolated ileum 
and mouse vas deferens (MVO) (Porreca and Burks, 
1983; Chavkin and Goldstein. 1984; Porreca et al., 
1990). The use of thennodynamic analysis in isolated 
tissue preparations has previously been used for the 
al-adrenoceptor of rabbit thoracic aorta (Raffa et aI., 
1985). 

We recently calculated the thennodynamic parame
ters for the binding of the antagonist naloxone to 
r5-opioid receptors in the MVO (Raffa et aI., 1992). 
The purpose of the present study was to calculate and 
compare the parameters using the highly selective r5 
receptor agonist [O·pen:..s]enkephalin (OPOPE) (Mos
berg et al., 1983) in the same preparation. 

2, Materials and methods 

2.1. Mous~ isola/~d L'as d~fcr~ns pr~paralion 

Male lCR mice (20-35 g. Harlan) were killed by 
cervical dislocation and the vasa deferentia were re
moved. Tissues (4-6 per temperature) were mounted 
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between platinum strip electrodes in 20 ml organ baths 
at a tension of 1 g and bathed in oxygenated (95: 5% 
O! :CO l ) magnesium-free modified Kreb's buffer at 
25, 30, 34, 37 or 4O"C. Each was stimulated electrically 
(0.1 Hz. single pulses, 2.0 ms duration) at the minimal 

, voltage required to produce a maximal tissue response 
(50-60 V). 

22, DPDPE administration 

DPDPE was added to the tissue baths, one concen
tration at a time with washing of the tissues between 
individual applications. Non-cumulative concentra
tion-effect curves were constructed to avoid possible 
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tolerance of the tissue and to prevent possible peptide 
breakdown during the course of the experiment. 
DPDPE concentration-effect curves were produced 
both before and after incubating the tissues with p
CNA. 

23. p-eNA incubation details 

Tissues were incubated at the test temperature with 
various concentrations of P-CNA (0.5-4.0 #,M) 
(Ponoghese et al., 1980) for 30 min. Incubations were 
followed by 20 washes of the tissue with the modified 
Kreb's solution followed by three washes every 10 min 
for the next 50 min. Subsequent to this procedure, 
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DPDPE concentration-cffect curves were again con
structed. 

2.4. Calculations 

The relationship between change in {ree energy 
(AGOI

), change in enthalpy (AHO'), and change in 
entropy (ASO') is given by the equation AGo. AHo
TASo, which applies to standard-state conditions (usu
ally 25°C, 1 atm all components at unit activiry and 
(H+]. 1.0 M). Thermodynamic quantities determined 

I at non.standard-state conditions are represented with
out superscripts and when determined at other than 
pH - 0.0. by their primed counterparts. The free en
ergy change for the presumed bimolecular agonistiAJ. 
receptorfR] reaction is given by, AG· AGO + RT 
In((AR)/(AIR), where R is the gas constant (1.99 cal 

I mol-10K-I. 8.31 J mol- 10K- I). 
In these experiments. the interaction was allowed to 

come to equilibrium. at which point .dG .. 0 and the 
expression (AlR)/(AR) is the dissociation constant 
KA• Thus .ciGO - RT InCK A). 

2.5. Dissociation cons/ants 

I Values of ICso (dose of DPDPE which inhibited 
. twitch by 50%) were determined by fining curves to the 

mean DPDPE concentration·effect data (means from 
minimum of six tissues from individual animals per 
curve) with the aid of a computer program (Tallarida 
and Murray, 1986). Values of KA were obtained using 
the method of partial irreversible blockade (Furchgott, 
1966) in which equiactive concentrations of agonist 
before (A) and after (A') blockade by an irreversible 

llJ 

antagllnist arc determined and ploned as reciprocals. 
The resulting plot should be linear. as seen from the 
equation (I/A). (J/q)(l/ A) + (I/q - I)/K • where 
q is the fraction of receptors unoccupied afier irre-
versible blockade. The value of KA for DPDPE was 
calculated at each temperature from the slope and y 
intercept of this line according to the equation KA-
(slope - II/intercept. . 

The thermodynamic quantities .iGo,. JH·' and JS·' 
were calculated in a manner similar to that used previ-
ously (Raffa et al .. 1985) and by Weiland et al. (1979). 
Substitution of the expression relating changes in free 
energy to JHo' and JSo' (AGO' - AHo, - TJS·') into 
the equation JGo' .. RT In(K A ) yields the Van 't Hoff 
equation In(KA) - (JHo'/RXI/TI - Aso'/R. A plot 
of In(KA) against (I/T) yields a theoretically straight 
line of slope JHo'/R and y intercept -.;lso'/R. Be-
cause R is known. both JHo' and ASo, can be obtained 
from such a plot. 

3. Resulls 

3.]. Eff~ct of /~m~ratu~ on s~nsitiL'ily to DPDPE 

The maximum inhibition of twitch height produced 
by DPDPE was close to 100% at each of the tempera
tures examined (25. 30, 34, 37 and 4O"C). The ICso 
value did not significantly vary with temperature. indi
cating tissue viabiliry at all" of the temperatures. 

3.2. Antagonism b), p·eNA 

After incubation of the tissues with p·CNA. fol
lowed by its washout. the maximum inhibitory response 
to DPDPE was significantly attenuated at each tem
perature over the range of 2S-4O"C and in each case 
the pretreatment with P-CNA produced a rightward 
and downward shift of the DPDPE concentration·ef
feet curve, characteristic of partial irreversible block
ade of a fraction of the total receptor population. 
Compared to pre.blockade response, the maximal inhi
bition after p·CNA treatment was reduced to 34, 67, 
52. 58. and 56%. respectively. 

3.3. Dissociation cons/ants 

Dissociation constants were calculated from the 
concentration-effect curves of DPDPE in the absence 
and presence of partial irreversible receptor blockade 
by P-CNA Cfig. 1). Pairs of equiactive concentrations in 
tissues prior to, and after, treatment with P-CNA were 
plotted as reciprocals (1/A vs. I/N, respectively) (fig. 
2). The double reciprocal plots of these equiactive 
concentrations were linear (r· 0.971-0.999) for each 
temperature tested and values of KA were calculated at 
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each temperature from the slope and y intercept of 
these double·reciprocal plots as described in Materials 
and methods. 

3.4. Thermodynamic quantities 
I 

Values of KA for DPDPE obtained at each temper
ature between 2S and 4O"C were used to construct a 
Van 't Hoff plot of In(KA) against lIT. where T is 
degrees Kelvin (fig. 3). The points were filled by linear 

· regression analysis with the aid of a computer program 
! (Tallarida and Murray, 1986). From the resulting line, 
· the enthalpy change was calculated from .dH .... R X 
· slope and the entropy change was calculated from 
as" .. - R x y intercept. The change in free energy 
was calculated in two ways, as RT InCKA) and as aH" 
- T.dS· ... There was no significant difference (P > 0.05) 
in the mean values of .dO" obtained by either method 
(.dO" .. - 9.35 ± 0.08 (S.D.) kcal mol -I and - 9.43 ± 
0.05 (S.D.) kcal mol-I, respectively). The K" values 
and thermodynamic quantities obtained at each tem
perature arc shown in table 1. 

4. Discussion 

The temperature dependence of the dissociation 
constant of opioid ligands has been determined in 
radioligand binding techniques b)', for example, Nico
las et al. (1982) for human ,a'endorphin, Hitzemann et 
al. (1985) for the interaction of etorphine with mem
branes prepared from adult Sprague-Dawley rats and 
Borea et al. (1988) for the binding of radiolabelled 
[D-A1a2,N-MPhe\Oly-ol')enkephalin (DAMGO, jJ. 

ligand), [D-Ala2,D-Leu']enkephalin (DADLE. 8 li
gand) and ethylketocyclazocine (IC ligand) in mem
branes prepared from guinea·pig brain. Similar ap
proaches have been used extensively in studies of the 

adrencrgic syslcm (e.g .• Weiland et al .. 1979, 19110: 
Weiland and Mulinoff. 1981l. In theory, the thermody
namic parameters of the interaction of a drug with its 
receptor should also be obtainahle using assays in 
which a pharmacologic response is measured. The only 
prior report using this approach (Raffa et al., 1985) 
found close agreement between thermodyn:.mic quan
tities obtained for norepinephrine-induced contraction 
of rabbit isolated aortic strips and puhlished data from 
studies using radioligand binding techniques. Thus, it 
seems reasonable to expect that the thermodynamics of 
the interaction between ligands and opioid receptors in 
appropriate isolated tissue prcparations would be 
amenable to this type of analysis. We report here the 
study of the temperature dependence of the interac
tion of the highly selective 8-opioid agonist DPDPE 
(Mosberg et al., 1983) with the receptor in the mouse 
isolated vas deferens. a preparation which has previ
ously been used to estimate the affinity of opioid 
agents (Porreca et al .. 1990) at one temperature (37"C). 

At all temperatures examined, ,a-CNA produced a 
rightward and downward shift of the dose·response 
curve of DPDPE, characteristic of irreversible block
ade of a portion of the DPDPE·sensitive (presumably 
8) receptor population. Hence, the dissociation con
stant could be calculated based on the shifts in the 
DPDPE dose-response curve at each temperature. This 
procedure for calculating KA further eliminates any 
untoward effect of temperature on tissue mechanics or 
responsivity. At each temperature examined, the dou
ble reciprocal plot (1/ A against 1/ A') was linear with 
correlation coefficient (Pearson r values) of 0.971-
0.999. Thus, the dissociation constants could be calcu
lated from these data, as (slope - l)/y intercept. 

That the observed temperature-dependent changes 
in KA could be due to temperature·dependent changes 
in tissue characteristics docs not seem likely. The me
chanical integrity of the isolated tissue preparation and 
response to DPDPE (inhibition of the electrically 
evoked twitch) was stable over the temperature range 

TABLE I 

Thermodynamic paramelen for Ihe inleraclion beillieen DPDPE and 
Ihe cS-opioid receplor in Ihe MVD O\'er Ihe lemfIClalure ranle 
2.~-IO'C. 

25'C 3O'C 34'C 

K"lnM) 167.0 194.0 194.1 
.sa" (kcal/mol)· -9.25 -9.32 -9.4-4 
.sO" (kcal/mol)· - 9.35 - 9.40 - 9.43 
Mean .sa" (kcal/mol)· - - 9.3S±0.OS 
Mean 040" (kcallmol) • - - 9.43 ± O.OS 
.sH" (kc:allmol)· - -6.67 
.sS" (kc:allmol 'K) • - + 0.009 

37'C 

~.8 
-9.42 
-9.46 

4O'C 

310.9 
-9.33 
-9.49 

• Calculaled from .sO" - RT In(K,,). • Calculaled from Van '1 Hoff 
pial: JH" - R x (slope), JS" .. - R x (y inlcreepll and 040" .. .s H" 
-T4S"' . 
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examined in this study as evidenced by the lack of 
significant difference in IC5Q values (1.4-5.0 nM) at 
any temperature. Although a consistently lower IC5Q 
was observed at 30°C. the standard error of the IC5Q 
value was also greatest at this temperature. Overall. 
there was a consistent tissue sensitivity against which 
the dissociation constant of DPDPE could be mea
sured. 

The principal finding of this study is that the dissoci
ation constant (K A ) of DPDPE in mouse isolated vas 
deferens is a reciprocal function of temperature over 
the temperature range examined (25-4O"C). It appears. 
therefore. that the affinity of DPDPE for the c5-opioid 
receptor is inversely related to temperature over this 
range. Based on the temperature dependence of the 
KA of DPDPE. the thennodynamic quantities aGo" 
01 H". and .:1So' were calculated from an analysis of a 
Van 't Hoff plot of the KA versus temperature data. 
Based on this analysis, the drug (DPDPE) receptor 
(c5-opioid) interaction is exergonic. i.e., occurs with a 
negative free energy change (aGo' < 0). confinning that 
the reaction occurs spontaneously in response to favor
able thennodynamic conditions. Also based on analysis 
of the Van 't Hoff plot, the interaction occurs with a 
negative change in enthalpy (.1H·' < 0) and a slight 
positive change in entropy (as" > 0). 

There have been a few radioligand binding studies 
that have investigated the temperature dependence of 
opioid ligand affinity and the associated thennodynam
ics of the interaction with ligand binding sites. One of 
these studies, by Nicolas et al. (982), found that the 
binding of l3-endorphin to adult male Sprague-Dawley 
rat brain membranes was markedly temperature-de· 
pendent (O-40°C) and occurred with values for the 
thennodynamic quantities of JGo, - - 12.4 kcal mol-I. 
olH"' .. 11.0 kcal mol-I, and .:1S·' - 0.08 kcal mol-I 

TABLE 2 

Summary or Ihormudynamic analyses or oploid ligand interaclions. 

Preparallun JG~ 

ABOtIUIJ 

(II Radioli,and bindin. 
p·Endorphin Ral br~in <0 
Elurphine Ral brain <0 
OAMGO(,.) Guinea'pl, brain <0 
OADLEW Guine"pl, hrain <0 
Elhylkelazncine (I() Guinea'pl, brain <0 

lb) Isolaled liuue 
OPOPE MVO <0 

AntawnUIJ 

(al Radioligand bindina 
Oiprenorphine Ral brain <0 

(bl lsolaled li!l.ue 
Nalo.one MVO <0 

OK - I in the absence of 100 nM Na" and similar values 
(JG·' .. - 11.0. olHo, - 15.5 kcal- I mol- I, and .:1So ... 
0.09 kcal mol- 10K -I) in the presence of 100 nM Na". 
Hitzemann et al. (1985) showed that the binding of 
[JH)etorphine to whole rat brain homogenates oc· 
curred with a negative change in free energy (.JGo' -
- 13.72 kcal mol-I). a small positive change in en· 
thalpy(.JH·· .. 2.31 kcal mol-I). and a positive change 
in entropy (.JSo' - 0.052 kcal mol- 10K -I). Borea et al. 
(1988) examined the thennodynamics of binding of 
ligands in guinea-pig brain and found that DAM GO, 
DADLE and ethylketocyciazocine binding occurred 
with a negative change in JGo• (- 11.98 to - 12.3 kcal 
mol-I), a positive change in .:1Ho' (2.38-4.35 kcal 
mol-I) and a positive change in aSo' (0.048-0.055 kcal 
mol-I ·K- I). 

The results of the present study, using an isolated 
tissue preparation. agree quantitatively as well as quali
tatively for .JOo' and .:1S"' with the radioligand binding 
studies cited above. The magnitude of the .:1G·' mea· 
sured at each temperature ( - 9.25 to - 9.49 kcal mol-I) 
is close to the range of JGo, values measured in the 
binding studies. It is also within the range of values 
obtained in radioligand binding studies at other recep
tor types (for review, sec Raffa and Porreca. 1989). 

The change in enthalpy (aH"') detennined in the 
present study was negative. indicating that the interac
tion of DPDPE with the receptor population in MVD 
is exothennic. The change in entropy (as·') observed 
in this study was positive. also favoring the reaction in 
the direction of binding. The magnitude of the as·' 
tenn was sufficient to contribute to the total free 
energy change. Apparently, the overall reaction be· 
tween DPDPE and the c5-opioid receptor of MVD 
occurs spontaneously due to the combined contribu
tions, but the predominant contribution is the increase 

JH" JS" Reference 

>0 >0 Nicolas et al. (1982) 
>0 >0 Hilzemann el al. (1985) 
>0 >0 Borea el II. (1988) 
>0 >0 Borea el al. (19811) 
>0 >0 Borea el al. (19118) 

<0 >0 This study 

<0 >0 Hilzemann el al. (1985) 

<0 <0 RarCa el al. (1992) 

Key: OAMGO .(D.AI3;.N.M.Phe·.Gly.ol~lenkcPhalin: DADLE -(D·t\la;.D.Lcu')cnkcphailn: DPDPE -(D·Pcn;"')cnkephalin; MVO-
mou" >a. deC.ren •. 
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in enthalpy. i.e .. the interaction is mainly enthalpy
driven. This finding. in an isolated tissue preparation. 
differs from the radioligand binding studies (table 2l. 
For example. Nicolas et al. (1982) found the binding of 
human p-endorphin to rat brain membranes to be 
strongly entrop)·-driven. Hitzemann et al. (198S) re
poned that the hinding of etorphine (agonist) was 
entropy-driven and that the binding of diprenorphine 
(antagonist) occurred in a manner that was both en
thalpy- and entropy-favorable. Borea et al. (1988) found 
the binding of three opioid sobtype-selective agonists 
to be entropy-driven. Hence. in radioligand binding 
studies. the interaction of opioid agonist appears to be 
entropy-driven. In both radioligand binding and iso-

, lated tissue preparation. the interaction of opioid an
tagonist appears to be enthalpy-driven. Perhaps the 
difference is in the lack of a coupled transduction 
system. That the thermodynamics of interaction may be 
receptor-specific is shown by the fact that. for example. 
the p-adrenoceptor agonist binding is enthalpy-driven 
and antagonist binding is largely entropy-driven (e.g., 
Weiland et al.. 1979. 1980; Bree et al .• 1986; Contreras 
et a1., 1986). We recently reponed on the thermody
namic analysis of the temperature dependence of the 
dissociation constant (K B) of naloxone in this tissue 
(Raffa et al .• 1992). The affinity of naloxone was found 

i to be an inverse function of temperature. The thermo
dynamic quantities (.:100

' - -10.59 kcal/mol • .:1Ho'_ 
-15.73 kcal/mol and .:1S" - -0.0168 kcal/molOK- I ) 

suggest that the interaction between naloxone and the 
45-opioid receptor in the MVD is enthalpy-driven. It is 
interesting to note that in the same tissue preparation 

I (MVD) the interaction of the opioid antagonist (nalo
I xone) as well as the opioid agonist (DPDPE) were 

found to be enthalpy-driven. The investigation of the 
generality of this finding to other opioid agonists and 
antagonists should be pursued. 

Although there arc obvious limitations to the mea
surement of thermodynamic quantities in either iso
lated tissue preparations or radioligand binding assays, 
when one compares the quantities obtained by each 
method for the same receptor type, a striking uniform
ity emerges. This is true of the present study, as 
discussed above. and of the only other repan of the 

i measurement of thermodynamic quantities using an 
: isolated tissue preparation. Raffa et al. (198S) mea
sured the thermodynamic quantities for the interaction 

. of norepinephrine with the al adrenoceptor of rabbit 
isolated thoracic aorta. There was a close agreement 
between thermodynamic quantities determined in the 
i~olated tissue preparation and radioligand binding as
says as compared to the greater difference (typically an 
order of magnitude) between dissociation constants in 
the two systems. It is intriguing to note that the agree
ment in thermodynamic quantities is closer than the 
agreement in other quantities related to the drug-re-

237 

ccptor interaction. such as the dissociation constant. 
The implication is that the thermodynamic measure
ments reveal a uniformiry in the fundamental driving 
forces of the drug-receptor interaction that are beyond 
the resolving power of other quantitative measure
ments. 

A finding in the present study is that the interaction 
between exogenously applied DPDPE and the c5-opioid 
receptor of MVD occurs with a relatively modest nega
tive change in enthalpy. Speculatively. an endogenous 
ligand for this receptor might bind in an even more 
energetically favorable manner. The increase in en
thalpy observed in the present study also implies that 
the interaction between DPDPE and the receptors on 
MVD occurs only because of the increase in entropy. It 
has been speculated that an increase in entropy (in
creased randomness) could be brought about by several 
factors. including the displacement of ordered water 
molecules from around the receptor site (sec. for ex
ample. discussion by Weiland et al .. 1979). the breaking 
of (hydrogen or Van der Waals) bonds leading to the 
receptor assuming a more open configuration so that 
there is greater freedom of movement in the unfolded 
ligand-receptor complex (sec. for example, discussion 
by Hitzemann et al.. 1985) or the presence of hy
drophobic forces driving the formation of the transition 
state (sec, for example, discussion by Nicolas et al., 
1982). 

In summary, the present study is the first to measure 
thermodynamic quantities for the interaction of an 
opioid agonist with its receptors using an isolated tis
sue preparation. We repa" the analysis of the temper
ature dependence of the dissociation constant using a 
Van 't Hoff plot for the binding of the highly selective 
c5 ligand DPDPE to the 45-opioid receptor of MVD, 
using the method of panial irreversible receptor block
ade by p-CNA. It appears that the interaction pro
ceeds with a negative change in enthalpy. positive 
change in entropy and is primarily enthalpy-driven. 
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ABSTRACT 
Dissociation constants (Ke) lor naloxone inhibition 01 the actions 
01 DPDPE in the mouse isolated vas delerens preparation (inhi
bition 01 electrically induced twitch) were detennined at five 
temperatures ranging between 25 and 40·C. The values 01 Ks 
tended to increase with temperature over the range examined, 
indicating that the affinity 01 naloxone lor the opioid 6 receptor Is 
an inverse function 01 temperature, Using these data, the ther· 
modynamic quantities ~G·' (change in free energy), ~H·' 
(change in enthalpy) and ~S·' (change in entropy) were calcu-

Thermodynamic analysis of pharmacologic data offers a po. 
tential insight into fundamental molecular events underlying 
drug. receptor interactions not obtsinable by other techniques. 
Implicit in thermodynamic analysis of pharmacologic data is 
the quantitative measurement of the driving forces involved in 
the drug.receptor interaction traditionally incorporated in 
more global measures such as "affinity." Additionally, such an 
analysis can give insights into the underlying mechanisms 
occurring at the receptor level beyond the resolving power of, 
for example, the dissociation constant. Evaluation of the dis· 
sociation constant of opioid antagonists. such as naloxone, is 
possible based on competitive antagonism of highly selective 
opioid agonists. A highly selective opioid 6 receptor agonist has 
been reported (Mosberg et a1., 1983) and charaCterized in a 
standard bioassay. the electrically stimulated mouse isolated 
vas deferens. This compound. DPDPE, shows approximately 
3000·fold selectivity for opioid 6 liS. II receptors in this tissue 
(Mosberg et al .• 1983). Further, DPDPE binds with negligible 
affinity to opioid ~ receptors (Akiyama et al., 1985). The high 

Roc:e,Yod for publica,ion February 14. 1992. 
, Supporud by DA 04285 from ,h. Sa,iorW In.,i,ule on Drug Abuae. 

lated from a van't Hoff plot of In (Ke) against 1fT. The thermo
dynamic quanlllies determined In this study in vivo (~G·' = 
-10,59 kcal mol-" ~Ho' = -15.73 kcal moI-' and ~SO, ... 
-0.0168 kcal mor' OK-I) are consistent with data reported from 
radioligand binding studies In vitro and suggest that the interac
lion between naloxone and the opiold 6 receptor in the mouse 
Isolated vas delerens is enthalpy driven. These data represent 
the first evaluation 01 the thermodynamics 01 opioicl antagonist, 
receptor interaction in a physiological assay. 

selectivity ratio of this peptide can, thus, be used to allow an 
examination of the interaction of opioid antagonists with the 6 
receptor in this tissue (Porreca et aL, 1990) by estimation of 
the naloxone dissociation constant using the traditional Schild 
approach (Arunlakshana and Schild, 1959). Should the Ks be 
found to be temperature dependent, then the determination 
(using a van't Hoff plot) of thermodynamic quantities is pos' 
sible. 

Equilibrium is attained in B chemical (drug, receptor) inter· 
action at the point at which the free energy of the system (i.e., 
the maximum capacity for performing useful workl is a mini· 
mum for the given set of initial conditions. The relationship 
between .la', .lH' (the heat content of a substance per unit 
mass) and ~S', a measure of unusable energy or "disorder" in 
a system, is given by, 

.lG' .. .lH' - T .lS'. 

This equation applies to standard·state conditions (usually 
25'C, 1 atm. and all components at unit activity and [H·, = 
1.0 M). Thermodynamic quantities determined at nonstandard· 
state conditions are represented without superscripts. and when 
determined at other than pH .. 0.0, by their primed counter· 

ABBREVIATIONS: MVO, mouse isolated vas deferens; .lGo,. Change 111 tree energy; AHo" Change 111 enthalpy; ASo', Change in entropy; T. 
lemperature In degrees Kelvin; Ka, d'SSOCIatlon constant of antagonist; Ie ... concentratoon producmg 50""" Inhibition of twItch height; R. gas constant 
(1.99 cal mar' degree"); DADLE, (oAla',a-Leu'jenkep/l8lin; DPDPE. (o·Pen', a-Pen'}enkephal,n; DAMGO, la-Ala'. NMePl!e', Glyod]enkephalin; 
A .. , conanlratoon produclflg 50% InhtbltlOO. 
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parts. The free energy change (:oG) for a bimolecular drug
receptor reaction is given by, 

:oG = :OG' + RT In([DRJI[D lIR)), 

where R is the gas constant 0.99 cal mol-' 'K-' = 8.31 J mol-' 
'K-'), [D) is the concentration of drug, [R) is the concentration 
of receptors and [DR) is the concentration of drug-receptor 
complexes. 
Most drug receptor interactions are allowed to come to equilib
rium, at which point :oG = 0 (i.e., the system is no longer 
capable of doing work) and the expression [DlIR)/[DR) is the 
dissociation constant. Thus, for antagonists [B), :oG' = RT 
In(Ka). 
Investigations of interactions of opioids with binding sites have 
been reported.in which the temperature dependence of the 
dissociation constant has been calculated using radioligand 
binding techniques. For example, Nicolas el 01. (1982) studied 
the binding of human B·endorphin and Hitzemann et 01. (1985) 
studied the interaction of etorphine with membranes prepared 
from adult Sprague-Dawley rats. Additionally, Borea et 01. 
(1988) studied the binding of radiolabeled DAMGO (" ligand), 
[D-Ala:,D-Leul)enkephalin (DADLE, a-ligand) and ethyl keto
cyclazocine (. ligand) in membranes prepared from guinea pig 
brain. Similar approaches have been used in studies of the 
adrenergic system (e.g., Weiland el aL, 1979, 1980: Weiland and 
Molinoff, 19811. In theory, the thermodynamic parameters of 
the interaction of a drug with its receptor should be obtainable 
using assay. in which a pharmacologic response is measured. 
The first reported study using this approach (Raffa et aL, 1985) 
found close agreement between thermodynamic quantities ob
tained for norepinephrine-induced contraction of rabbit iso
lated aortic strips and data from studies using radioligand 
binding techniques for", agonists and receptors. Thus, it seems 
reasonable to expect that the thermodynamics of the interac
tion between ligands and opioid receptors in appropriate iso
lated tissue preparations would be amenable to this type of 
analysis. 
We report here the study of the temperature dependence of the 
interaction of the opioid antagonist, naloxone, for interaction 
with the opioid a receptor in the mouse isolated vas deferens, a 
preparation which has previously been used to estimate the 
affmity of opioid agents (Porreca e/ aL, 1990) at one tempera
ture (37'C). Significantly, we measured the KB of naloxone 
against the selective a opioid agonist DPDPE (Mosberg et aL, 
1983) at several temperatures and constructed a van't Hoff plot 
from the data. We report that the binding of the antagonist in 
this preparation appears to be enthalpy driven. 

Materials and Methods 

1I10uee ilOlated va deferens preparation. Male ICR mice (20-
35 g, Harlan) were sacrificed by cervical dislocation and the vasa 
deferentia were removed. Tissues were mounted between platinum strip 
elecuodes in 20-ml or~an baths at a tension of I g and bathed in 
oXYl/enated (95:5 OI/CO,) magnesium·free Krebs' buffer at the follow
ing temperature.: 25, 30, 34, 37 and 40'C. They were stimulated 
electrically (0.1 Hz, aingle pulaes, 2.0·maec: duration) at the minimal 
voltap required to produce a maximal tiasue response (50-60 V). 

Antagonbm by naloxone. Noncumulative concentration·effect 
curve. were constructed for DPDPE alone and in the presence of 
.everal concentration. of nalolone. The nalolone concentrations used 
were om, 0.03, 0.1, 0.3, 1.0.3.0 and 10.0 /1M. Washing always inter· 
vened between individual concentrations whether the experiment in-
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"ol"ed a~onist alone or agonist in the presence of ant.u~onist. Therefore, 
naloxone was always added 2 min before the addition of a concentration 
of DPDPE. and the effeet (inhibition) was observed for a period of 3 
min. Each strip was used to construct an initial agonist concentration· 
effeet curve and several concentration·effect curves in the presence of 
different concentrations of nalolone. The order of addition of concen
trations of nalolone was routinely varied. and the base-line contrac
tions of strips were monitored in order to ensure their ,·iability. Each 
data point represents the mean and S.E. of 8 to 12 indh·idualltripa. 

Calculations. Concentration·effect data of DPDPE were fitted to 
the equation E • (E ... ' IA))/IIAI + fA .. )) by nonlinear regreasion 
with the aid of a computer program (Minsq. Micromath. Salt Lake, 
UTI. Values of 1\. were determined by a modified Schild plot (Arun
lakthana and Schild. 1959) based on the applicability for naloxone of 
the simple equation for competitive anta~onism !Besse and Furchgott, 
19i6), 

WI/IAI - I "'IBIIK. 
where equi.ffeetive concentrations of DPDPE in the presence and 
absence of a tOven concentration of nalolone IB I are gi"en b)' lA' I and 
IAI, respectively. The diasociation constant of nalollone was estimated 
using a direct linear plot oC (lA'IIIAI - 11 liS. IBI as described by 
Tallarida el aL 11979). 
The thermodynamic quantities .10", .lH" and .15" were calculated 
in a manner similar to that used by Weiland el at 11979) for belli 
andrenoceptor agoniats and antagonists. The .10 for the drug· receptor 
interaction IDI + IRI .. IDRI is given by.10 - 40' + RTln(lDR)/IDI 
IR)), where R (without brackets) is the gas constant (1.99 cal mol-' 
'K-'), T is the temperature in degrees Kelvin and .10' ia tbe (ree 
energy at standard state (2S'C, 1 atm, and all components at unit 
activity). At equilibrium for antaJtOnists (BI, .10 - 0 and IBURI/IBRI 
e 1\ •. Therefore, .10' - RTln(K.). 
Substitution of the expreasion relating chanps in (ree energy to .1H' 
and 45' (.10' - .1H' - T.1S') into the equation .10' - RTln(K.) 
yields the van't Hoff equation In(K.) .. (4H' /R)(I/T) - :oS' /R. A plot 
of In(K.) against (I/T) yields a theoretically straight line of slope .1H' / 
Rand y·intercept -.1S'/R. As R is known, both .1H' and .1S' can be 
obtained from such a plot. 

Results 

Effect of temperature on sensitivity to DPDPE. The 
mean responses of the vasa deferentia (expressed as percent 
inhibition of twitch height) to each concentration of DPDPE 
are illustrated for each temperature (25, 30, 34, 37 and 40'C) 
in figure 1. The maximum inhibition of twitch height produced 
by DPDPE was close to 100% at each of the temperatures 
examined. suggesting that the tissue was viable and appropriate 
for studies at each of these temperatures. The potency of 
DPDPE was relatively consistent across temperatures as 
shown: the AIIJ (and S.E.M.) were 38.5 (:t2.6), 11.3 (:to.4), 3.6 
(:to.4), 4.9 (:to.6) and 4.7 (±0.2) nM at 25, 30, 34, 37 and 40·C, 
respectively. 

Antagonism by naloxone. After treatment of the tissues 
with naloxone, the DPDPE concentration-effect curve was 
significantly altered at each temperature over the range of 25 
to 40'C (fig. 11. In each case, the treatment with naloxone 
produced a rightward and parallel shift of the DPDPE concen
tration-effect curve, characteristic of re\'ersible blockade of a 
fraction of the total receptor population. 

Dlssoc:lation constants, Antagonist dissociation constants 
were calculated from the concentration-effect curves ofDPDPE 
in the absence and presence of reversible receptor blockade. 
Pain of equieffective concentrations in tissues before and after 
treatment with naloxone were plotted 88 described above (fig. 
2). The antagonist dissociation constants are shown in table 1. 
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Fig. 1. Concentratiorwesponse curves for DPDPE inhibition of eIecIncaUy evOked contractionS of the MVO in the absence or presence of several 
concentrations of nalOxone at 25. 30. 34. 37 and 40·C shOwn 111 panels A to E. respectIVely. 

Thermodynamic quantities. Values of Ks for naloxone the ~S" was calculated from ~S·' = R x (y-intercept). The 
obtained at each temperature between 25 and 40·C were used change in free energy at 37·C was calculated in two ways, as 
to construct a van't Hoff plot of In(Ks) against Iff. The plot RTln(Ks) and as ~H"' - T!S·'. There was no significant 
of In(Ks) against Iff is shown in figure 3. The points were difference (P > .05) in the values obtained (~G·' = -10.59 :t 
fitted by linear regression analysis with the aid of a computer 0.14 kcal mol-I and -10.58 :t 0.04 kcaJ mol-I, respectively). 
program (Minsq, Micromath). From the resulting fitted line (r The thermodynamic quantities obtained at each temperature 
= 0.67), the ~H·' was calculated from ~H·' -= R x (slope), and are shown in table 2. 
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Fig. 2. Dllect hnear plot of agonist (dose-ratoo - 1) 8galnst concentrabOn of antagonist (naloxone) at 25. 30. 34. 37 and 40·C shown in panels A to 
E. respectJvety. 

TABLE 1 
Temperature dependence of the dllllOdation constants lor the 
Im.raction between naloxone and the 6 receptor In the MVD 
In II -.s. ValUelIl/'llIhe means of 8 \0 10 _ITem .Ileasl four anrnoIs. 

2S'C 3O'C 37'C 

K.(M) 2.08 x 10"1.02 x 10"2.66 x 10"6.62)( 10",4.65 x 10" 
:::S.E.M. 0.56 x 10"0.25 x 10"0.54 x 10"0.14 x 10"0.60 x 10" 

There is substantial 6Catter in the van't Hoff plot which 
produces significant error in the estimates of the alope and y. 
intercept (used in the estimation of ~H" and AS", respec· 
tively). However, the ,x·intercept of the van't Hoff plot (equal 
to ~S" /AH") was also determined. The error estimate of the 
,x·intercept constrains the range of possible variation of AS" 
and AH". Using the additional constraint that the mean value 
of ~G" is -10.58 or -10.59 keal/mol (table 2), even in the 
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Fig. 3. van't Hoff plot 01 the dissociation constant 01 naloxone interaction 
with the opioid 6 receptor 111 the MVO determIned at five temperatures. 
Errors shown are In(K. :!: S.E.M.}. 

TASLE2 
AGo', AHo' and ASo, for the Intereetlon between naloxone (egalnlt 
DPDPE)end the opIold 6 receptor In the MVD over the tempeflltur. 
reng. 25-40·C 

25'C :xrc 34'C 

~G·· (kcal/moI)' -10,49 -11.10 -10.66 
~G·· (kcal/moI)· -10.72 -10.63 -10.56 
Mean ~Go. (kcal/rnoI)'. -10,59:!: 0.14 
Mean ~G·· (kcal/rnoI)' • -10.58 :!: 0.04 
.1H·· (kcal/rnoI)·. -15.73 
.15·' (kcal/moI-°K)' • -0.0168 
, Calculated from .lG'· • RT IrlKo). 

-10.20 -10.52 
-10.52 -10.47 

'Calculated from van't Hoff 1)101: .lH". R)( (slOpe) • .lS'· - -R )( (Y'-'tert:epll 
and .10" • .lH'· - T .lSI'. 

WWOl'llt case," ~H" is still less than O. Thus, the reaction is 
driven by a negative .1H". Using a similar argument, ~S" can 
still be positive and. therefore, the .lS" is too close to 0 to 
state with certainty that it is negative. 

Discussion 

The present study has e\'a1uated the interaction of naloxone 
with the opioid 0 receptor in the MVD by studying its ability 
to antagonize the effects of a highly selective opioid 0 agonist, 

, DPDPE (Mosberg et al., 1983), at several different tempera· 
, tures. It is important to note that the data indicate that tissues 

did not appear to be adversely affected by the changes in 
! temperature. The response to DPDPE (inhibition of the elec· 
trically evoked twitch) and maximal effect of this agonist were 
stable over the temperature range examined in this study, a 
finding which agrees with previous reports evaluating the po. 
tency of 0 agonists such as (D.Ala2,D·Leu·)enkephalin IDA· 
DLE) in the same preparation (Miller and Shaw, 1983). These 
findings suggest that the observed differences in the naloxone 
dissociation constant were at the receptor level and did not 
result from changes in the normal physiological response of the 
tissue to electrical stimulation. Furthermore, the dissociation 
constants (KII ) were calculated based on relative displacements 
of the DPDPE concentration-effect curves by naloxone at each 
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temperature. Such a procedure for calculating K8 eliminates 
the influence of temperature·dependent processes. such as en· 
zyme activity or muscle mechanics. 

The presence of naloxone produced a parallel rightward shift 
of the DPDPE concentration·response curve at each of the 
temperatures studied. suggesting reversible competitive antag· 
onism of the 0 opioid receptor population by naloxone. The 
shift in the DPDPE concentration·response curve was increas. 
ingly greater at higher naloxone concentrations, and regression 
analysis of the data in the modified Schild plot at each temper· 
ature resulted in linear plots. Hence, the dissociation constant 
of naloxone (K8 ) could be determined at each temperature. 

A potentially confounding factor in this approach is the 
presence of multiple receptor types, such as II, 0 and K in the 
MVD (Lord et aL, 1977). The estimation of the K8 assumes 
interaction at a homogeneous receptor population. Although 
we cannot exclude the possibility that our values reflect inter· 
action of the agonist or antagonist at more than one type of 
opioid receptor, it should be noted that the high selectivity of 
DPDPE for the opioid 0 receptor in this tissue gives reasonable 
assurance of interaction with this receptor type. This approach 
has previously been reported for estimation of 0 agonist disao
ciation constants in this tissue (Porreca and Burks, 1983; 
Chavkin and Goldstein, 1984; Porreca et aL, 1990). In that 
study of estimation of agonist dissociation constants, a rela· 
tively nonselective opioid antagonist, tJ·chlomaltrexamine 
(Portoghese et aL, 1980; Caruso et aL, 1979), was used to produce 
a nonselective antagonism of opioid receptors, and the selectiv· 
ity of the agonist studied was exploited to suggest interaction 
with a single receptor type. The present study has used a similar 
approach with the relatively nonselective opioid antagonist, 
naloxone, and a highly selective opioid " receptor agonist, 
DPDPE. Further, the concentrations of DPDPE used in this 
study were consistent with interaction at the opioid 0 receptor 
(Mosberg et aL, 1983), and this tissue is known to contain, in 
general, a large 0 receptor reserve, compared to that typically 
seen with II and K opioid receptors in this tissue (Porreca et aL, 
1990). 

The values of Ks for naloxone tended to increase over the 
temperature range examined. indicating that the affinity of 
naloxone for the 0 opioid receptor in this tissue is greater at 
the lower end of the temperature range and lower at higher 
temperatures. It is interesting to note that the temperature 
dependence of antagonist affinity in the opioid system diffel'll 
from, for example, the adrenergic system (Weiland et aL, 1979). 
The temperature dependence in the present study of antagonist 
affinity is consistent with the findings of Hitzemann et aL 
(1985) for diprenorphine binding to rat brain membranes. and 
is in contrast to results using opioid agonist! as reported by 
several groups. In the latter cases, d·endorphin (Nicolas et aL, 
1982), etorphine (Hitzemann et aL, 1985) and DAM GO, DA· 
DLE or ethylketocyclazocine (Borea et aL, 1988) all showed a 
positive ~H". 

The major finding of the present study is that the dissociation 
constant of the opioid antagonist naloxone in the mouse iso· 
lated vas deferens preparation is an inverse function of tem· 
perature over a temperature range in which normal physiolog' 
ical response is maintained. Based on the temperature depend. 
ence of the K8 for naloxone, the thermodynamic quantities 
~G", ~H" and ~S were calculated from an analysis of a van't 
Hoff plot of In(Ks) against 1(1'. Furthermore, the analysis of 
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the van't Hoff plot indicates that the interaction occurs with a 
negative ~H" and. possibly. a negative .lS". 

It is not possible to compare these results with similar studies 
in other tissue preparations. as we are unaware of other reports 
of thermodynamic analysis of naloxone binding in isolated 
tissues. The only published report to date in which thermody
namic analysis has been applied to isolated tissues has been on 
alpha l adrenoceptors (Raffa et aI .• 1985) in rabbit isolated aorta. 
It is also not possible to compare these results to radioligand 
binding of naloxone to opioid receptors. because to our knowl
edge. the thermodynamic analysis of the temperature depend
ence of naloxone binding has not been reponed. though the 
data from Hitzemann et aL (1985) found the interaction of 
diprenorphine with opioid receptors to occur with a similar 
negative .lH" and positive .lS" (.lO·' = -13.02 kcal mol-I. 
.lH·' '" -2.78 kcal mol-I and ,lS.' '" +0.033 kcal mol-I ·K-I). 

The magnitude of the change in free energy found in the 
present study (.lO·' c: -10.59 kcal mol-I) is in the same range 
as .10·' values reported for a variety of ligand-receptor inter-

· actions, whether determined in radioligand binding studies or 
· using isolated tissue preparations (for review, see Raffa and 
· Porreca, 1989). The negative AW' found in the present study. 

indicating that the interaction of naloxone with the () opioid 
receptor population in MVD is exothermic and is thermodyn
amically favorable in the direction of binding. agrees with the 
negative change in enthalpy reported by Hitzemann et aL (1985) 
for diprenorphine binding to rat brain homogenates. In the 
present study. the AS". if negative. would indicate that this 
aspect of the binding is not thermodynamically favorable. How
ever. the magnitude of the AH·' term is sufficiently large to 
make the free energy change negative. despite a negative AS·' 
(AG·' '" AH·' - T .lS·'). Apparently, the overall reaction 
between naloxone and the () receptor of the MVD occurs spon
taneously due to the predominant contribution of the decrease 
in enthalpy (i.e., the interaction is enthalpy driven). 

It will be interesting to compare the present findings that 
the interaction of an antagonist with the () opioid receptor in 
MVD is enthalpy driven with data for the interaction of an 
agonist at this receptor and in this tissue. There is no a priori 
re8&On that demands that agonist and antagonist interactions 
at the same receptors occur through different thermodynami
cally favored pathways, such as has long been suspected, hy
POthesized or measured (see. for example, Weiland and Moli
noff. 1981, and review by Raffa and Porreca, 1989). Further 
studies using additional agonists and anta!!onists are needed to 
test the generality of the present findings. We recognize the 
complexities involved in applying thermodynamic analysis to 
P?armacolOgic data and the inherent difficulties and potential 
PItfalls in the overinterpretation of the results. However, based 
on this and other studies (see Raffa and Porreca, 1989, for 
review), the temperature dependency of the dissociation con
stant is a property of the drug-receptor interaction that appears 
to be as characteristic and as informative as the dissociation 
constant itself • 
. It is perhaps worth emphasizing that thermodynamic analy-

811 of pharmacologic data is still in its infancy. However, its 

Thennodynamici 01 Naloxone In MVD 1035 

potential and power lie in its ability to answer the question of 
·why· li!!ands bind to receptors in addition to "how." 

In summary, the present study is the first to measure ther
modynamic quantities for the interaction of on opioid antago
nist with a select population of opioid receptors using an 
isolated tissue preparation. We report the analysis of the tem
perature dependence olthe dissociation constant using a van't 
Hoff plot for the interaction of naloxone against the highly 
selective 6 opioid ligand DPDPE in MVD. It appears that the 
interaction is enthalpy driven. 
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ABSTRACT 
The identification of opioid 6 receptor subtypes in mouse brain 
led to the investigation of the nature of the opioid 6 receptors in 
the mouse isolated vas deferens in vitro. Noncumulative concen
tratJon.effect curves were constructed for DPDPE (0, agonist) 
and [o·A1a', Glu'jdeltorphin (0, agonist) In control tissues, or in 
tissues which had been incubated with either [a-A1a', Lelf, Cyst] 
enkephalin (DALCE) (noncompetitive 0, antagonist) or 5' -nalmn
dole Isothiocyanate (5'·NTII) (noncompetitive 0. antagonist). In· 
cubation of the tissues with DALCE, under either oxygenated or 
nonoxygenated conditions, did not alter the concentration-effect 
curves for either agonist. In contrast, Incubation of the tissues 
with 5'·NTII resulted in a significant rightward displacement of 
the concentratlon-effect curves of both DPDPE and [o·Ala', Glu'j 
deltorphln. Additionally, naltriben, a selective and competitive 0, 

. antagonist, showed no significant difference In Its ability to 
antagonize a fixed, submaximal concentration of either DPDPE 
or [o·Ala', Glu'jdeltorphin. Furthermore, there was no significant 
difference in the affinity of naloxone (i.e., pA.) at the receptor(s) 

On the basis of differences in rank order of potency of 
alkaloidal and peptidic opioids, Kosterlitz and colleagues sug· 
gested the existence of a novel type of opioid receptor in the 
electrically stimulated MVD (Henderson et aI., 1972). which 
was termed the 6 receptor (Lord et 01., 1977). Subsequent studies 
have identified and investigated the pharmacology of the 6 
receptor in other tissues such as the brain (e.g., Akiyama et aL. 
1985: Heyman et aL, 1986, 1987; Jiang et 01.. 1990; Dray and 
Nunan, 1984) and gastrointestinal tract (e.g., Egan and North, 
1981: Sheldon et aL. 1990). Further investigation into opioid 0 
receptor pharmacology has now begun to identify differences 

lUctiYfd (or publicalion Au,ult 3. 1992, 
, Supponed by ,.anu (rom lb. Nluonal InllilUIe on Oru, Abu ... 
I K.D.W. wu IUpponed by I Prrdoelorol Granl (rolll lb. Nilional InlUlule 

on Oru, Abuae. 

acted upon by either DPDPE or [o·A1a', Glu'jdeltorphin. Toler· 
ance to DPDPE or [a-Ala', Glu'jdeltorphin was produced by 
Incubation of the tissues with these agonists; construction of the 
[o·A1a2

, Glu'jdeltorphin concentration-effect curve in DPDPE· 
tolerant tissues demonstrated cross·tolerance between these 
agonists and, conversely. construction of DPDPE concentration
effect curves in [a-Ala', Glu'jdeltorphln-tolerant tissues revealed 
cross·tolerance between these agonists. Thus, the present data 
provide support for one subtype of opioid 0 receptor In the 
mouse Isolated vas deferens based on 1) the lack of antagonism 
of the effects of both agonists selective for 0, and 0. receptor 
subtypes by DALCE, Q 0, antagonist, 2) the antagonism of 0, 
and 0. agonists by 5'·NTII or naltriben (0. antagonists), 3) the 
similar antagonist potency of NTB against either DPDPE or [a
Ala', Glu'jdeltorphln, 4) the lack of significant difference In the 
naloxone pA, against either 6 agonist and 5) the demonstration 
of two-way cross· tolerance between the effects of DPDPE and 
[o.A1a2

, Glu'jdeltorphin In this tissue. 

in the characteristics of these receptors in different tissues. 
St.ammer and colleagues synthesized a cyclopropyl·phenylala· 
nine·substituted enkephalin, CP·OMe (Shimohigashi et 01., 
1987. 1988). which had weak activity in the MVD bioassay 
(Shimohigashi et aL. 1987, 1988). Using this compound to 
compete with [·H]p·CI·DPDPE binding in rat brain and in 
MVD. Yamamura and colleagues showed that whereas p·CI· 
DPDPE had similar affinity in both tissues. the affinity of Cpo 
OMe was 33·fold lower in the MVD than in brain (Vaughn et 
aL. 1990). This finding was suggestive of a difference between 
6 receptors in MVD and those in brain. 

The concept that subtypes of opioid 6 receptors might exist 
was strengthened by studies using approaches in uiuo. The 
development of the novel and selective opioid 0 receptor irre· 
versible ant.agonists DALCE (Bowen et 01.,1987) and 5'·NTII 

ABBREVIATIONS: MVO, mouse ISOlated vas delMens: OALCE.(o·AIa', Leu'. Cys"jenkephahn: S'·NTII, naltnndole-S'.jsotlllOcyanate; IC1174,864, 
N.N.oiaIIyl-Tyr-AIb·Aib-Phe-Leu-OH: Cp.oMe.(o·A1a', (2R. 3S)-ViPhe', Leu'jenkephahn metnyr estM: NTB, naltnben: BNTX. 7-benzylldenen8ltrex. 
one. 
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(Portoghese et 01., 1990), together with selective 0 receptor 
agonists such as DPDPE (Mosberg et 01., 1983) and IO.Ala2

• 

Glu')deltorphin (Erspamer et aL, 1989; Kreil et aI., 1989), have 
allowed pharmacological evaluation in an anti nociceptive assay 
in the mouse. The results from these studies revealed that 
although the antinociceptive actions of supraspinally given 
DPDPE were antagonized by DALCE, those of lo·Ala2, Glu') 
deltorphin were not (Jiang et al .. 1991). In contrast, the anti· 
nociception produced by i.c.\·. [o·Ala2, Glu')deltorphin was 
antagonized by 5' ·NTH, but that produced by DPDPE was not 
(Jiang et 01., 1991). Furthermore, there was a two·way lack of 
cross·tolerance between the antinociceptive actions of i.c.v. 
DPDPE and [o·Ala2

, G1u')deltorphin. as well as to the effects 
of the Il agonist DAMGO (Mattia et 01., 1991). On this basis, 
subtypes of opioid 0 receptors were suggested to exist and 
termed the 01 receptor /DPDPE and DALCE sensitivel and the 
02 receptor ([o·Ala2, Glu')deltorphin and 5' ·NTH sensitive) 
(Mattia et aL, 1992). At the same time, using a different 
approach, Takemori and colleagues arrived at similar conc1u· 

, sions of 0 receptor subtypes in mouse brain using novel revers
ible and selective 0 receptor antagonists such as naltrindole and 
its benzofuran analog NTB (Sofuoglu et aL, 1991), a competitive 
02 antagonist. 

The approach taken to investigate the nature of the opioid 0 
receptors in the MVD was similar to that used in uioo (Jiang 
et aL, 1991; Mattia et aL, 1991), involving differential antago
nism of the actions of DPDPE and [O·Ala2

, G1u')deltorphin as 
well as the use of tolerance and cross·tolerance techniques. The 
novel and irreversible antagonists at opioid 01 and 02 receptors, 
DALCE and 5' -NTH, were used together with the reversible 02 
antagonist NTB as well as naloxone. We now report evidence 
which supports the presence of one functional 0 receptor sub
type in this tissue. 

Materials and Methods 

MVD bioassay. Male ICR mice (25-35 g. Harilln. Indianapolis. IN) 
were aacrificed by cervical dislocation and the vasa deferentia were 
removed. Tissues were mounted between platinum strip electrodes in 
20·ml organ baths at a tension o( I g and bathed in oly~enated (95:5 
OuCO,1 ma~nesium·(ree Krebs' buffer (NaCI. 6.93 g: KCI. 0.35 g; 
CaCh. 0.3; g: KHPO,. 0.16 g; o·~lucose. 1.80 g; NoHCO,. 2.09 g: in I I 
of distilled water I st 3;'C. Tissues were stimulated electrically 10.1 Hz. 
sin~le pulses. 2.0 msec duration) at the minimum volta~e required to 
produce a maximal tissue response ISO-60 V). Agonists were evaluated 
for their inhibition o( the electrically evoked twitch. 

Antagonist .tud!ea. After mounting of the tissues and equilibra· 
tion. concentration·ef(ect curves were constructed for either DPDPE 
or IO·Ala'. Glu'Jdeltorphin. Each tissue received a concentration o( 
agonist. and twitch hei~ht was monitored (or a 3· min period or until 
the depression of the twitch height had reached a plateau. followed by 
repeated washin~ (or at least 3 min before addition of the next concen· 
tration o( agonist. Thus. full concentration·effect curves were con· 
structed in each tissue. DALCE 10.1-30 I'MI and S··NTII 1100 nMI 
were Included in the incubation buffer for 2 hr. with replacement o( 
the buffer each 30 min to ensure the presence of fresh. non degraded 
drug. Tissues were aerated. but were not stimulated during this period. 
After incubation. the tissues were washed eltensivelv with fresh buffer 
and rewashed every 20 min (or a I·hr period. C~ncentration.effect 
curves were then reconstructed (or DPDPE or IO.Ala'. Glu'Jdeltorphin. 
In the case of DALCE. experiments were also conducted under condi· 
tions in which the buffer was not oxy~enated, In these experiments, 
DALCE (10 or 30 I'MI was incubated with the tissues (or 30 min. the 
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buffer was replaced with fresh olygenated buffer and the tissu~s were 
washed extensively as described above. 

In experiments with NTB. tissues were treated ",ith a subm8limal 
concentration of either DPDPE or IO.Ala'. Glu'Jdeltorphin and NTB 
was added in increasing concentrations to determine its ability to 

reverse the effects of the agonists. The nalolone pA, was calculated by 
constructing complete DPDPE or lo·Ala'. Glu'Jdeltorphin concentra· 
tion·effect curves in the pre~nce o( five concentrations of nalolone 
(30. 100.300.600 or 1000 nM). 

Tolerance and cross-tolerance studies. After mounting o( the 
tissues and equilibration. noncumulative a~onist concentration·e((ect 
curves were constructed. The tissues were then oxygenated with the 
stimulator turned of( and incubated with either DPDPE (30 nM) or 
lo.Ala'. Glu'ldeitorphin 130 nM) (or a 2·hr period with replacement o( 
the buffer <including fresh agonist) every 30 min. Noncumulative 
concentration·effect curves were then reconstructed for each agonist 
in the respective tissue for both DPDPE· and lo·Ala'. Glu'Jdeltorphin· 
incubated tissue •. 

Data analyala. IC .. values and 95% confidence intervals were 
calculated from concentration·effect curve. with the aid o( a computer 
program tTaliarida and Murray, 19861. Each concentration·e((ectcurve 
was constructed using at least (our to sil tiuues taken (rom (our to sis: 
mice. unlesa noted otherwise. In cases with (ewer than (our tissues, 
confidence limits of the IC .. value were not calculated. 

pA, analysis was carried out according to the method of Arunl.k
shana and Schild 119591. Briefly, different concentration·e((ect curves 
were constructed (or an agonist in tbe presence of several concentra· 
tiona o( nalolone. The curves were analyud for parallelism and tbe 
degree o( antagonism was estimated by calculating the degree of rigbt· 
ward displacement o( the curve in the presence of antagonist compared 
to the control curve (dose·ratiol. The log of the dose·ratio minus one 
was plotted as a (unction of the negative log of the concentration o( 
nalolone. Linear least squares regression (Minsq, ~Iicromath. Salt 
Lake City. UTI provided the best slope and x,intercept o( each individ· 
ual plot. I( the slope did not differ significantly (rom one. the regression 
line was calculated with slope constrained to the theoretically correct 
unity (Tallarida er al., 19791. and the resulting x·intercept tand confi· 
dence Iimiul was calculated. pA, analysis was done on mean curves 
(rom a minimum o( four to six tissues (or each agonist· naloxone Itudy. 

Results 

Agonist studies. Both DPDPE and IO·Ala2• Glu')deltorphin 
produced potent inhibition of the electrically stimulated twitch 
in the MVD. Although the calculated IC", \'aJues (and 95% 
confidence limitsl varied slightly in each experiment. the mean 
IC", (and S.E.M.I taken from five experiments t\'as deferens of 
eight mice per experiment, i.e., 40 tissues) "'as found to be 
11.9;:: 1.86 and 3.41 ± 1.18 nM for DPDPE and IO·Ala2

• Glu') 
deltorphin, respectively. From these calculations. [D·Ala'. Glut) 
deltorphin was found to be approximately 3.5·fold more potent 
than DPDPE. 

Studies with 0 subtype-selective antagonists. Incuba· 
tion of the tissues with 5' -NTH revealed that this compound 
did not produce any agonist actions. In tissues incubated with 
5··NTII, however, the respective concentration·effect curves of 
DPDPE and lo·Ala', Glu')deltorphin were displaced to the 
right by 5.8· and 3.7·fold (fig. 11. Application of DALCE to the 
MVD showed that this compound produced an agonist action 
consistent with its profile in uivo (Jiang et 01 .• 1990; Calcagnetti 
et aI., 1989). The calculated IC", value for DALCE (and 95% 
confidence limit) was found to be 14.1 (8.3-24.01 nM. Incuba
tion of the tissues with DALCE /100 nM), followed by recon
struction of the DALCE concentration·effect curve, revealed a 
minimal development of tolerance; the calculated IC", (and 
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Fig. 1. Concentratloo-eNect curves for DPDPE 
and (O-Ala'. Glu'}deitOrpllln in the MVD prep
aration Defore or alter treatment of the tiSSueS 
with S' -NTH. S'-NTHtreatment was at a con:. 
centratlon of 100 nM for 2 hr In oxygenated 
buffer WithOUt electrical stimulation. and buffer 
was replaced ev8l')l 0.5 hr with fresh c0m
pound. 

O~------~~------~--------~--------~ 
0.1 10 tOO 1000 

CONCENTRATION (nM) 

95% confidence limit) for DALCE in DALCE-incubated tissues 
was 24.2 (9.5-31.2) nM, revealing a 2.4-fold rightward displace
ment. Incubation of the tissues with DALCE (0.1, I, 10 and 30 
11M) did not result in a significant rightward displacement of 
either the DPDPE or [o-Ala', Glu'Jdeltorphin concentration
effect curves (representative concentration-effect curves for 
DPDPE and [o-Ala', Glu'Jdeltorphin in control or DALCE
incubated tissues are shown in fig. 2). In separate experiments 
designed to prevent possible oxidation of DALCE, the tissues 
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were incubated with DALCE (10 or 30 11M) for a 30-min period 
without oxygenation and stimulation. Incubation of the tissues 
under these conditions with DALCE in order to evaluate the 
possible antagonist actions of this compound, or alternatively, 
possible development of cross-tolerance to the effects of 
DPDPE or [o-Ala', Glu')deltorphin showed that DALCE did 
not significantly alter the actions of either agonist or of itself. 
The IC60 for DALCE alone or after nonoxygenated incubation 
with DALCE (30 11M, n = 3 tissues) were 28.4 and 56.4 nM, 

Fig. 2. ConcentratlOrHlNect curves for DPDPE 
and (o-Ala', Glu')deltorphin in the MVD prepa· 
ratiOn Defore or alter treatment of the tiSSueS 
With DALCE. DALCE treatment was lit II c0o-
centr8tlOfl of 100 nM (other concentratlOfls of 
DALCE not shown) for 2 hr in oxygenated 
buffer WIthOUt electncai stimulation. and buffer 
was replaced every 0.5 hr with fresh com-
pound. 

O~------------~------______ ~ __________ ~ 
0.1 10 100 

CONCENTRAT[ON (nM) 
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respectively, revealing a minimal, statistically insignificant, 
lo9-fold rightward displacement in the DALCE concentration
effect curve. Construction of the DPDPE Rnd ID-Ala', G1u'] 
deltorphin concentration-effect curves after incubation of the 
tissues with DALCE no "M) under anoxic conditions for 30 
min revealed no antagonism or cross·tolerance: the respective 
IC6Q values for DPDPE and ID·Ala', G1u']deltorphin before and 
after DALCE incubation (n = 3 tissues) were 10 and 22 nM 
and 6 and 10 nM, respectively. 

NTB showed no agonist activity alone, but antagonized 
submaximal agonist effects of DPDPE and ID-Ala', G1u']del· 
torphin with approximately equal potency (fig. 3). The concen· 
tration of this antagonist necessary to produce a 50% antago· 
nism of the submaximalagonist concentration (AD6Q) (and 95% 
confidence limits) was 9.1 (5.1-16.2) and 26.2 (14.3-47.9) nM 
against DPDPE and ID·Ala', Glu']deltorphin, respectively. 
These values were not statistically different. 

The naloxone pA, (95% confidence limits) was calculated to 
be 6.7 (6.3-7.1) and 6.9 (6.4-7.3) when determined against 
DPDPE and ID·Ala', G1u']deltorphin, respectively (fig. 4). 
These values were not significantly different. Additionally, the 
slope of the Schild plot did not differ significantly from unity 
(m .. 0.95 and 1.13 for DPDPE and ID·Ala', Glu']deltorphin, 
respectively). On this basis, the slope was constrained to 1 for 
the calculation of the pA, value according to the method of 
Tallarida et aL (1979). 

Tolerance and cross· tolerance studies. Incubation of 
tissues with DPDPE for 2 hr resulted in a 7.6·fold rightward 
displacement of the DPDPE concentration·effect curve, indio 
cating a significant development oftolerance to agoniat (fig. 5). 
Similarly, incubation of the tissues with DPDPE resulted in a 
4.7·fold rightward displacement in the ID·Ala', Glu']deltorphin 
concentration·effect curve, indicating cross·tolerance between 
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these selective opioid {) agonists (fig. 5). Incubation of the 
tissues for 2 hr with ID·Ala', Glu']deltorphin resulted in a 
significant development of tolerance, as indicated by the 38.3· 
fold rightward displacement in the ID·Ala', Glu']deltorphin 
concentration·effect curve (fig. 6). Similarly, incubation with 
ID·Ala', Glu']deltorphin also resulted in cross· tolerance to 
DPDPE, as shown by the 21.0·fold rightward displacement in 
the DPDPE concentration·effect curve (fig. 6). Incubation with 
lower concentrations of ID·Ala', G1u']deltorphin resulted in 
smaller rightward displacements in the ID·Ala', G1u']deltorphin 
concentration-effect" curve, but nevertheless. consistently reo 
suited in a rightward displacement in the DPDPE concentra· 
tion·effect curve as well, indicating the consistent development 
of two·way cross·tolerance between these agonists (data not 
shown). 

Discussion 
The data from the present study support the presence of one 

functional subtype of the opioid ~ receptor in the MVD. Among 
the approaches used to explore the possibility that DPDPE and 
ID·Ala', G1u']deltorphin might be acting at the same or differ· 
ent receptors was the calculation of the affinity of naloxone 
against these agonists. The calculated naloxone pA, values were 
found not to differ significantly when determined against either 
DPDPE or ID·Ala', Glu']deltorphin in this tissue. Furthermore, 
the naloxone pA, values against DPDPE and ID·Ala', Glu'] 
deltorphin found in the present study are in agreement with 
those determined by othera for naloxone at the opioid ~ recep· 
tor, but different from those determined for naloxone at the 
opioid" receptor (Ward et aL, 1982: Takemori and Portogbese, 
1984). It should be emphasized, however, that although identi· 
fication of significantly different pA, values is supportive of 

Fig. 3. Antagonist concentratlOll-eHec1 
curves lor NTB against submaxlmal con
cenuallons 01 either DPDPE or la-Ala', 
Glu')dellorphin In the MVD preparallOll. 

o~--~------------~------------~----------~ 10 100 1000 

CONCENTRATION NTB (nM) 
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actions of agonista at different receptors, the finding of a lack 
of significant difference in the affinity of the antagonist may 
nevertheless represent a fortuitous circumstance where the 
antagonist has similar affinity at two receptor sites (Raffa et 
aL, 1988). The present finding of a lack of significant difference 
in the naloxone pA" then, would not exclude the possibility 
that more than one receptor might be involved; such a possi
bility would appear to be especially relevant in the case of 
distinguishing subtypes, rather than types, of receptors. 

In this regard, however, further support for the possibility 
that DPDPE and ID-Ala', G1u')deltorphin may be acting at the 
same receptor can be gained from studies using a tolerance/ 
croBB-tolerance approach. The data from the present study 
demonstrates two-way cross-tolerance between DPDPE and 
[D-Ala', G1u')deltorphin in the MVD. These findings are in 
contrast with data in vivo, where a two-way lack of antinoci
ceptive croBB-tolerance was observed between these compounds, 
as woll as the p-selective agonist DAMGO (Mattia et aL, 1991). 
It is interesting to note that the degree of tolerance which 
developed is greater after incubation of the ti88ues with ID
Ala', Glu4)deltorphin than with DPDPE. This may be due to 
the fact that although the incubating concentrations of both 
compounds were equivalent (30 nM), [D-Ala', Glu4)deltorphin 

Oplold ~ Receptor Subtype In MVD 835 

is approximately 3·fold more potent than DPDPE. Addi
tionally, however, it may also be relevant that other experi
ments have shown that I D-Ala', Glu')deltorphin is more effi
cacious than DPDPE in this tissue (Kramer et aI., 1993). 
Interestingly, a greater degre: of tolerance to [D-Ala', Glu') 
deltorphin, rather than to DPDPE, was also seen in the anti
nociceptive assays even though equiantinociceptive pretreat
ment doses were used (Mattia et 01., 19911. 

The relatively equivalent potency of NTB to antagonize 
equieffective concentrations of DPDPE and [D-Ala', G1u4)del
torphin in this tissue are also in line with the lack of significant 
difference in the naloxone pA, and the data from the cross
tolerance approach. NTB was slightly, though not significantly, 
more potent in antagonizing the 01 agonist DPDPE than the 0, 
agonist ID-Ala', G1u')deltorphin. Previous \York with NTB has 
shown that this compound is more potent in antagonizing the 
anti nociceptive effects of agonists at opioid 0, receptors such 
as DSLET than agonists at the 01 receptor such as DPDPE 
(Sofuoglu et aL, 1991; Takemori et aL, 1992). NTB has also 
been demonstrated to selectively antagonize the antinociceptive 
actions of [o-A1a', Glu')deltorphin, rather than those of 
DPDPE (E. Bilsky and F. Porreca, unpublished observations). 
Furthermore, data in vivo suggest that [o-Ala', G1u')deltorphin 
is highly selective for the 02 receptor subtype (Jiang et aL, 1991). 
DPDPE, however, has been shown to act predominantly, but 
not exclusively, at the 01 site. In this regard, it appears that the 
direct antinociceptive actions of this compound are mediated 
through a 01 site which is sensitive to antagonism by DALCE 
and to naltrindole, hut relatively insensitive to antagonism by 
either 5'-NTII or NTB (Jiang et aL, 1991; Sofuoglu et aL, 1991; 
Takemori et aL, 1992). In contrast, the potentiation of mor
phine anti nociceptive potency produced by both DPDPE and 
lo-Ala', G1u')deltorphin (Horan et 0/., 1992) is antagonized 
selectively by 5'-NTII, but not by DALCE, and thus appears 
to be mediated via an opioid 0, receptor (Porreca et aL, 19911. 
In this regard, the possible actions of DPDPE at a subtype of 
6 receptor in the MVD, which may resemble that identified as 
the 0, site, remain consistent with data in vivo. 

In agreement with the effective antagonism of both DPDPE 
and [D-Ala2

, G1u')deltorphin seen with NTB, the irreversible 
opioid 0, antagonist 5' -NTII was effective in antagonizing these 
agonists to similar degrees. In contrast to the effective antag
onism seen with 5' -NTII and NTB, DALCE (01 antagonist) 
was ineffective against either DPDPE or lo-Ala', Glu')deltor
ph in in the MVD under a variety of conditions and concentra
tions, including nonoxygenation of the tissues during DALCE 
incubation to prevent the possible oxidation of DALCE. It is 
also interesting to note that significant development of toler
ance to DALCE did not develop under the conditions used in 
the present study, as indicated by the lack of rightward dis
placement seen in the concentration-effect curves for DPDPE 
and ID-Ala', G1u')deltorphin, as well as for the agonist actions 
of DALCE itself. These results were obtained in spite of the 
fact that DALCE also produces concentration-related agonist 
effects in this tissue (Wild et aL, 1990), and the tissues were 
incubated with DALCE for a 2-hr period, in an identical pro
tocol to that used for all of the tolerance/cross-tolerance ex
periments. The lack of antagonism or tolerance/cross-tolerance 
after incubation of the MVD with DALCE may possibly be due 
to a lower efficacy of this compound at 6 receptors in the MVD, 
or perhaps may be the result of agonist actions of DALCE 
being mediated by non-6 receptors. Support for the latter 
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possibility exists in vivo, in that although the antagonist prop· 
erties of DALCE are highly selective for the .h receptor (as 
opposed to 6" j.I and K receptors), the acute antinociceptive 
properties of DALCE are not 0 receptor selective (Jiang et aL, 
1990). In agreement with this view, the K. values determined 
for ICI 174,864 (6 antagonist' and for the K antagonist. norbin· 
altorphimine against DPDPE and DALCE in MVD suggest 
that DALCE may have significant activity at opioid « receptors 

100 1000 

(K. D. Wild and F. Porreca, unpublished observations). Differ· 
entiation of these possibilities requires further study. 

Although the data cited above are consistent with the pres· 
ence of a single functional subtype of opioid 0 receptor in the 
MVD, the exact nature of this receptor subtype is more difficult 
to identify. It is tempting to speculate that the subtype of 
receptor identified in the MVD is similar or identical to that 
classified the mouse brain in vivo as the 0, site. In spite of the 
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lack of antaj!onism seen with the 01 antagonist DALCE and the 
effectiveness of opioid 0, antagonists. the suggestion thllt the 
MVD 0 recepwr is the same as that identified centrally as 0, 
should be viewed with considerable caution_ Recently. a novel 
opioid 0 antagonist. i -benzylidenenaltrexone (BNTX) (Por
toghese el aL. 1992). has been discovered which shows a signif
ieant degree of selectivity for the 01 receptor ir, both recepwr 
binding studies in guinea pig brain and in an anti nociceptive 
assay as well in the mouse. Although selective for the 01 site in 
these assays in vitro and in vivo, BNTX failed to show selectiv
ity in antagonism of opioid 01 CDPDPE) and 0, CDS LET, 
agonists in the MVD (Ponoghese et aI., 1992). Although this 
finding reinforces the suggestion of the present study that a 
single functional opioid 0 receptor can be identified in the 
MVD, it raises questions regarding the similarity of the " 
recepwrs in the brain and in peripheral tissues. The effective 
antagonism by BNTX of both 01 and 0, agonists in the MVD 
may suggest that the recepwr types in this tissue may not be 
identical w those found in mouse or guinea pig brain. It should 
be noted. however. that BNTX has reasonable affinity for the 
0, site (i.e .• 10.8 nM), and although this compound was ver)' 
potent in antagonizing the antinociceptive effects of 01 agonists 
(i.e., 6.3 pmol, i.c.v.), it was considerably less potent in vitro 
(i.e., nanomolar concentration range) (Ponoghese et aL, 1992), 
though direct potency comparisons in the antinociceptive assay 
and in the MVD preparation are difficult. Thus. although the 
data with BNTX are not inconsistent with the concept that 
the 0 recepwr subtypes in the MVD are of the 0, variety, the 
present data cannot firmly establish whether the opioid recep
wr subtype identified in the MVD is the same as those identi
fied in the brain. 

Together, these data suggest the presence of one functional 
subtype of opioid 0 receptor in the MVD. The lower affinity of 
CP-OMe reported by Vaughn et aL (990) in the MVD (com
pared with rat brain) using radioligand binding approaches 
may, therefore, reflect binding of the radioligand to different 
subtypes of opioid 0 receptors in MVD and in brain. The present 
data, in conjunction with the results of Vaughn et 01. (1990), 
also suggest that radioligand binding in the MVD may be a 
useful research tool in opioid 0 receptor pharmacology. Thus, 
the MVD appears to be a selective functional assay for a 
subtype of opioid " receptor. It should be emphasized that the 
possibility that other 0 receptor subtypes may be present in 
this tissue cannot be totally excluded by the present data and 
that if such subtypes are present, they may be nonfunctional 
or few in number. Future research may use this preparation, as 
well as radioligand binding and antinociceptive assays, to gain 
insight into the structure-activity relationships of ligands for" 
recepwr subtypes. Development of ligands selective for sub
types of opioid 0 receptors may have important therapeutic 
implications for the discover)' of novel. efficacious. nonaddict
ing anaillesics with reduced liability of dangerous side effects. 
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Following the identification of (D·Ala:.Glu'ldellorphin as a seler.tive 6:-opioid receptor agonist in \;\'0. we synthesized the 
C'ys'-substituted analogue as a potential ligand which might bind 'irreversibly' at this site through a proposed thiol·disulfide 
exchange mechanism. Previous sludies showed that inlracerebroventricular (i.c.v.l pre&realment with (D·A1a~.Cys')dellorphin. 24 
h prior to antinociceptive testing. produced a selective antagonism of (D.A1a2.Glu')dellorphin.induced antinociception in mice. 
Surprisinaly. however. the Ser'·analogue (synthesized as a control) and even the parent molecule. (D-A1a:.Glu·)dellorphin. had 
the same antagonistic erreCl following pretreatment in vivo. while pre&reatment with an equiantinociceptive dose of (D
Scr=.Lcu~.Thr6J-enkephalin. a struCluraJly unrelated 6:-opioid receptor agonisl did nOI exhibit long·lasting antinociceptive 
actions. These data raised questions reearding the mechanism of the antagonism observed in vivo "'ith the dellorphins: the 
present studies have attempted to explore these issues using radioligand binding techniques. The resulls demonstrate a decrease 
in the Bmu of (ty,ol)'/-3·.s·.~H.D.Pen=.p-CI-Phe'.D-Pen~J.enkephalin WHlp·O.DPDPEI (6-opioid receptor ligandl followina 
i.c.v. pre&reatment of mice (at -24 h) "'ith (D.A1a l .Cys')dellorphin or (D·Ala=.Glu')dcllorphin. but not with (D-A1a=.Scr') 
dellorphin, suggesting a difference in mechanism of antagonism seen in vivo with these compounds. Incubation of mouse whole 
brain homogcnates in vitro with (D.A1a=.Cys')deltorphin or with (D-A1a=.Glu')dellorphin. also resulted in a decrease in the 
radioligand bindina of (lH)P-CI.DPDPE. but this effeCl was nOI prevented by coincubation with dithiothreitol. a thiol·reducina 
agent. Dircct evaluation of binding using I'HID.Ala l ,Glu')dellorphin (5 nM) showed that a ponion of this ligand (i.e .. about 
ID'iI- of all specific binding) remained specifically and 'irreversibly' bound to mouse brain membranes following incubation in 
vi&ro and extensive washing. The 'irreversibly'. specifically bound [lHID-A1a l ,Glu')dellorphin could be removed. however, by 
brief exposure of the membranes to a low pH (2.5). high·salt (0.5 M NaO) solulion. These data suggest that (D·Ala= .Cys·) 
dcltorphin and (D.A1a=,Glu·)dchorphin bind in a 'pseudoirrever.;iblc· (non-<:avalent) manner to an Ii-opioid receptor via a 
mechanism that apparenth' docs nOI involve thiol-disulfide exchange. 

Opioid; 6·0pioid receptor; dehorphin (substituted); Pscudoirreversible bindine 

1. Introduction 

Recently, evidence has accumulated both in vivo 
and in fitro which is supportive of c5-opioid receptor 
subtypes. First, two-way differential antagonism of the 
antinociceptive actions of ID-Pen:.D·Pen~l-enkephalin 

Correspondence 10: Frank Porreca. Ph.D. Oepanmenl of Pharo 
matololY. Univenil)' of Arizona. Health Science. Cenler. Tucson. 
AZ. 85724. U.S.A. 

CDPDPE) and ID-AJa:.Glu·)dellorphin. selective 0-
opioid receptor agonists (Mosberg et al.. 1983: 
Erspamer et al., 1989: Jian(! et al .. I 990a). has been 
demonstrated (Jiang et al .. 199)) using the non-equi
librium c5-opioid receptor antagonists. ID-A1a l .Leus• 
Cys~l-enkcphalin CDALCE) (Bowen et al .. 1987: Jiang 
et al .. I 990b) and naltrindole S'-isothiocyanate (!i'
NTIJ) (Portoghese et al.. ) 9901. Similar results have 
been obtained by other investigators using different 
compounds, notably the benzofuran derivative of nal
trindole, naltriben (NTB) (Sofouglu et al .. 1991l. Sec-
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nnd. a two·way lack o( antinuciccptive cross·tolerance 
has been demonstrated hc:tween [D·Ala:. 
Glu·)dcltorphin and DPDPE (Mattia et al .. 1991a). 
and between DSLET and DPDPE (So(ouglu ct al .. 
19911. Based on these data. c5·opioid receptors have 
been termed the 15 1, IDPDPE· and DALCE·sensitive) 
and 15.· ([D.A1a:.Glu·)deltorphin· and 5'·NTII·sensi· 
tive) opioid receptor subtypes (Mattia et al .• 1992). 

Multiplicity of c5-opioid receptors has also been sug· 
gested in vitro in radioligand competition studies where 
DPDPE biphasically inhibits the binding of [·'HID· 
Ala:.Asp·)deltorphin to rat brain homogenales (Negri 
et al .• 199J). Additionally. Rothman and associates 
have suggested the existence of subtypes of c5-opioid 
receptors in rat brain (Xu et al .. 199Ia). In these 
studies. site-directed acylating agents were used to 
deplete rat brain membranes of /L-opioid receptors 
and competition studies using [lH!D-A1a:.D-Leu5J.en· 
kephalin IDADLE) with a series of ~-opioid receptor 
selective ligands were conducted. In some cases. two 
binding sites were identified. a finding consistent with 
the presence of subtypes of c5-opioid receptors. Most 
recently. Takemori and colleagues have shown that 
receptors labelled with PHID-Ser2.Leu5.Thr6J.en· 
kephalin (DSLET) may differ from those labelled with 
I'H)DPDPE (Sofuoglu et al .. 1992). supporting sub· 
types of c5-opioid receptors in mouse brain. 

Early studies of sulfhydryl requirements for opioid 
receptor binding have demonstrated that a free thiol 
group may be in. or near. the binding site of opioids 
(Pasternak et al .• 1975: Simon and Groth. 1975; Smith 
and Simon. 1980; Larsen et al .. 1981l. Thus. the bind
ing of opioid receptor ligands such as [l H)naloxone 
and [3H)dihydromorphine is attenuated by N-clhyl· 
male imide and iodoacetamide. compounds which alky· 
latc free thiol groups (Pasternak et al.. 1975: Simon 
and Groth. 1975), Further. coincubation with opioid 
receptor ligands protects against the reduction in bind· 
ing induced by these sulfhydryl reagents (Pasternak et 
al .. 1975: Smith and Simon. 1980). In terms of the 
sulfhydryl requirements of binding to /i-opioid recep
tors. studies with relatively non-specific ligands such as 
[D-Ala:.D·Leu 5)-enkephalin (OADLE) and (0. 

A1a~.Met~)-enkephalinamide (OAMA) suggest that a 
free thiol group may be involved in c5'opioid receptor 
binding (Larsen et al .. 1981l. In an elegant study by 
Bowen and colleagues (Bowen et al .. 1987) a sulfhydryl 
requirement was also demonstrated for the irreversible 
binding of [D-A1a~ .Leu5.Cys6)·enkephalin (oALCE) to 
c5-opioid receptors. In that study: the irreversible bind· 
ing of DALCE to /i-opioid receptors in rat brain ho
mogenates via the formation of a disulfide bond with a 
thiol group in. or near. its binding site was prevented 
by coincubation with the reducing agenl. dithiothreitol. 
DALCE binding was partially reversed by dithio
threitoHreatment following incubation in vitro with 

DALCE. It was concluded then. that there was a free 
Ihiol group tn. or ncar. the binding site of the c5-opioid 
receptor. 

Such a conclusion is also supponed by data from 
studies in vivo (Jiang et OIl .. 199Oa: Mattia et al .. 199tb) 
where pretreatment with DALCE could block its own 
acute anti nociceptive effects while in contrast. the Ser6 
derivative. DALES. a close structural anljlog of 
DALCE lacking a Cree sulfhydryl group. could not 
(Mattia et al.. 199tb). Importantly. DALES-pretreat· 
ment did not produce a long-term antagonism of 
DPDPE·mediated antinociceplion in vivo. as was ob. 
served wilh DALCE·pretre3tment (Mattia et al •• 
1991b). As DALCE shows selectivity (or the putative 

c5 l -opioid receptor in vivo. the results of Bowen and 
colleagues (Bowen et al .• 1987) might be interpreted to 
represent involvement of a sulfhydryl group at the 
c5 l -opioid receptor subtype. 

A recent study oC antinociception sought to eXlend 
these concepts to the ~2-opioid receptor (Horan et al •• 
1993). Thus. a cysteine analog of [D-A1a2.Glu4J. 
deltorphin. a putative c5:.opioid receptor ligand. was 
synthesized with the aim of allowing for a thiol-dis· 
ulfide exchange reaction to occur with a potential 
sulfhydryl group in. or near. the 6:-opioid receptor. 
Nalive [D·A1a2.Glu4)deltorphin was modified in posi· 
tion 4 with Cys. or with Ser as a control. in order to 
create compounds with amino acids which contain free 
thiol and hydroxyl groups. respectively (Misicka et al .• 
199J). Should a free thiol group be present in. or near. 
the binding site of the 6:-opioid receptor subtype. then 
pretreatment in vivo with [D.A1a:.Cys4]deltorphin 
would be expected to produce a long· lasting antago
nism of 15:· (e.g .• [D.A1a:.Glu4)dehorphin). but not 61, 

(e.g .• DPDPE) opioid receptor mediated antinocicep' 
lion. In contrast. [D·A1a~ .Ser· )deltorphin should not. 

The results of that study. however. indicated that 
while [D.A1a:.Cys~)deltorphin pretreatment did pro· 
duce a long·lasting (i.e .• > 24 h) antagonism of 15:. but 
not c5 l ·opioid receptor mediated antinociceptive eC· 
fects. [D.Ala~.Ser4)deltorphin and even [D·A1a2• 

Glu·)deltorphin itself produced similar antagonism of 
c5.-opioid receptor mediated antinociception (Horan et 
ai .. 1993). While the results of that study did not 
demonstrate whether or not a thiol group was located 
in or near the binding site of the c5.-opioid receptor. 
they did raise the question as to hoW these analogs of 
[D·A1a: .Glu· )dellorphin could produce long·lasting an· 
tagonism at c5:-opioid receptors. 

The present study investigated the mechanism of 
action Cor this long· lasting antagonism using radioli· 
gand binding techniques. Our results indicate that the 
antagonistic effects of [D.A1a2.Cys·]deltorphin and of 
[D·A1a2.Glu4)dellorphin. may be related to a 'pseudo
irreversible' (non-covalent) interaction with the 62, 

opioid receplor. While the long· lasting anlagonism pro-

136 



duced 11)' (D·Ala:.Ser~)dchorphin. cannot be explained 
11)' this mechanism. 

2. Methods 

:U. Animals 

Male. ICR mice (20 to 30 g. Harlan Industries. 
Cleveland. OHI were housed in groups of five, main· 
tained on a 12/12 h light/dark cycle and allowed free 
access to food and water until the time of sacrifice for 
radioligand binding studies. 

2.2. Intracerebrorenlricu/ar injections 

All compounds used for pretreatment (- 24 hI were 
given into the right lateral ventricle using a modifica
tion of the method of Haley and McCormick (J9571 as 
described previously (Porreca et aI., 19841. Drug ad· 
ministration was performed under light ether anesthe
sia using a 10 III Hamilton syringe (Hamilton Corp .. 
Reno, NY) in a volume of 5 Ill. 

2.3. Radio/igand binding studies 

23.1. Membrane preparation 
Mice were killed by cervical dislocation and mouse 

whole brain (including cerebellum) was removed and 
homogenized using a polytron (on the lowest setting of 
J) at 4°C in 25 volumes of 50 mM/5 mM Tris·HCl/ 
MgCl 2 buffer adjusted to pH 7.4. The tissue ho
mogenate was centrifuged at 48000 x g for 20 min at 
4°C. All centrifugation took place under these condi
tions and membranes were kept at 4°C at all times 
unless described differently. The peUet was resus
pended (using the polytron) in 25 volumes of fresh 
buffer and incubated at 25°C for 30 min in an attempt 
to dissociate and remove endogenous opioid peptides. 
Following this incubation period. membranes were 
washed 5 times by sequential centrifugation and resus· 
pension in fresh buffer as described above (48 000 x g, 
4°C, 20 min each). The final pellet was resuspended in 
25 volumes of fresh buffer for use ill radioligand bind
ing studies. 

For incubations in vitro. membranes were prepared 
as described ahove, though following the incubation 
period, membranes were exposed to [D.A1az,Cys4J. 
deltorphin ClO IlM), [D-A1az.Ser4jdehorphin (10 IlM) 

or [D.A1a2,Glu4)deltorphin (30 #M) for 60 min in 25 
volumes of 50 mM/5 mM Tris-HCl/MgCl 2 buffer 
containing 100 mM NaCl and 2 IlM GTP (association 
buffer. Bowen et al .. 1987) for I h or 10 association 
buffer alone (control conditions). These concentrations 
were chosen based on concentration-effect studies in 
vitro with [D.A1az,Cys4)deltorphin {O_,-1O I'M). Addi· 

tionally. as (D·Ala: .Cys4)deltorphin is approximately 
~·rold more potent in vivo than (D·Ala:.Glu·)del
torphin (Horan et al .. 199~). a concentration of 30 IlM 
was chosen for studies with (D·Ala:.Glu')deltorphin in 
vitro. In a separate group of experiments. membranes 
were incubated with [D·A1a2.Cys4)deltorphin or [D
Alaz.Glu4)dehorphin according to the above protocol, 
though in the presence or ahsence of several concen
trations of dithiothreitol (0. 3, 30 or 100 mM); [D· 
Alaz.Ser4)dehorphin was not studied in this procedure 
due to its lack of irreversible binding (see resuhsl. As a 
positive control. membranes were incubated with 
DALCE (10 IlM) under the described conditions in 
the presence or absence of dilhiothreitol (0. 0.3. 1.3 or 
10 mM). Membranes were then washed once b)' cen· 
trifugation/resuspension in 50 mM/5 mM Tris·HCl/ 
MgClz buffer. followed by resuspension and incubation 
in dissociation buffer (SO mM/S mM Tris.HCl/MgCl: 
buffer containing 250 mM NaCI and 100 pM 
GppfNH]p) for 1 h (Bowen et al .. 1987). Following the 
incubation, membranes were washed twice by centrif
ugation/ resuspension in SO mM/5mM Tris·HCl/ 
MgCl z buffer and finally resuspended in 25 volumes of 
fresh buffer for binding studies. Control experiments 
evaluating the effect of number of washes showed that 
no funher increase in binding was observed after 3 
washes. Thus the number of washes used in this study 
was sufficient to remove residual. unbound drug from 
the membrane preparation (data not shown). 

2.3.2. Saturation binding studies 
Membranes were prepared as described above. 24 h 

following i.c.v. pretreatment of mice with equieffective 
antinociceptive doses of [D·A1a2,C'ys4)deltorphin (3 
nmoJ). (D-Ala2.Ser')deltorphin (3 nmoll or (D·A1a2, 

Glu')deltorphin ClO nmol). Saturation studies were 
performed as previously described (Vaughn et aI., 
1989). Nine different concentrations of (3H)p-Cl_ 
DPDPE were used ranging from 10-5000 pM. This 
radioligand was chosen for these studies as not only 
does [·'H)p-Cl·DPDPE possess both high affinity and 
selectivity for the B-opioid receptor (Vaughn et al .. 
1989), but substantial in vivo data indicate that its 
progenitor, DPDPE. can act at both 0,' and Bz·opioid 
receptor subtypes (Jiang et at .. 1991; Mattia et al., 
1991a; Porreca et al .. 1992). Non·specific binding was 
defined using 10 IlM naloxone. The final volume of the 
assay samples was 1.0 mi. Incultations were performed 
at 250C for 3.5 h and terminated by filtration through 
Whatman GF /B filter strips previously soaked in O. I % 
polyethytenimine for at least 0.5 h. The filtered mem
branes were washed three times with 4 ml of ice·cold 
0.9«1r saline and radioactivity was measured using a 
liquid scintillation counter with 42'ir efficiency. Assays 
were carried out using duplicate samples for four sepa
rate determinations. Protein concentrations were de-
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tennined by the method of Lowry et al. 119511. and 
final protein concentrations used in these assays ranged 
from 0.3-0.s mg/ml. Binding data were analyzed by 
nonlinear least·squares regression methods (Minsq, 
Micromath. Salt Lake City. Utah). Kd and Bmu values 
were expressed in pM and fmol/mg protein. respec· 
tively. and represent the mean ± S.E.M. of four sepa· 
rate determinations. 

2.3.3. Binding studies following in vitro incubation with 
substituted deltorphins 

Binding at c5'opioid receptors was assessed in memo 
branes incubated in vitro with severa! concentrations of 
[D.A!a2 ,CyS4 )deltorphin, [D·A1a2,Ser 4)deltorphin or 
[D.A!a2.Glu·)deltorphin as described above. The radio 
oligand binding was assessed utilizing one concentra· 
tion of [lH)p.C!·DPDPE (750 pM). chosen to approxi· 
mate the Kd of this radioligand. Non·specific binding, 
time of incubation, methods of filtration and protein 
determinations were identical to those described for 

'saturation binding assays. Inhibition of [lH)p.CI. 
, DPDPE binding was expressed as % of control. Values 
i represent the mean ± S.E.M. of three to four separate 
, determinations. 

2.4. Radioligand binding with {JH/fD·Ala 1,Glu4/. 

deltorphin 

Mouse brain membranes (as prepared above) were 
incubated with 5.0 nM [lHID·Ala2.Glu·)deltorphin. 
alone or in the presence of 10 ~M naloxone (for 
non'specific binding). for I h in association buffer, 
washed, and incubated for one hour in dissociation 
buffer (see above). At this time. membranes were ex· 
posed briefly to either Tris/MgCl 2 (50 mM/5 mM) 
buffer or a low pH (pH - 2.5 with acetic acid). high salt 
(0.5 M NaCn solution. ccntrifuged immediately and 
washed twice with Tris/MgCl 2 (50 mM/5 mM) buffer. 
Aftcr the last centrifugation, the pellets were saved 
and dissolved in 250 III of Solvable (Dupont). Scintilla· 
tion fluid was then added and the samples were counted 
for radioactivity. 

TABLE I 

2,5. StatistICS 

Comparisons of K~ and Bmu values in radioligand 
saturation studies and inhibition of [JH)p·C!·DPDPE 
binding following incubation of membranes in vitro 
with [D·A!az.Cys·)deltorphin. [D·Ala2.Glu4)deltorphin 
or DALCE in the presence or absence of dithiothreitol 
were made using a one·way ANOVA followeQ by the 
Student's t·test for grouped data, where appropriate. 

2.6. Chemicals 

[D·Ala2.Cys"]deltorphin, [D·Ala2,Ser"]deltorphin, 
[D·A!a2,Glu4)deltorphin and DPDPE were synthesized 
as previously described (Misicka et al., 1991; Mosberg 
et aI., 1983), and dissolved in 10% OM SO for use in 
vivo. DALCE was provided by Dr. H.I. Mosberg (Col· 
lege of Phannacy, University of Michigan, Ann Arbor, 
MU. [3H)p.CI.DPDPE (specific activity - 34.1 
Cijmmol) was obtained from New England Nuclear 
(Boston, MA). [JHID·A1a2,Glu"]deltorphin was syn. 
thesized as previously described (Buzas et al., 1992). 
All other reagents were obtained from Sigma Chemical 
(St. Louis, MO). 

3. Resulls 

3.1. Radioligand saturation studies following pretreat· 
mtnt in L'i!'O with substituted deltorphins 

In membranes from the brains of vehicle·pretreated 
mice. the Kd and BrnaJI for [JH]p·CI.DPDPE were 
found to be 776.3 ± 207.9 pM and 106.22 ± 13.97 
fmol/mg protein, respectively. Pretreatment with ei· 
Iher [D·Alaz.Cys·]deltorphin or [D·A!az.Glu·)deltor· 
phin was found to decrease the Bmu for binding of 
[3H]p·CI·DPDPE to approximately 60% of control ha· 
ble I). In contrast. pretreatment with [D·A!az.Ser·]del· 
torphin did not significantly affect the binding of 
[·'H)p·CI·DPDPE <table 11. Representative saturation 
isotherms for [lH]p·a·DPDPE binding in control and 

K. (pM) and B .... (fmol/ml prolein) values for I .'HJp.O·DPDPE binding in mouse whole brain membranes followin. prelrellmenl in vivo wilh 
vehicle.!D·Alal .Cys')dellorphlO. ID·Ala:.Scr')d(ltorphin or !D.Ala l .Glu'\dellorphin 

I ____________ ~~----------~~~----------------------------------, Prelrealmenl Vehicle Del10rphin 

! ID.A1.:.Cys') 

106.2 ± 14.0'" 
776.26 ± 207.9 

•.• Sianificanlly dillerenl from conlrol (P < 0.05) . 

63.9± 7.2' 
72t.5± 179.9 

90.3± 11.6 
795.0 ± 185.4 

62.2± 7,6 b 

826.7 ± 213.8 
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FII. I. Mice: wrrr prelreated wilh (01 vehicle OO'N OM SO. 5 1'1. 
i.c.v.l. (el ID.Ala:.Cy~·)dellorphin (3 nmol. i.c.v.l. (.1 10. 
AJ.=.Scr')dellorphin (3 nmol. i.r.v.1 or (A I ID-AJa=.Glu')dellorphin 
110 nmol. i.c.v.1 24 hours pnor 10 sacrifice. Saluralion sludies were 

then performed uslnlllHjp.O.DPDPE 00-5000 pMI. 

treated mice are shown in fig. 1. Student's t-tests 
comparing treatment groups to control showed that the 
decreases in Bmu produced by (D-A1a2,Cys')del
torphin and (D_A1a2 .Glu' )deltorphin pretreatment 
were significantly (P < O.OS) different from control (ta
ble 1). No significant effect on the Kd of [3H]p.Q· 
DPDPE binding was observed following these pretreat· 
ments (table 1). 

3.2. Effect of dithiothuilol 

In control membranes, dithiothreitol (30 or 100 mM) 
significantly decreased specific [3H)p-Q-DPDPE bind
ing, lowering the Bma to 73.3 and 48% of control, 
respectively, indicating a non-specific effect to reduce 
the binding of [lH]p.Q-DPDPE. This was not ob
served after pretreatment of the membranes with 3 
mM dithiothreitol. where (3H)p-a-DPDPE binding was 
observed to be 96.5% of control. Incubation of mem
branes with (D.A1a2,Cys')deltorphin no PM), (D
A1a2,Glu')deltorphin (30 ~M) or DALCE (10 ~M) 
reduced the binding of (JH)p-CI-DPDPE to 10.4, 35.6 
and 3.9% of control. respectively. Dithiothreitol (3 
mM) had no significant effect on the inhibition of 
(~Hlp-CI·DPDPE binding produced by (D
A1a 2.Cys')deltorphin or [D-A1a~,Glu')deltorphin. The 
inhibition of binding produced by incubation in vitro 
with (D.AJa2.Cys')deltorphin or (D-AJa~,Glu')de
Itorphin in the presence of dithiothreitol (3 mM) was 
6.43 and 2B.9o/C of control, respectively. The inhibitory 
effects of DALCE. however. were found to be signifi
cantl)' reduced by dithiothreitol. The inhibition of bind
ing produced by DALCE in the presence of dithio
threitol was found to be 22.lo/C of control, compared to 
3.9% of control in the absence of dithiothreitol. 

.U. Conumralinn.drpendenct of /D·Ala:.C.I·s4/.drllor
phin effw 

In a separate study of the concentration·effect for 
decrease in binding produced by in vitro treatment 
with (D-A1a~.Cys')deltorphin. the IC50 value (and 95% 
C.L.) of (D-A1a:.Cys')deltorphin to inhibit ['H)p-CI. 
DPDPE (750 pM) binding was determined to be 64{) 

(325-1247) nM (data not shown). 

3.4. /"HI/D.Ala 2,Glu4/dellorphin binding 

In control mcmbranes, [lHID-A1a~.Glu')deltorphin 
was obserVcd to remain specifically bound to the mem
branes after the association. dissociation and washing 
procedures. in agreement with the above results using 
unlabelled (D-A1a2 .Glu' )deltorphin and binding with 
('H)p-CI-DPDPE. Incubation with 5 nM (·'HID
AJa2 ,Glu' )deltorphin produced 22.8 (± 0.6) fmol/mg 
protein of irreversibly, specifically bound ligand. In 
contrast. brief exposure of the membranes to the low 
pH. high-salt buffer removed more than 96% (0.43 ± 
0.12 fmoljmg protein remaining) of the 'irreversiblY'. 
specifically bound [3HID-AJa2.Glu')deltorphin from 
the membranes. 

4. Discussion 

Following pretreatment of mice in vivo. both (D· 
A1a2,Cys')deltorphin and (D-AJa~.Glu')deltorphin pro
duced a decrease in the BIDu of [3H)p-a.DPDPE 
binding with no change in the affinity of this radioli
gand for its binding site. In contrast. this result was not 
obtained following pretreatment in vivo with (D
Ala2,Ser')deltorphin. in spite of the previous observa
tion that this pretreatment procedure produced long
lasting antagonism of li~-opioid receptors in vivo using 
all three of these deltorphins. In order to further 
explore the mechanisms involved in the effects of these 
compounds. mouse brain membranes were incubated 
in vitro with (D-A1a2,Glu')deltorphin and its Cys'-sub
stituted derivative in the presence or absence of dithio
threitol. As (D-A1a:.Cys')deltorphin possesses a free 
sulfhydryl group via its cysteine moiety. this group 
might be expected 10 bind irreversibly 10 a thiol group 
in. or near. the li-opioid binding site through the 
formation of a disulfide bond. Such a mechanism has 
been proposed for DALCE, which also possesses a 
cysteine residue (Bowen el al., 1987). If [D
A1a~.Cys')deltorphin irreversibly binds by such a mech
anism. then incubation wilh dithiothreitol. a 
sulfhydryl-reducing agent. should paniall)' or com· 
pletely inhibit the decrease in (~H]p.a-DPDPE bind· 
ing produced by Ihis compound. As (D-AJa:.Glu')del· 
torphin contains a free carboxylate group in its 4 
position. then its apparent irreversible binding to its 
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receptor site shuuld nut involve a sulfhydryl group. and 
it~ binding shuuld not be attenuated by dithiuthreitol. 
Our results show that dithiothreitol did not reduce 
[D·A!a; .Cys· )deltorphin· or [D·Ala: .Glu· )deltorphin· 
mediated inhibition of (I H)p·CI.DPDPE binding at 
concentrations similar to those used by Bowen et al. 
(1987) to reverse the effects of DALCE. As a positive 
control. we replicated the experiment of Bowen et al. 
(\ 987) using the same concentrations of dithiothreitol 
effectively against DALCE and confirmed the effect of 
this reducing agent. From these observations. it follows 
that the ability of (D·Ala:.Glu~]deltorphin and (D· 
A1a l .Cys·]deltorphin to produce long·lasting antago
nism in vivo is not likely to be the result of the 
fonnation of a disulfide bond at the receptor site. 

One interpretation of the data in vivo might be that 
tolerance is occurring at the .5:·opioid receptor. ob· 
served as a decrease in receptor number or a shift of 
the receptor to the low affinity state. One insight into 
this possibility is that (D·Ser2.Lcu'.Thr6~enkephalin 
(DSLET). a structurally dissimilar .5:-opioid receptor 
agonist. was not able to produce antagonism of 
antinociception following pretreatment in vivo with a 
dose producing equivalent initial antinociceptive ef· 
fects (Horan et al.. 1993). Also. of the three deltor· 
phins administered in vivo prior to radioligand binding 
assays only [D· Ala: .Cys4 ]deltorphin and [D·Ala:. 
Glu']deltorphin were found to decrease the Bmu of 
[·'H)p.CI·DPDPE binding. whereas [D.A1a2.Ser4]de. 
Itorphin did not. Additionally. pretreatment in vivo 
with DSLET also failed to alter the binding seen with 
[IH)p·CI·DPDPE (data not shown). As all three of 
these compounds. and DSLET. are acute agonists and 
produce antinociception (Horan et al .• 199J). mecha· 
nisms that involve acute tolerance would appear un· 
like!)'. Also unlikely is the possible conversion of these 
receptors to a low affinity state since pretreatments in 
vitro with (D.A1a:.Glu')deltorphin were unable to ef· 
fectively reduce the binding capacity or affinity of 
[~H]naltrindole (unpublished observations). a recently 
characterized .5·opioid receptor selective antagonist 
(Yamamura et al.. 1992). which would recognize the 
low affinity state of receptors and. therefore. not be 
affected by treatments which shift receptors to the low 
affinity state. 

The mechanism by which [D.A1a:.Cys~]deltorphin 
and (D·A1a:.Glu')deltorphin decrease the Bmu of 
(~H)p·CI·DPDPE binding remains unresolved. A possi· 
ble explanation of the mechanism may be obtained 
from a recent report by Rothman and colleagues who 
studied 'pseudoirreversible' binding of (+ ).cis·J·meth· 
ylfentanyl to I'-opioid receptors in rat brain (Xu et al.. 
1991 b). These investigators characterized five different 
types of wash resistant binding of ligands that might 
produce a decrease in subsequent of radioligand bind· 
ing. Of these five mechanisms. only one possibility was 

identified in which the Bmu was decreased without a 
change in K~: this type of 'pseudoirreversihle' binding 
was referred til as 'tight binding'. which was described 
by these investigators as a situation in which the wash· 
resistant inhibitor binds with high affinity to the bind· 
ing site and dissociates so slowly over the time course 
of the experiment that the binding sites are blocked 
(Xu et al .. 1991bl. This type of 'pseudoirrever~ihle' 
reaction is not reversed by further washing' as the 
supernatant of further washes does not produce any 
inhibition of subsequent radioligand binding (Xu et al .. 
199tb). Such a mechanism is consistent with the data 
reported here for the Cys·. and Glu··substituted del· 
torphins in which the Bmu was reliably decreased while 
the Kd was not affected. This type of interaction. then. 
would not appear to occur for [D·A1a2.Ser~)deltorphin 
or for DSLET. a structurally unrelated .5:·opioid reo 
ceptor agonist (Jiang et al., 199)), both of which pro
duced no changes in binding of [JH)p·CI·DPDPE. 

The experiment with [3HID·A1a:.Glu~]deltorphin 
indicates that the 'pseudoirreversible' binding of this 
compound can be reversed by low pH, high salt condi· 
tions. This shows that a covalent bond was not fonned 
and suggests that the 'pseudoirreversible' binding is a 
manifestation of a strong ionic interaction. This would 
seem possible for compounds that contain cysteine or 
glutamic acid. residues which are ionized under physio
logical conditions. Interestingly, serine is more resis· 
tant to ionization under physiological conditions. which 
could explain why this compound does not demon· 
strate 'pseudoirreversible' binding in this study. It could 
be that [D.A1a2,Ser 4 ]deltorphin produces long·lasting 
antagonism in vivo by an interaction with the receptor 
that was reversed by the conditions of the dissociation 
buffer (250 mM NaO was present in this buffer. see 
Materials and methods). In contrast. the interaction 
berween the receptor and FHID.A1a l .Glu'].deltor. 
phin was not reversed by incubation in dissociation 
buffer. but was reversed only by conditions of low pH. 
high salt. 

In conclusion. 'pseudoirreversible' binding of (D· 
Ala:.Cys']deltorphin and (D.Alal .Glu4 )deltorphin ap· 
pear to be a possible explanation for the observed 
long·lasting antagonist actions of these compounds in 
vivo. Further studies need to be conducted to examine 
the rate constant for fonnation of the ·pseudoirreversi· 
ble' ligand·receptor complex and the nature of the 
interaction berween [D.A1a:.Ser·]deltorphin and .5. 
opioid receptors. 
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Short communication 

Binding of BW 373U86, a non-peptidic 0 opioid receptor agonist, 
is not regulated by guanine nucIeotides and sodium 

Kenneth D. Wild ., Lei Fang ", Robert W. McNutt ~, Kwen-Jen Chang ~, Geza Toth ., Ana Borsodi c, 

Henry 1. Yamamura • and Frank Porreca" 
• Vrparlmrn/ of PhamlQrnlulf). Uni,.rsll) of An:,,"a Hrulth Srlt'nas ('fn/f'. Tum,". AZ. L'S.~. 
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, Binlngiral RfstQ,rh Crn/cr. Hun,anan .~radrm .. ' of S(ltnrtJ. S:rKfd. HUnKQ,,' 

Received 10 Mal Iqqj. accepled I June 199~ 

BW ~nU86 is a novel. non·peplidic o-opioid receplor ligand wilh agonisl properlies in mouse brain and in the mou~e 
isolaled \'a~ deferens. The sensilivily of BW 373U86. and of lhe pcplidic oo(lpioid agoniSlS (o·Pen:.D·Pen~)enkephalin (oPDPEI 
and (o-A1a=.Glu·)deliorphin. 10 regulalion by guanine Ducleolide~ and sodium wa~ e\'alualed in compelilion sludie~ a(:ain~llhe 5 
seleClive radioligand ()H)nallrindole. The IC~, value~ for DPDPE and (o·A1a=.Glu·)deliorphin were significanlly increa~ed in 
brain and mouse vas deferens in the presence of Gpp(NHIp and Naa. In conlrast, Ihe IC50 values for BW 373U86 were nOI 
allered in the presence of Gpp(NH)p and NaCl in either tissue. The data indicate that the agonist properties of BW 373U86 may 
not be affected by the supposed uncoupling of the a·subunit of the G'prolein from a receptor thought to be G-prolein linked. 

Opioids; o·Opioid receptors; BW 373U86; Guanine nucleolides; Radioligand binding 

I 1. Introduction 

I Ii·Opioid receptors were first described in the'mouse 

Radioligand binding studies in vitro have suggested 
that the Ii-opioid receptor in the mouse vas deferens 
may differ from that identified in brain (Vaughn et al.. 
1990). and functional studies suggest that the c5·opioid 
receptors in mouse vas deferens may be of the c5: type 
(Wild ct al.. 1993). Additionally. two affinity states 
have been reported for the c5·opioid receptor in NG 
108·IS cells (Law et aI., 19QJ) and have been suggested 
to exist in rat brain on the basis of a biphasic dissocia
tion rate for (-'H!D.Pen~,p-CI-Phe"D-PenS)enkephalin 
(Vaughn et al .. 1989). Opioid receptors may be shifted 
into the low affinity state for agonists in the presence 
of Gpp{NHlp, a non-hydrolyzable GTP analogue (e.g .. 
Law et aI., 19911. This '(G-shift phenomenon' has been 
thought to reflect uncoupling of the a-subunit of the 

i~:olatcd vas deferens and are now known to be in· 
volved in the mediation of antinociception (e.g •• Mallia 
et aI., 1992). Recently, two subtypes of c5-opioid recep· 
tors have been identified, and termed iii and c5~ (Mat
tia et aI., 1992). [D-Pen~,D-Pen~)Enkephalin (DPDPE) 
is a peptidic Ii·opioid receptor agonist which has been 
suggested to act via the iii receptor, while [D·AJa~, 
Glu'jdeltorphin is a peptidic agonist showing selectiv
ity for the Ii~ receptor subtype in the mouse (Mattia et 
al .. 1992). DPDPE or [D-Pen2,p-CI-Phe', D·PenS)en
kephalin (p-CI-DPDPE). [D·Ala~, Glu' )deltorphin. and 
the recently reported non·peptidic c5·agonist. BW 
373U86 « ± ).4.[(a-R- )'a-[(2S-, SR- )-4-allyl-2,S·di
methyl.l·piperazinyJ).3.hydroxybenzyl)·N.N-diethyl
benzamide) all produce antinociception in mice and all 
are pOlent agonists in the mouse isolated vas deferens 
bioassa)' (Mattia et al., 1992; Wild et al .. submitted). 
The c5·opioid receptor subtype selectivity of BW 
373U86 is presently unclear. 

Corre$pondence 10: Fr3n~ Porreca. Ph.D .. Dcpanmenl of Pharo 
macolon. Universilli of Arizona. Heallh Sciencc$ unler. TUC$(ln. 
AZ 8Sn4. USA. Tel.: t1>021621>-7421: Fax: (1)021626·4181. 

. G.protein from G·protein linked receptors. Anal~'sis of 
the putative amino acid sequence of the c5·opioid re· 
ceptor of NG J08-IS cells suppons the view that Ii· 
opioid receptors belongs to the family of G-protcin 
linked receptors (Evans et al .. 1992: Kieffer et al .. 
1992). However, it is still unclear whether or not 
both subtypes of Ii·opioid receptors are G·protein 
linked. With the development of a radiolabelled c5. 
opioid receptor selective antagonist. (-'H)·naltrindole 
CYamamura el al.. 1992), affinity states of Ii-opioid 
receplors can be explored for the first time in tissues 
with mUltiple opioid receptor types such as mouse 
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hrain and mou~e: va~ defcrcns. The potenllal difference: 
het~een /i-opioid receptors in the brain and mouse vas 
deferens allows for the examination of G-protein in
volvement in the effects of these putative suhtypes of 
Ii-opioid receptors. 

In the present ~tudy. we examined the G-shift for 
compounds classified a~ c5-llpioid receptor agonim in 
vivo and in vitro in membranes prepared from mouse 
brain and mouse vas deferens. These agonists were 
evaluated in competition experiments against (JHJ
naltrindole under control conditions or in the presence 
of guanine nucleotidcs and sodium. The results indi
cate that. whereas DPDPE. p-CI-DPDPE and [0-
Ala=.Glu4 Jdeitorphin are regulated by guanine nu
cleotides and sodium in both mouse brain and mouse 
vas deferens. BW 373U86 affinity is independent of 
regulation b}' guanine nucleotides and sodium in both 
tissues. 

2. Materials and methods 

2.1. Membrane preparation 

Mouse: brain tissue or the pooled vasa deferentia 
from male. ICR mice were homogenized in 2S vol/g 
wet brain weight of Tris/MgCI: (50 mM/5 mM) buffer 
(pH 7.4) at !J°C and washed by centrifugation/ 

: resuspension. A 30 min preincubation was carried out 
, at 2S°C to dissociate anv endogenous ligands, followed 
! by two more washes. Approximately o.S mg of brain 

membrane protein and 0.8-1.0 mg mouse vas deferens 
membrane protein were used per sample in the binding 
assays. 

2.2. Competition studies in mouse brain 

Competition studies ..... ere performed using 100 pM 
[~HJnaltrindole to label c5·opioid receptors. Although 
naltrindole shows selectivity for c5·opioid receptors. 
binding ..... as done in the: presence of blocking concen· 
trations of p. and K ligands. i.e .. (o-Ala:.NMPhe 4

• 

TABLE t 

Gly-ollen~ephalin IDAMGOl and UflQ.SQ.l (HIO nM 
t!ach). At least 10 concentrations of competin!! ligands 
..... ere used uver a 5-lug concentration range. Non
spccific binding ..... as defined with 10 p.M naloxone. 
Incubations were in I ml final volume of Tris/MgCI. 
with I mg/ml bovine serum albumin and 100 p.M 
phen}'lmcthylsulfonyl nuoride (final concentrations). 
Final prutein concentration was as stated above. as 
detennined by the Lowry method. IC so values and 
maximum IX specific binding were detennined using 
non·linear least-squares regression according to models 
for one and two binding sites. rcspectiveh' (Minsq. 
Micromath Software. Salt Lake City. UT: EBDA and 
LIGAND). 

2.3. Competition studies in mouse cas deferens 

Competition studies were perfonned as described 
above for brain tissue with the following differences: 
binding was done in the absence of blocking agents and 
in the presence of 1.0 mg/ml bovine serum albumin, 
30 p.M bestatin. 10 p.M captopril, 50 p.g/ml bacitracin 
and 100 p.M phenylmelhylsulfonyl fluoride. These: dif
ferences are part of the recently established (3HJ. 
naltrindole binding assay in mouse: vas deferens (Fang 
and Yamamura. in press). 

2.4. RegulatOr}' studies 

Competition studies (as described above) were car
ried out using the 5 selective ligand [~HJnaltrindole in 
the presence of (Gpp(NHlp (100 p.M in brain. 50 p.M 
in mouse vas deferens) and 100 mM NaC!. 

2.5. Chemic:als 

DPDPE and [0·Ala=.Glu4 Jdeltorphin were a gener
ous gift of Dr. Henry I. Mosberg (College of Phannacy. 
University of Michigan. Ann Arbor. Mil. [JHJNaltrin
dole was prepared by G.T .. and BW 373U96 was 
s~'nthesized by R.W.M. All other chemicals were pur· 
chased from Sigma (51. Louis. MOl. 

Blndins paramelel\ for Ihr •• 6-opioid receplor agonisu in mouse brain membranes In Ihe absence (connoll or presence of GpP(NHIp (100 "M) 
and N"CI (100 mM). 

AsoOisl 

DPDPE 
(o.Ala:.Glu']Dellorphon 
BW 37JUS6 

Conlfol 

8m .. -hi 
('C 
specific 
~ondin8) 

74.0 
100.0 
100.0 

ICso - hi 8m., -10 IC!(I-Io 
(nM' ('( (nM) 

specific 
binding) 

1.40 ~6.0 4~.S 

10.0 
1.17 

+ Gpp(NHIp and N.a 

8 .... -hi IC",-hi 8m .. -10 fC",-1o 
(t;( (nM) ('( (nM) 
specific specific 
binding) bindins) 

JS.~ IS.O 61.S 1500 
.\0.1 4.62 59.9 196.4 

100.0 1.36 
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J. Results 

3.1. Mouse brain 

Under control conditions. DPDPE demonstrated a 
hiphasic competition curve suggesting two affinity 
states. The high·affinity state accounted for approxi· 
mately 7St;( of the sites with an IC~n value of 1.4 nM. 
while the low affinity state accounted for approxi· 
matel~' 25t;( of the specific binding with an IC,o value 
of 43 nM. A hiphasic competition curve was also ob· 
served in the presence of Gpp(NHlp and NaO: under 
these conditions. the low·affinity state accounted for a 

. higher percentage (60%) of the specific binding ..... ith 

. decreases in the Ie ~n values (see Table Il. resulting in 
a large G·shift of approximateh' 40·fold. 

[o·A1a:.Glu")Deltorphin and BW 373U86 both dis· 
played a monophasic competition curve under control 
conditions with respective IC~ values of 10 and 1.3 
nM. In the presence of Gpp(NH)p and NaO. [D.A1a:. 
Glu")deltorphin showed a biphasic competition curve. 
with 401it of the binding to the high affinity sites 
()C~ = 4.6 nM) and 60% to lower affinity sites ()C50 = 
296.4 nM) (see Table I). resulting in a smaller G·shift 
than seen with DPDPE (i.e .• approximately IS· fold). In 
contrast. BW 373U86 continued to show a monophasic 
competition curve in the presence of GpP(NHlp and 
NaO. with an IC~ value of 1.4 nM under these condi· 
tions (Table 1). 

3.2. Mouse "os deferens 

Under control conditions. the competition of p·O· 
DPDPE against [3H)naltrindole could not be evaluated 
for a two·site fit. but showed an ICse value of 0.45 nM 
and a Hill slope of 0.99. In the presence of Gpp(NH)p 
and NaCI. the p·CI·DPDPE inhibition curve ..... as 
monophasic with an ICse value of 45.4 nM <table 2) 
and a Hill slope of 0.87. indicating a G·shift of approxi· 
mately IOI·fold. Under control conditions. the compe· 
tition of [o·Ala:.Glu")deltorphin against eH)naltrin. 
dole could not be evaluated for a two site fit. but 
showed an IC~o of 1.16 nM and a Hill slope of 0.86 
(Table 2). In the presence of Gpp(NH)P and NaO. the 

TABLE 2 

competition curve for [1l-Ala=.Glu')deltorphin ..... as 
hi phasic with SSt;( of the receptor sites in high affinity 
with an Ie ~n value of :20.1 nM and 42t;( of the recep
tors in the low·affinity state with an IC," value of 1002 
nM. indicating a large shift to the low·affinity state 
under these conditions (see Tahle 2). Under control 
conditions. the competition of BW 373U86 against 
["H)naltrindole could not be evaluated for a two·site 
fit. hut showed an IC~I value of 0.61 nM and a Hill 
slope of U. In the presence of Gpp(NH}p. the BW 
373U86 IC~o value was calculated to be 1.I nM (Table 
2) with a Hill slope of 0.80. 

4. Discussion 

In the present studies we have evaluated the regula· 
tion of four o·opioid receptor agonists by guanine 
nucleotides and sodium in mouse brain and in mouse 
vas deferens. The findings show that while the 01 and 
0: agonists are sensitive to regulation by Gpp(NHlp 
and sodium in both tissues. the novel. non·peptidic 6 
agonist BW 373U86 is nOI. These observations suppon 
the concept thai the 6-opioid receptor(s) in mouse 
brain and in mouse vas deferens are G'prolein linked 
with typical agonist shifts seen with DPDPE. p·O· 
DPDPE and [D.A1a:.Glu")deltorphin. In mouse brain. 
[D-A1a2.Glu")deltorphin. a putative 6: agonist. consis· 
tently showed a smaller G·shift than DPDPE. a puta
tive 01 agonist. Nevenheless. such observed G·shifts 
are characteristic of agonist or partial·agonist binding 
to G·protein linked receptors. In contrast. the ob· 
served lack of G·shift in both preparations for BW 
373U86 is atypical. since agonist propenies have been 
observed for this compound. In this regard. BW 373U86 
produces o·receptor·mediated antinociception and pa
tently inhibits adenylyl cyclase activity in a naltrindole
sensitive fashion (Dr. Steven Childers. personal com· 
munication) in mouse brain and inhibits contractions in 
the mouse vas deferens bioassay through o·opioid reo 
ceptor mechanisms (Chang et al .. 1993). 

One interpretation of this unusual finding with BW 
373U86 may he that this compound is not an agonist at 
the 0 sites labelled by eH)naltrindole in mouse brain 

Biodln, paramelen- for Ihree 6-opioid agoniSl$ in mouse VI$ deferens membranes In Ihe Ib~ence (conlroJ) or presence of OpplNH)P (~O ,.M) 
and NaO (100 mM). 

A/loOlSI 

p·C/-OPOPE 
10.Ala:. G/u'IOeilorphin 
BW373UBl> 

Conlfo) 

IC",(nM) 

0.45 
1.16 
0.61 

Hill Slope 8 m .. -hi 
(t;; specific 
hindingl 

0.99 100.0 
0.86 ~8.0 

U /00.0 

• Gpp(NHIp and !';aO 

IC~-hl 8 m .. -/0 lSi' -10 
(nM) It;; specific InM) 

binding) 

45.4 
20.1 42.0 1002 

1.1 
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and mouse vas deferens. Although BW 373lJHIl. 
DPDPE and (o-Ala:.Glu·Jdehorphin all hind to these 
receptors in brain in vitro. which may represent pre· 
dominately Ii I-upioid receptors. no functional interac
tion (i.e .• synergy or antagonism) can he demonstrated 
between BW 373t:1l6 and DPDPE or (D-Ala=. 
Glu·)deltorphin in assays of antinociception in vivo 
(Wild and Porreca. unpublished obsef'·ationsl. It is 
important to nOle. however. that the effects of BW 
373U86 can be antagonized in vitro and in vivo by 
naltrindole (Chang et al .. 1993: Dr. Steven Childers. 
personal communication). Further. BW 373U86 com· 
pletely inhibits the binding of (3H)p-CI-DPDPE in 
mouse brain (Wild and Porreca. unpublished observa· 
tions). Thus. it seems unlikely that BW 373U86 may 
produce its agoniSt actions at a o-opioid receptor other 
than those labelled by (3H)naltrindole and acted upon 
by DPDPE and (o.A1a:.Glu·)dehorphin. 

Another interpretation might be that (3H)naltrin. 
dole does not label.all subtypes of o-opioid receptors 
when used at a concentration of 100 pM. It is clear 
from saturation studies. however. that [lHJnaltrindole 
labels only one homogeneous population of binding 
sites. even using radioligand concentrations as high as 
10 nM in mouse brain (Yamamura et al.. 1992) or in 
mouse vas deferens (Fang et al .. 1993). Thus. if sub
types of the o-opioid receptor arc present. (JHJ.. 
naltrindole either labels all with the same affinity or 
only labels one subtype at any concentration. It should 
be noted that the concentration of (JHJnaltrindole 
used in the present studies (i.e .. 100 pM) is approxi· 
mately three times higher than the K 0 for this ligand. 
Further. competition experiments with DPDPE against 
[3H)nahrindole in mouse brain show that two affinity 
states are labelled. as demonstrated by a biphasic com· 
petition curve and an increase in lower affinity sites in 
the presence of Gpp(NH)P and sodium. 

Other possibilities for the observed results are that 
(althere is a difference in the binding of peptidic and 
non·peptidic agonists to G·protein coupled receptors. 
and (bl BW 373U86 is an agonist which can bind with 
high affinity to the o-opioid receptor even in the pres· 
ence of Gpp(NH)P and sodium. that is. independently 
of GTP·G·protein·reccptor interactions. The first pos· 
sibility would appear unlikely as the binding of other 
non-peptides with partial 0 agonist properties (such as 
olCymorphindole) are susceptible to regulation by guan
ine nucleotides and sodium in the mouse brain (Wild 
and Porreca. unpublished observations). The latter 

pll~sihility ~uggCSts that BW 37.1t:HIl may hind with the 
,haractenstics of an antagonist lIT extremely weak par. 
tlal agonist. in contrast to its known plllent agonist 
effccts in the brain and mouse va~ deferens. It is not 
clear how these possihilities may he differentiated. 
Thus. the reason.~ for the atypical nature of BW .173U86 
may need to await the molecular identification of puta. 
tive sUhtypes of the o·opioid receptor. 
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ABSTRACT 

The temperature dependence of the dissociation constant for the interaction of an 

opioid a selective ligand and its receptor was evaluated in three tissues. The change in 

free energy of this interaction was similar in mouse brain, mouse spinal cord, and NO 

108-15 cells (.100
' = -13.44, -13.34 and -13.66 kcalmol"\ respectively). The reaction 

was endothermic and occured with an increase in entropy in mouse brain and NO 108-15 

cells, but was exothermic and occured with a negative change in enthalpy in mouse spinal 

cord. The data confirm the suggestions of different opioid a receptor popUlations, and 

further suggest that the opioid a receptors recently cloned from the NO 108-15 cell line 

are of the brain SUbtype. Subtypes of opioid a receptors may mediate the analgesia, but 

not side-effects, of opiates and, thus, should be targets for future drug design. 
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Early studies of J.N. Langley and others (1) produced strong evidence favoring a 

receptor hypothesis: that drug molecules can produce their effects by interacting with 

specific receptor molecules located on cell surfaces, or within cells. The concept that this 

interaction involved chemical bonds was supported by A.V. Hill's demonstrations of a 

temperature-dependence of drug-receptor interactions (2). The subsequent idea that drug

receptor interactions occur as reversible reactions evolved from these studies and those 

of other investigators, particularly A.J. Clark and E.J. Ariens (3). These reactions, 

therefore, have an experimentally measurable dissociation (equilibrium) constant. By 

determining the dissociation constant at various temperatures, the changes in free energy 

(AGO), enthalpy (AHO), and entropy (ASO) can be determined using the integrated form 

of the van't Hoff equation which relates dissociation constant with temperature. 

Previous attempts to characterize the thermodynamic correlates of agonist binding 

as opposed to antagonist binding have not been completely successful. However, a 

review of the literature on these studies reveals that thermodynamic analysis does offer 

insights into the molecular events underlying the drug-receptor interaction that is 

unobtainable by other techniques (4). We now introduce the technique of using 

thermodynamic analysis to distinguish receptors having compositional or functional 

differences. This technique is predicated on the reasoning that, although a ligand may 

have similar dissociation constants for binding at two receptors when measured at only 

one temperature, the temperature dependence of the dissociation constant may be different 
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for binding to the two receptors. We apply this technique here to the case of the opioid 

o receptor and the possible existence sUbtypes. 

Opioid 0 receptors are of interest because they may mediate analgesia in the 

absence of typical opioid side-effects such as respiratory depression, constipation and 

abuse liability (5). Subtypes of 0 receptors might provide further opportunities to develop 

selective analgesic agents. Biochemical studies have yet to conflrm the existence of 

SUbtypes of opioid 0 receptors. The NO 108-15 cell line, known to express opioid 0 

receptors, has been used extensively to study the 0 receptor (6). However, no studies of 

NO 108-15 cells have provided support for SUbtypes of opioid 0 receptors. As a result, 

the SUbtype of opioid 0 receptor which was recently cloned from this cell line (7) is 

unknown. In addition, following the announcement of the cloning of the opioid 0 

receptor (7), intensive effort has yet to result in the cloning of SUbtypes. In contrast, the 

existence of SUbtypes of the opioid 0 receptor has been inferred from in vivo assays of 

antinociception in mice following intracerebroventricular (i.e.v.) or intrathecal (i.th.) 

administration of O-selective agonists and antagonists (8). Thus, thermodynamic studies 

of the opioid 0 receptors from mouse brain, mouse spinal cord and NO 108-15 cells in 

vitro which might provide evidence of subtypes are of particular interest. 

Following initial studies of radioligand association rates to determine time to 

equilibrium at each temperature in each tissue, radioligand binding saturation studies were 

carried out at temperatures ranging from 1O-40°C using [3H]naltrindole ([3H]NTI) in 

membranes prepared from mouse brain, mouse spinal cord or NO 108-15 cells (9). 
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Naltrindole is known to be a highly selective opioid B receptor antagonist (10). The 

dissociation constants and receptor densities, as determined in these studies, are given in 

Table 1. 

The interaction of [3H]NTI with the opioid B receptor is generally assumed to 

occur as a reversible bimolecular reaction, according to the equation: 

(1) 

The free energy change for this reaction is given by the sum of the standard free energy 

change and terms relating the chemical potential of each component under the given 

conditions to its standard value by the equation 

(2) 

where R is the gas constant (1.99 cahnol-1'0K"1 or 8.31 Jmol-1'0K"1), T is the absolute 

temperature (in degrees Kelvin) and a is the activity of each component, approximated 

by the concentration. At a given temperature, the change in free energy of this reaction 

is a constant and under the conditions of equilibrium, i.e., 80° = 0, the activity 

coefficient is also constant and termed the equilibrium constant Keq• For drug-receptor 

interactions, it is convenient to use the reciprocal of Keq, the 'dissociation constant' Kd• 

Under these conditions, Eq. 2 becomes 

(3) 

Using the relation between change in free energy and changes in enthalpy and 

entropy 
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L\Go = MIo - TL\So, (4) 

the variation of ~ with temperature is described by the equation of van't Hoff (12) 

din KJdT = -L\Ho/RT2. (5) 

The integrated form of Eq. 5 depends on the temperature variation of the standard heat 

of reaction (L\Cp 0). If L\Cp ° may be taken as zero, then the enthalpy and entropy changes 

for the reaction are temperature-independent and the integrated form of the van't Hoff 

equation takes the form 

(6) 

Hence, a plot of In ~ against Iff gives a theoretically straight line with slope L\Ho/R and 

y-intercept -L\so/R (13). 

In the present study, the Kd values obtained for the binding of [3H]NTI to opioid 

B receptors of mouse brain. mouse spinal cord and NO 108-15 cells at different 

temperatures were plotted according to Eq. 6 and are shown in Fig. 1. From the slope 

and intercept of each line, the values for L\G0/, L\H01 and L\SOI were determined (Table 2). 

In all cases, L\G01 was negative (consistent with an exergonic reaction) and of a magnitude 

similar to thermodynamic studies of other receptor-ligand interactions (4). The critical 

finding of the present study was the distinctly different temperature dependency of the 

dissociation constant in spinal cord vs. brain or NG 108-15 cells. The dissociation 

constant clearly decreased with increasing temperature in brain and NG 108-15 cells. The 

opposite was true in spinal cord, where Kd clearly increased with increasing temperature. 

Thus, the interaction of [3H]NTI at brain and NG 108-15 receptors was favored at higher 
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temperatures, whereas the binding of the same ligand to sites in the spinal cord was 

favored at lower temperatures. This was also reflected in the calculated values of .MI0
' 

at each site. The interaction at brain and NO 108-15 receptors occurred with a positive 

change in enthalpy (.MI0
' > 0; an endothermic reaction), but the interaction at the spinal 

site occurred with a negative change in enthalpy (.MI0
' < 0; an exothermic reaction). 

Furthermore, the overall reaction in brain and NO 108-15 cell membranes occurred with 

an increase in entropy, whereas the overall reaction in spinal cord membranes occurred 

with a negligible change in entropy. 

These findings strongly suggest the existence of opioid 0 receptor subtypes and 

that the opioid 0 receptor in the spinal cord differs from that in the brain or NO 108-15 

cells. It is of particular interest that the thermodynamics of the reaction between [3H]NTI 

and opioid 0 receptors in the NO 108-15 cell line were very similar to those for the same 

reaction in mouse brain (Table 2). It is concluded that the opioid 0 receptor recently 

cloned from NO 108-15 cells (7) is most likely to be of the brain subtype, providing 

opportunities for investigation of an isolated, expressed subtype of opioid 0 receptor. 

It is important for the interpretation of the present results that the same ligand was 

used in all tissues, thus eliminating many possible methodological artifacts. Likewise, 

criticism of any particular aspect of the methodology or precise mechanistic implication 

of the results must be tempered by the finding of an opposite temperature dependency of 

the dissociation constant in spinal cord vs. brain and NO 108-15 cells. Further, a 

radioligand with antagonist properties was selected for study in order to preclude the 
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possibility of differences in agonist-stimulated second messengers at the two sites which 

might affect the binding of an agonist. 

Of the possible explanations for the different thermodynamic parameters, the 

possibility that the receptors are different (different subtypes) has significant support (8). 

An alternate possibility which must be considered is that the thermodynamics of the 

reaction might also differ if the receptor surroundings were different in membranes 

prepared from each tissue (14). In either case, however, the drug-O-receptor interaction 

would be fundamentally different and, presumably, functionally different Given the 

limitations of trying to detennine absolute thermodynamic parameters for biological 

systems, the approach has validity for discriminating the temperature-dependence of 

different reactions (4). Ideally, the difference is significant enough to provide a selective 

target for drug design efforts. This report may be the first use of thermodynamic analysis 

to make such a distinction for any receptor SUbtype. In the future, thermodynamic 

analysis will also be able to provide information on opioid 0 receptor subtype clones that 

may be discovered. 
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Table 1 - Temperature dependence of binding parameters for [3HJnaltrindole in mouse whole brain, mouse spinal cord and NG 

108-15 cell membranes. 

Brain Spinal Cord NG 108-15 Cells 

Temperature eC) Kd (pM) Bmax (fmolfmg Kd (pM) Bmax (fmolfmg Kd (pM) Bmu (fmolfmg 

protein) protein) protein) 

10 210.1 ± 8.3 40.66 ± 0.46 168.7 ± 27.2 17.22 ± 1.71 195.01 ± 76.71 73.12 ± 20.08 

23 134.8 ± 2.2 46.80 ± 2.54 159.9 ± 25.7 28.46 ± 7.86 91.73 ± 21.54 80.12 ± 35.60 

27 145.9 ± 5.5 58.41 ± 2.47 223.0 ± 41.5 36.12 ± 8.17 73.01 ± 17.13 68.94 ± 26.70 

30 110.3 ± 7.0 60.79 ± 4.94 N.D.* N.D. 53.13 ± 8.35 70.30 ± 33.60 

34 103.3 ± 7.2 62.83 ± 5.46 298.6 ± 42.5 43.95 ± 7.54 65.85 ± 22.06 75.38 ± 33.80 

37 90.4 ± 4.7 53.22 ± 2.70 N.D. N.D. 74.73 ± 9.78 82.12 ± 36.50 

40 103.5 ± 8.0 52.99 ± 3.70 533.4 ± 92.8 42.08 ± 5.70 N.D. N.D. 

..... 
0\ 
W 



Table 2 - Thermodynamics for the interaction of [3H]NTI with opioid () receptors in mouse whole brain, 

mouse spinal cord and NG 108-15 cell membranes. 

Parameter Brain Spinal Cord NG 108-15 Cells 

AHO' 4.44 -13.13 7.20 

fiSO' 0.06 0.0007 0.07 

AGO' -13.44 -13.34 -13.66 

.... 
~ 
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TABLE AND FIGURE LEGENDS 

Table 1 - Saturation studies were perfonned as previously described for [3H]NTI (11). Twelve 

(brain, NO 108-15 cells) or nine (spinal cord) different concentrations of [3H]NTI were used 

ranging flom 6 - 3000 pM. This radioligand was chosen for these studies because eH]NTI is an 

antagonist which possesses both high affinity and selectivity for the opioid 3 receptor. Non

specific binding was defined using 10 J.lM naloxone. The final volume of the assay samples was 

1.0 ml. Incubations were perfonned at various temperatures ranging from 1O-40°C. The necessary 

length of incubation was determined in association rate studies conducted prior to saturation 

studies. The length of incubation thus differed for the three preparations at different temperatures, 

ranging from 100 - 300 min (data not shown). Incubations were tenninated by rapid filtration 

through Whatman OF/B fllter strips previously soaked in 0.1 % polyethylenimine for at least 0.5 

hr. The flltered membranes were washed three times with 4 ml of ice-cold 0.9% saline and 

radioactivity was measured using a liquid scintillation counter with >42% efficiency. Assays were 

carried out using duplicate samples with three (brain) or four (spinal cord, NO 108-15 cells) 

separate detenninations. Protein concentrations were detennined by the Lowry method, and final 

protein concentrations used in these assays ranged from 0.12-0.56 mg/ml. Binding data were 

analyzed by nonlinear least squares regression (Minsq, Micromath, Salt Lake City, Utah) to 

detennine ~ and Bmax. 

Figure 1. The van't Hoff plot of In ~ vs. Iff for the reaction of eH]NTI with opioid 3 receptors 

in mouse brain (circles), mouse spinal cord (squares) and NO 108-15 cell (triangles) membranes. 
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Summary 

Considerable phannacological evidence in vivo has suggested the existence of multiple opioid 0 

receptors in mice and rats. However, clear demonstration of opioid 0 receptor subtypes using radioligand 

techniques in vitro has not been achieved in these species. We have studied the binding of [3H]naItrindole 

([3H]NTI), a O-selective antagonist, in homogenates prepared from the brains of Citellus lateralis in the 

non-hibernating state. eH]NTI labelled two sites, a high affinity (Kd of 43 ± 10 pM), low capacity (Bmu 

of 13 ± 1.6 fmol/mg protein) site and a lower affinity (Kd of 783 ± 170 pM), higher capacity site (Bmu 

of 59.1 ± 4.6 fmoVmg protein). These findings provide the first direct binding evidence for the existence 

of subtypes of 0 receptors in a single tissue from a single species using radioligand binding techniques 

and suggest that this species may be particularly useful for the further investigation of opioid 0 receptor 

systems. 

Introduction 

The concept of multiple opioid receptors is now well-established. Investigations using prototype 

opiate agonists led to the postulated existence of opioid Il and K- (as well as possibly (J-) opioid receptors 

(Martin et aI., 1976; Gilbert and Martin, 1976). In addition, the existence of the 0 opioid receptor was 

postulated on the basis of relative rank order of potency of opiates in bioassays in vitro (Lord et aI., 1977) 

and has been confinned using phannacologicaI approaches with highly selective opioid 0 agonists and 

antagonists in vivo (Porreca et aI., 1984; Mosberg et aI., 1983; Portoghese et aI., 1987) and in vitro 

(Vaughn et aI., 1990). Examples of molecules with high 0 receptor selectivity were [D-Pen2, D

Pens]enkephaIin (DPDPE) (Mosberg et aI., 1983) and ICI 174,864 (Cotton et aI., 1984), selective 0 opioid 

agonists and antagonists, respectively. DPDPE, and the more recently discovered naturally occurring 0 

opioid receptor agonist [D-Ala2
, Glu4]deltorphin (Erspamer et aI., 1989; Kreil et aI., 1989), have been 

shown to be capable of eliciting antinociception in rats and mice at both supraspinaI (Porreca et aI., 1984; 

Galligan et aI., 1984; Jensen and Yaksh, 1986; Heyman et aI., 1987; 1988; Takemori and Portoghese, 
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1987; Jiang et al., 1990a,b; 1991; Mattia et al., 1991, 1992) and spinal (Tung and Yaksh, 1982; Porreca 

et al., 1984;1987a,b; Heyman et al., 1987; Drower et al., 199'1) sites. 

Our laboratory has evaluated the antinociceptive phannacology of these highly selective opioid 

B agonists using the novel, non-equilibrium B-selective antagonists [D-Ala\ Leus, Cys6]enkephalin 

(DALCE)(Bowen et at., 1987) and 5'-naltrindole isothiocyanate (5'-NTII)(portoghese et at., 1990). These 

compounds, together with DPDPE and [D-Ala2
, Glu4]deltorphin, have allowed phannacological 

characterization of subtypes of the opioid B receptor. For example, a two-way lack of anti nociceptive 

cross-tolerance between the opioid B selective agonists DPDPE and [D-Ala2
, Glu4]deltorphin (and lack of 

cross-tolerance of both B agonists to the jJ-selective agonist [D-Ala2
, NMPhe\ Gly-ol]enkephalin 

(DAMGO) has been demonstrated in mice (Mattia et al., 1991). Additionally, a two-way differential 

antagonism of the antinociceptive actions of DPDPE and [D-Ala2
, Glu4]deltorphin by DALCE and 5'-NTII 

has been reported (Jiang et at., 1991). That is, the antinociceptive actions of DPDPE were antagonized 

by DALCE but not by 5'-NTII, while the reverse was true for [D-Ala2
, Glu4]deltorphin, and neither 

DALCE nor 5'-NTII antagonized the anti nociceptive actions of opioid jJ agonists (Jiang et ai., 1991). 

Using naltrindole (NTI) and the benzofuran analogue of naltrindole, naitriben (NTB) , Takemori and 

colleagues also concluded that subtypes of opioid B receptors are involved in antinociception (Sofuoglu 

et at., 1991). 

On the basis of such data, opioid B receptors have been classified as the opioid Bl receptor 

(activated by DPDPE, and sensitive to antagonism by DALCE) and the opioid Bz receptor (activated by 

[D-Ala2
, Glu4]deltorphin, and sensitive to antagonism by 5'-NTII); both Bl and Bz receptor agonists are 

insensitive to jJ antagonists, and both subtypes are antagonized by the B-selective antagonist ICI 174,864 

(Mattia et at., 1992). 

While the evidence in vivo for existence of opioid B receptor subtypes has been strong, evidence 

in vitro has been less definitive. A study by Negri et at. (1991) suggested the potential existence of B 
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subtypes. In that study, [D-Ala2
, Asp4]deltorphin inhibited binding of [3H]DPDPE monophasically, 

whereas DPDPE inhibited the binding of [3HHD-Ala2
, Asp4]deltorphin biphasically. Although these data 

could be interpreted as suggesting the existence of subtypes of opioid 0 receptors, clearly results generated 

using radiolabelled agonists might also reflect two affinity states of a single receptor type. Binding studies 

by Rothman and colleagues (Xu et al., 1991) also suggested 0 subtypes; in these studies, a site-directed 

acylating agent was used to deplete rat brain membranes of opioid J.1 receptors, and competition studies 

were conducted using eHHD-Ala2, D-Leuslenkephalin (DADLE) with a series of o-selective ligands. In 

some cases, two binding sites were identified, a finding consistent with the presence of subtypes of opioid 

o receptors. Again, however, the possibility of multiple affinity states could not be eliminated. Finally, 

Takemori and colleagues also used radioligand approaches to suggest the existence of opioid 0 receptor 

subtypes in mouse brain using eH1DPDPE and [3HHD-Ser2, Leus, ~lenkephalin (Sofuoglu et al., 1992), 

but again, the conclusion was based on small differences in the potency of these compounds and it was 

not clear that the studies were conducted under eqUilibrium conditions. 

On this basis, the clear demonstration of opioid 0 receptor subtypes using radioligand binding 

approaches has not yet been reported. We have recently begun investigations of opioid receptor systems 

in the hibernating ground squirrel, Citellus lateralis with the aim of providing in vitro correlation for 

studies which demonstrate a failure of this species to develop physical dependence to morphine following 

exposure to this opiate during the hibernating state (Beckman et al., 1981). Our studies in this species 

with [3H]NTI, a selective opioid 0 receptor antagonist (Yamamura et al., 1992) which does not identify 

multiple affmity states in rat or mouse brain (Yamamura et aI., 1992; Wild et al., 1993), have resulted in 

the observation two distinct binding sites, indicative of subtypes of opioid 0 receptors in this tissue. 

Further, these data represent the first clear demonstration of opioid 0 receptor subtypes using radioligand 

binding techniques in a single tissue from the same species. 
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Tissue Preparation 
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Drug-naive squirrels in the non-hibernating state were killed by decapitation and the brains were 

taken, frozen on dry ice, and stored at -70°C until experiments were conducted. Whole brain (including 

cerebellum) was homogenized using a polytron (on the lowest setting) at 4°C in 30 volumes of 50 mM:5 

mM Tris-HCI:MgCl2 buffer adjusted to pH 7.4. The tissue homogenate was centrifuged at 48,000 x g for 

20 min. The pellet was resuspended in 25 volumes of fresh buffer and incubated at 25°C for 30 min to 

dissociate and remove endogenous opioid peptides. Following this incubation period, membranes were 

again centrifuged and resuspended in fresh buffer. 

Assay Conditions 

The membranes were resuspended to a final concentration of 0.67% (w/v) in 50 mM Tris buffer 

at pH 7.4. All other components of the incubation were prepared in an assay buffer of 50 mM:5 mM 

Tris:MgC12 containing 1.0 mg/ml bovine serum albumin (final concentration) and 100 pM 

phenylmethylsulfonylfluoride (final concentration) at pH 7.4. 

In saturation studies, eH]NTI was tested in membranes prepared from four different animals at 

12 concentrations with duplicate total binding (no naloxone) and nonspecific binding (10 pM naloxone) 

samples for each concentration. In competition studies to detennine the affinity of NTI for p- and lC

receptors in this species, unlabeled NTI was used in competition vs. [3H] (selective p-receptor ligand) or 

[3H]U69,593 (selective lC-receptor ligand). 

Incubation time was 3 hours for experiments using [3H]NTI, 5 hours for experiments using 

[3H]DAMGO and 3 hours for experiments using [3H]U69,593. Incubations were tenninated by rapid 

fIltration through Whatman GF/B filter strips previously soaked in 0.1 % polyethylenimine for at least 0.5 

hr. The filtered membranes were washed three times with 4 ml of ice-cold 0.9% saline and radioactivity 

measured using a liquid scintillation counter with >42% efficiency. 
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Chemicals 

eH]NTI wa~ purchased from New England Nuclear (Cambridge, MA) with a specific activity of 

20-40 Ci/mmol. Saturation studies IJsing this radioligand require an incubation time of at least 2 hr to 

reach equilibrium at 25°C (Yamamura et aI., 1992; Fang et al., 1993). eH]DAMGO was purchased from 

New England Nuclear (Cambridge, MA) with a specific activity of 55.0 Ci/mmol. Saturation studies using 

this radioligand require an incubation time of approximately 5 hours to reach equilibrium at 25°C. 

eH]U69,593 was purchased from New England Nuclear (Cambridge, MA) with a specific activity of 43-

48 Ci/mmol. Saturation studies using this radioligand require an incubation time of at least 2 hours to 

reach equilibrium at 25°C. All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO). 

Data Analysis 

Radioligand binding data were analyzed using a microcomputer and MINSQ (Micromath Software, 

Utah), a curve-fitting package that utilizes non-linear least-squares regression analysis based on models 

for 1 or 2 independent binding sites. Improvement in fit from multiple-site analysis was determined by 

the F-ratio test. 

Results 

[3H]NTI bound specifically to whole brain membranes prepared from Citellus lateralis. The non

specific binding was linear; specific binding approximated 65% of total binding (Fig. 1). Total binding 

was approximately 10% or less of the concentration of [3H]NTI added. The data were best fit by a model 

in which eH]NTI interacts with two-sites as can be visualized in a Rosenthal plot of the data (Fig. 2). 

This biphasic model discerned two sites of high affinity with the highest affinity site comprising 18% of 

the total number of sites labelled by [3H]NTI. The dissociation constants (Kd values) and binding 

capacities (Bmax values) for the two sites are given in Table 1. 
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Table 1 - Binding parameters (± s.e.m.) for [3H]NTI in whole brain homogenate of Citellus 

lateralis. 

Kd (nM) Bm .. (flnol/mg protein) 

Site 1 Site 2 Site 1 Site 2 

0.04 ± 0.01 0.78 ± 0.17 13.0 ± 1.6 59.1 ± 4.6 

In competition studies, the potency of NTI was detennined for the inhibition of eH]DAMGO and 

[3H]U69,593 from the ).1- and lC-receptors, respectively, in this species. The ICso values were converted 

to ~ values using the Cheng-Pros off equation (K j = ICsoI(1 + ([L]/Kd» (Cheng and Prusoff, 1973). These 

values are given in table 2. 

Table 2 - K. values for unlabeled NTI at the p- and lC-

receptors in CiteUus lateralis. 

p-receptor KI value (nM) lC-receptor K1value (nM) 

19.0 9.4 

In further efforts to characterize the two 0 sites labelled by [3H]NTI in this species, competition 

studies were conducted using subtype-selective 0 agonists. The data show that [D-Ala2
, Glu4]deltorphin 

binds to one of the sites labelled by [3H]NTI with high affinity (ICso of 60) (Table 3) and that DPDPE 

binds comparitively poorly to this same site (lCso of 3.5 nM) (Table 2). In contrast, DPDPE has a higher 

affinity for the second site labelled [3H]NTI compared to [D-Ala2
, Glu4]deltorphin (Table 3). Further, the 
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competition curve for [D-Ala2
• Glu4]deltorphin against [3H]NTI was biphasic. whereas DPDPE had the 

same ICso against [3H]NTI at both sites (Table 3). 

Table 3. Competition by 0 receptor subtype selective ligands against the two 0 sites labelled by 

[3H]NTI in Citellus lateralis. 

Ligand Site 1 • Site 1 • % Total Site 2 • Site 2· % Ratio of ICso for 

ICso (nM) Specific Binding ICso (nM) Total Specific Site 2/Site 1 

Binding 

[D-Ala2
, Glu4

] 0.06 56 17.0 44 283 

deltorphin 

DPDPE 3.5 '" 3.5 '" 1 

... Ut'Ut'b DOuna to Datn ::sIte 1 ana ~)l[e .t. WIln equa arnnuy ana competea ror lUU'1o or rHJl'111 

specific binding. 

Discussion 

The identification of subtypes of opioid 0 receptors represents a novel and potentially imponant 

approach for the development of non-addictive analgesics in man. The significance of the findings of 

subtypes of 0 receptors in vivo (Jiang et al., 1991; Sofuoglu et al., 1991; Mattia et al., 1992; Sofuoglu et 

al., 1991) alone is sufficient to warrant biochemical confirmation. Unfortunately, unequivocal 

confirmation of the existence of subtypes of the opioid 0 receptor in vitro has not yet been achieved. Our 

laboratory has recently characterized the binding of [3H]NTI in rat and mouse brain (Yamamura et al., 

1992; Wild et al., 1993). In these studies, eH]NTI was shown to be a highly selective 0 receptor ligand 

with high affinity for 0 sites (Kd of 56.2 pM)(Yamamura et al., 1992); selective ligands for opioid J.1 and 

K receptors competed for [3H]NTI binding sites with low affinity (i.e., micromolar range) while 0 ligands 
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competed for these sites with high affinity (i.e., nanomolar range)(Wild et aI., 1993). Critically, NTI has 

previously been characterized to be a selective antagonist at opioid 0 receptors both in vivo and in vitro 

(Portoghese et aI., 1986; 1987). Characterization of [3H]NTI binding in mouse brain also revealed a lack 

of regulation by guanine nucleotides and sodium, consistent with its profile as a 0 antagonist (Wild et aI., 

1993). On this basis, it is clear that eH]NTI does not distinguish between different affinity states of the 

opioid 0 receptor. 

The present studies have investigated eH]NTI binding in brain homogenates prepared from non

hibernating Citel/us lateralis. In contrast to studies using brain homogenates in rats and mice (Yamamura 

et aI., 1992; Pang et al., 1993; Wild et al .• 1993), we have observed labelling of two sites by [3H]NTI in 

this species. Due to the antagonist nature of [3H]NTI, it would appear unlikely that the two sites 

distinguished by this ligand represent different affinity states of the opioid 0 receptor. It should be noted, 

however, that it is not presently possible to rule out the possibility that NTI does not act as a 0 antagonist 

in the brain of this species in vivo. The many studies characterizing NTI as a 0 antagonist in mice and 

rats (Portoghese et al., 1988; Sofuoglu et aI., 1991; Drower et al., 1992) would suggest that the compound 

should not differ in profile in Citelius lateralis, also a rodent species. An alternate explanation of the data 

may be that the low affinity site labelled by [3H]NTI represents a J.l or 1C receptor in this species, even 

though this has never been observed in other rodent species (i.e., mice, rats). To rule out this possibility, 

competition studies were done using unlabeled NTI against J.l sites ([3H]DAMGO) or 1C sites (eH]U69,593) 

in this tissue. The data show that the affinity of eH]NTI at the low affinity site (Ko of 0.8 nM) is 12-24 

fold higher than the affinity for NTI J.l (K; of 19 nM - 24-fold) or 1C (K j of 9.4 nM - 12-fo1d) receptors. 

Thus, the most likely interpretation of these data is to suggest the clear existence of subtypes of opioid 

o receptors in this species. 

Competition studies using [D-Ala2
, Glu4]deltorphin and DPDPE against eH]NTI can be interpreted 

as additional evidence in support of the suggestion that there are two 0 receptors in this tissue that can 
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be labelled by eH]NTI. It would appear that the site for which [D-Ala2
, Glu4]deltorphin competes with 

high affinity may be consistent with the ~ site, while the site at which DPDPE has higher affinity may 

be consistent with the 0, site. Further characterization of these sites using more o-recpetor ligands will 

be necessary to develop structure-activity relationships for the subtypes of 0 receptors in this species. 

It is unclear why eH]NTI does not recognize multiple sites in the brain of mouse and rat, even 

though one of these species has been used to phannacologically demonstrate subtypes of opioid 0 

receptors (Jiang et al., 1991; Sofuoglu et al., 1991). It seems possible that, although subtypes of opioid 

o receptors are present in rats and mice, the relative amounts of these subtypes may not be conducive to 

detection using radioligand binding techniques. In contrast, Citel/us lateralis appears to possess enough 

of both subtypes of the opioid 0 receptor to allow detection by these methods in vitro. Thus, Citel/us 

lateralis is likely to be a useful rodent species for the study of opioid 0 receptors and their sUbtypes both 

in vitro and in vivo. 
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Opioid K-agonists have been used as analgesics since the introduction of 

nalorphine, the first narcotic antagonist (Lasagna and Beecher, 1954). From that time, 

many other compounds have been synthesized (e.g., Harris, 1973) in attempts to exploit 

structure-activity relationships so that potent opioid analgesics relatively free of the side 

effects seen with opioids such as morphine could become of greater clinical utility. Some 

of these compounds are known to potently interact at the opioid K-receptor, with 

pentazocine and butorphanol being exemplary of these types of agents (Wood et al., 

1981a; Lathi et al., 1985). Unfortunately, in most cases, the incidence of adverse 

subjective effects (Archer et al., 1962; Haertzen, 1970; Martin et al., 1965) or a lack of 

activity in some models of antinociception (Gray et al., 1970; Taber, 1973; Leighton et 

al., 1988; Hunter et al., 1990) have limited the perception of the usefulness of such 

compounds as antinociceptive agents. 

Early observations of the effects of these and other morphine analogues both 

clinically (Lasagna, 1964) and experimentally (Harris and Pierson, 1964; Harris and 

Rosenberg, 1967; Martin et aI., 1976) have noted marked differences in both subjective 

and physiological effects associated with these compounds. The observations of Martin 

et aI. (1976), which were the basis for an early classification of opioid action via Jl, K and 

(J' receptors, and the subsequent discovery of the dynorphins (Goldstein et al., 1979), 

putative endogenous ligands for the K-opioid receptor (Chavkin et al., 1982; Corbett et 

al., 1982), have led to a rational basis for establishing the biochemical and physiological 

effects of opioids. These milestones in opioid-receptor pharmacology have provided 

considerable impetus for the study of opioid K-receptor pharmacology. Although an 
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extensive body of literature exists on the antinociceptive properties of opioids, this review 

will focus on opioid K-receptor ligands and their specific involvement in K-receptor

mediated antinociception. 

Antinociceptive Properties of K-Opioid Agonists 

Initial studies with opioid K-agonists such as pentazocine (Harris and Pierson, 

1963) and cyclazocine (Harris and Rosenberg, 1967) have demonstrated a different 

pharmacological profile to that of morphine. Both pentazocine and cyclazocine are 

essentially inactive in tests which employed thermal nociceptive stimuli such as the hot 

plate and tail flick tests, but demonstrate reasonable activity in visceral-chemical 

endpoints, such as the acetic-acid writhing test. This is in contrast to the activity profile 

of morphine which consistently demonstrates good activity in antinociceptive tests 

involving heat, as well as virtually every other form of nociceptive stimulus. These 

observations prompted Tyers (1980) to explore the effectiveness of opioids in several tests 

of antinociception. The results of this study implied that, in general, lC-agonists produced 

antinociception only in tests which utilized nociceptive stimuli of relatively low intensity, 

such as writhing or pressure, while being relatively inactive in those tests which involve 

heat. These results were apparently confirmed in later studies (Schmauss and Yaksh, 

1983, Schmauss, 1987) and extended to studies involving administration of opioid K

agonists at both spinal and supraspinal sites (Wood et al., 1981b, Porreca et al., 1984; 

1987). These results have suggested that the major locus of action of opioid lC-agonists 

was at the level of the spinal cord, a notion supported by data indicating the potential 

antinociceptive action of intrathecal (i.th.) dynorphin (Przewlocki et al., 1983, Stevens and 
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Yaksh, 1986). Interpretation of these results, however, is hampered by noting that in 

many studies U50,488H (Von Voigtlander et al., 1983) was used as a selective opioid lC 

agonist; this compound has since been found to possess a limited potency in 

antinociceptive tests compared to other lC agonists, in particular some of the more recently 

introduced lC-opioids (Millan, 1989, Hunter et aI., 1990). The potentially lower potency 

of this compound may have resulted in conclusions of limited activity at supraspinal sites. 

Additionally, dynorphin has been found to be toxic when administered i.th. (Hennan and 

Goldstein, 1985, Caudle and Issac, 1987), an effect which may be misinterpreted as 

antinociception in some cases. These latter observations may have misled investigators 

to conclude that lC-opioids act primarily at the level of the spinal cord. In contrast, other 

studies such as those of Leighton et al. (1988) have suggested that a novel, highly 

selective lC-agonist, PD 117,302 acts exclusively in the brain. 

More recently, opioid lC-agonists have been reported to possess activity following 

supraspinal administration (Sasson and Kometsky, 1986, Unterwald et al., 1987, Leighton 

et al., 1988, Millan et al., 1989), a finding which has been confmned in our laboratory 

(Horan et al., 1991). In this latter study, U69,593 and bremazocine were potent 

antinociceptive agents when tested in the mouse warm water (55°C) tail flick test 

following intracerebroventricular (i.e.v.) administration, yielding Aso values (95% 

confidence limit) of 36.2 (25.5-51.3) and 14.0 (8.4-23.4) nmol/mouse, respectively. 

Moreover, the antinociceptive effects of these compounds appear specific for the opioid 

lC-receptor as pretreatment with receptor-selective doses of the non-equilibrium, p-selective 

antagonist, ~-funaltrexamine (~-FNA)(Ward et al., 1982) or the selective 0 antagonist, leI 
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174,864 (Cotton et aI., 1984) had no effect on the responses to either U69,593 or 

bremazocine. Further evidence for the K-selectivity of bremazocine was obtained with 

the observation that after blockade of opioid Il-receptors with ~-FNA, the 8 antagonist ICI 

174,864 continued to have no effect on bremazocine-mediated antinociception. As 

recently shown in vivo (Millan, 1989a,b) and in electrophysiological studies in spinalized 

rats (Parsons and Headley, 1989a,b), activity against thermal nociceptive stimuli is 

intensity dependent, with numerous K-agonists showing limited activity at high levels of 

noxious stimulation. The reason for this reduced effectiveness is at present unclear, and 

may relate to the pharmacokinetic properties of these compounds as suggested by others 

(Leighton et al., 1987, Millan, 1990, Parsons et al., 1989). 

An alternate explanation of the somewhat limited effectiveness of opioid K

agonists in tests of thermal nociception is that these may be compounds of low efficacy. 

As the majority, if not all presently available K-opioid agonists of reasonable selectivity 

possess an aryl acetamide moiety (Lathi et aI., 1985; Costello et al., 1988; Hunter et aI., 

1990; Hayes et aI., 1990), this explanation could be viewed as a possibility. 

Unfortunately, the quantitative measurement of efficacy in vivo is difficult, though several 

approaches have been explored through the use of progressive reductions in receptor 

population with non-competitive antagonists (Adams et aI., 1990) or different types of 

anti nociceptive endpoints thought to differ in stimulus type and perhaps intensity (Shaw 

et al., 1988). In spite of the importance of efficacy as a variable in the response of 

agonists under conditions of differing stimulus intensity, this concern has not been 

thouroughly studied, probably due to limitations in the ability to quantitatively determine 
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this factor. The discovery of an opioid K-agonist with high efficacy would represent an 

important advance in that such a compound would be predicted to be highly effective in 

severe pain in man. Recently, approaches towards examining the importance of efficacy 

in vivo using different stimulus intensities have begun (Jiang et al., 1990, and see below). 

One attempt has focused on the measurement of the relative efficacy of a series of K

agonists using test systems in vitro. Studies from our laboratory (Porreca et al., 1990; 

Horan, Wild and Porreca, unpublished observations), as well as others, (Leff and Dougall, 

1989) have examined both the potency and efficacy of a variety of K-agonists in 

producing inhibition of contractions in the standard guinea-pig isolated ileum preparation 

(Table 1). The reason for comparing the efficacy of these agonists in vitro rests on the 

unproven assumption that if the K-receptors in the guinea-pig ileum are the same as those 

in the central nervous system, then in spite of differences in absolute efficacy in 

transduction of antinociception as opposed to inhibition of contraction of smooth muscle, 

the relative efficacy of a series of compounds should not be different. U sing an 

irreversible opioid antagonist, ~-chlornaltrexamine (~-CNA)(Caruso et al., 1980), to bind 

a fraction of the available receptor sites in this tissue pennitted the estimation of the 

affinity (KA) of the compounds, as well as the fraction of receptors occupied at each level 

of effect. Thus, a comparison of the percent of receptors occupied to produce an 

equivalent effect by each compound reflects the efficacy of the compound. Our data 

show that most of the K-agonists produce a 50% response in the guinea-pig ileum assay 

by occupying 2-8% of the available receptors (Table 1), firmly supporting the concept of 

spare K-receptors in this tissue. This finding would suggest that the compounds studied 
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did not differ statistically in efficacy. A notable exception to this result, however, is the 

finding with the novel K-agonist, CI-977 (Hunter et al., 1990). This compound was found 

to produce a 50% response in the guinea-pig ileum while occupying only 0.07% of the 

available receptors, an indication of significantly greater (Le., 33-119 fold) efficacy than 

any of the other compounds tested. This finding with CI-977 suggests that this compound 

should have increased activity in tests of severe nociceptive stimulus. 

Interestingly, work in vivo shows that in spite of the fact that CI-977 is 

approximately 1,653 and 2,814 times more potent and 46 and 61 times more efficacious 

than bremazocine and U69,593 in the guinea pig ileum, respectively, it still exhibits poor 

activity in the hotplate test following systemic (Hunter et al., 1990) or i.c. v. administration 

(Table 2). Other work, however, shows that CI-977 produces a maximal response in the 

wann water tail-flick test, regardless of whether the test was conducted using water at 55° 

Cor 69.5° C as the nociceptive stimulus (Horan and Porreca, unpublished observations). 

This finding is of particular importance in that previous work has indicated that even J.1 

agonists such as morphine fail to achieve a maximal response at the higher stimulus 

intensity (Le., 69.5° C) (Jiang et al., 1990). Thus, the finding of lack of activity on the 

hot-plate is puzzling and may indicate that these compounds have actions at sites which 

perhaps have limited involvement in the modulation of this particular endpoint, a view 

which would not involve differences in efficacy of K-compounds as the reason for 

inactivity in some circumstances. Additionally, results obtained both in vivo and in vitro 

with the irreversible, 1C opioid receptor subtype-selective antagonist, (-)-UPHIT (de Costa 

et al., 1989)(see below), would support this latter notion as well as providing evidence 
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which would suggest that the measurement of efficacy in the guinea-pig isolated ileum 

reflects a compound's efficacy in the CNS. In spite of the diminished antinociceptive 

potency of CI-977 under conditions of increased nociceptive stimuli, it would not seem 

unreasonable that higher efficacy compounds could become of special importance in the 

treatment of severe pain states in humans. 

Adverse Effects of K-Opioids 

A number of adverse effects are often observed following the administration of 

opioid K-agonists which may potentially decrease their usefulness as analgesics in 

humans. In particular, opioid K-agonists have been found to produce diuresis. This 

adverse effect (especially in the context of antinociception) has been well documented in 

animals (Leander et al., 1987) and man (Peters et al., 1987), though may not necessarily 

be an especially troublesome side effect clinically. Interestingly, this effect appears to 

occur at doses far below those which produce antinociception (Dykstra et aI., 1987a), and 

is also shared by K-opioids which possess markedly different chemical structures. It may 

be possible, however, that the diuretic and antinociceptive effects of these compounds 

may be separable through differential rates of development of tolerance (Le., tolerance 

may develop to diuresis faster than to antinociception). A similar difference in the rate 

of development of tolerance to various effects has been seen to some of the effects of 

morphine following either its protracted (Martin and Jasinski, 1969) or continuous (Ling 

et al., 1989) administration. This possibility for K-analgesics has not been fully explored 

in the literature, and remains an area of further research. 

A second group of potentially troublesome side effects seen after the 
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administration of these compounds, of perhaps greater significance than their diuretic 

actions, are the pronounced adverse subjective that they may produce, most notably 

sedation (Tang and Collins, 1985, Ukai and Kameyama, 1985, Dykstra et aI., 1987a) and 

psychotomimesis (Kumor et al., 1986, Pfeiffer et al., 1986, Peters and Gaylor, 1989). 

This again is seen across different structural classes of K-agonists. Although the former 

effect could conceivably be of benefit in the treatment of pain, this may restrict the use 

of these compounds to non-ambulatory patients. As with diuresis, however, the subjective 

effects of these compounds appear at lower doses than those that are anti nociceptive and 

again, tolerance could potentially separate these unwanted effects from the their 

antinociceptive properties. Indeed, tolerance has been shown to develop to the subjective 

effects of K-opioids (Shippen berg et aI., 1988a) as well as to other actions such as 

sedation (Gmerek et aI., 1987). It is not known though if tolerance development to these 

effects is expressed differentially to the tolerance which develops to the antinociceptive 

effects of these agents, and again requires further study. Apart from tolerance, pain in 

itself may decrease the aversive responses to these compounds as has recently been shown 

using the conditioned place pairing paradigm (Shippenberg et al., 1988b). This was 

observed with only one type of noxious stimulus (Freund's adjuvant-induced 

inflammation) and it is not known if this phenomenon is applicable to other models of 

chronic pain, if acute pain would produce the same response or if this observation would 

extend to other species such as man. This would appear to be a finding of considerable 

importance in regards to increasing the therapeutic utility of K-opioids, and may prove 

significant as more of these compounds enter clinical trials. 
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Future Approaches 

One promising approach that may not only provide further insight not only into 

the basic pharmacology of the opioid K-receptor system, but also aid in the development 

of a clinically relevant K-opioid analgesics, is the concept of K-opioid receptor 

mUltiplicity. It has been suggested that the aryl acetamide K-opioids, such as U69,593, 

bind to the K1-opioid receptor, while benzomorphan K-opioids, such as bremazocine and 

ethylketocyclazocine, preferentially activate a different K binding site, the K2-opioid 

receptor (Iyenger et aI., 1986, Zukin et aI., 1988, Tiberi and Magnan, 1990, Unterwald 

et al., 1991). Additionally, other subtypes of the opioid K-receptor (Kia and K1b have been 

proposed using radioligand binding techniques (Clark et aI., 1988, Rothman et al., 1990). 

Evidence has been presented (Price et at, 1988, Clark et aI., 1989) which suggests the 

presence of an opioid-K3 receptor subtype (see Pasternak et al., this issue) upon 

pretreatment of bovine striatal calf membranes in vitro with naloxone benzoylhydrazone 

(NalBzoH); this work with NalBzoH has been extended using techniques in vivo to 

suggest the presence of a K3 receptor in the mouse (Gistrak et al., 1989, Paul et at, 1990). 

A major impediment to the hypothesis of K-receptor subtypes (Traynor, 1989) has been 

the lack of a K-receptor subtype-selective antagonist which could discriminate the actions 

of these different classes of K-agonists in vivo. Recently, de Costa et aI. (1989) have 

described the synthesis of the 2-isothiocyanate derivative of the active enantiomer of 

U50,488, (-)-UPHIT. Following i.e.v. pretreatment to guinea-pigs, (-)-UPHIT was found 

to completely inhibit the binding of the aryl acetamide, U69,593, while reducing the 

binding of the benzomorphan, bremazocine, by approximately 50%. Studies from our 
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laboratory in mice pretreated with (-)-UPHIT, (65 nmoVmouse, i.e.v., at -24 hr prior to 

antinociceptive testing) have shown that it selectively blocks the antinociceptive responses 

to U69,593, while having no effect to those of bremazocine (Fig. 1). This selective 

reduction of the antinociceptive effects of U69,593 was found to be of an extended 

duration, lasting for up to 48 hrs. In contrast, (-)-UPHIT was not found to block the 

antinociceptive properties of the selective opioid K agonist, CI-977 (Horan and Porreca, 

unpublished observations), presumably due to the higher efficacy of CI-977 in the CNS. 

This interpretation receives support from experiments following pretreatment in vivo with 

(-)-UPHIT, in which radioligand saturation studies in mouse whole brain membrane 

homogenates revealed a 29.8% decrease in number of opioid le receptors labeled by 

[3H]U69593, with a 4.6-fold decrease in the affinity of this radioligand for its binding site 

(Fig. 2A). In contrast, pretreatment with (-)-UPHIT produced no change in the receptor 

density of opioid K receptors labeled by [3H]_ (-)-bremazocine (in the presence of [D-Pen2
, 

D-Pens]enkephaIin, [D-Ala2
, NMPhe\ Gly-ol]enkephaIin, and U69,593 all at 100 nM in 

order to block 0, p and lei sites), or its affinity for its binding site (Fig. 2B). These 

observations provide further evidence of a selective antagonistic action of (-)-UPHIT at 

an opioid K receptor SUbtype which binds U69,593, but not bremazocine. Moreover, they 

suggest that the increased antinociceptive potency of CI-977 in comparison to other K 

agonists, such as U69,593 and bremazocine is due to the greater efficacy of CI-977 in the 

CNS. 

In further studies, the K-selective antagonist, nor-binaItorphimine (nor

BNI)(Takemori et aI., 1988), was found to attenuate bremazocine-induced antinociception 
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in (-)-UPHIT pretreated mice, while having no further effect on U69,593-mediated 

antinociception under these conditions. Additionally, it would appear that the efficacies 

of both U69,593 and bremazocine would not be a factor in the differential antinociceptive 

responses to these compounds following (-)-UPHIT pretreatment for several reasons. 

First, the efficacy of both compounds were similar in the guinea-pig ileum longitudinal 

muscle myenteric plexus preparation (Table 1), which has recently been suggested to 

contain only one K-opioid receptor, which is proably of the Kl sUbtype (Dissanayke et al., 

1990). Second, should both U69,593 and bremazocine be acting in the mouse brain at 

a single receptor type but with differing efficacies, pretreatment with (-)-UPHIT to 

irreversibly bind a fraction of the receptor population would be expected to result in a 

rightward shift of both the dose-response curves for U69,593- and bremazocine-mediated 

antinociception, though only the compound with higher efficacy (presumably 

bremazocine) would be expected to produce a maximal effect. This was not the case, in 

that the dose-response line to bremazocine was not displaced to the right. Third, 

radioligand binding studies following pretreatment in vivo with (-)-UPHIT produced a 

reduction in the number of opioid K receptors labeled by eH]U69593, while having no 

effect on the binding of [3H]-(-)-bremazocine. It would be unlikely then, that the 

differential antagonism of U69,593- and bremazocine-mediated antinociception could be 

a consequence of differing efficacies at a single receptor type. These results, coupled 

with the apparent K-selective actions of both U69,593 and bremazocine, can be best 

interpreted then, as additional evidence of K-opioid receptor multiplicity in the mouse. 

In addition, CI-977 is approximately 1-2 orders of magnitude more efficacious than other 
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opioid 1C agonists in the opr and its antinociceptive properties are not affected by (-)-

UPHIT (Horan and Porreca, unpublished observations). These results, taken collectively 

with the effect of (-)-UPHIT on the binding of [3H]U69593 and eH]-(-)-bremazocine 

suggest that CI-977 can produce antinociceptive effects through a lower fractional 

receptor occupancy in the brain, and further the notion that determinations of efficacy 

obtained in the OPI can be extended to relative efficacy estimates in the CNS. 

Another compound which was recently studied in our laboratory as a opioid 1C 

subtype-selective antagonist was quadazocine (WIN 44,441), a derivative of the 

benzomorphan opioid, metazocine (Michne et al., 1978). Originally, quadazocine was 

reported to be an antagonist with selectivity for opioid 1C receptors (Michne et al., 1988) 

though later studies (Dykstra et al., 1987b, Pechnick et al., 1985, Ward et al., 1983) 

refuted this notion. A limited number of studies (Iyengar et al., 1986, Rothman et al., 

1990) have suggested that quadazocine may be acting at a 1C opioid receptor subtype. In 

studies in vivo, quadazocine (10 nmoVmouse, i.c.v.) was found to produce a differential 

antagonism of the antinociceptive effects of bremazocine (Fig. 3B) while having no effect 

on the antinociceptive properties of U69,593 (Fig. 3A). The antagonistic actions of 

quadazocine were not found to be selective for opioid 1C receptors, however, as a dose of 

3 nmol, i.c.v., was also found to attenuate both [D-Ala2
, NMPhe\ Oly-ol]enkephalin 

(DAMOO)- (p agonist) and [D-Pen2
•
S
] enkephalin (DPDPE)- (<> agonist) mediated 

antinociception (Horan and Porreca, unpublished observations). In view of these results 

it would appear that quadazocine acts (within the context of opioid 1C receptors) as a 

selective 1C2 receptor antagonist in the mouse CNS. Although it is likely that the 
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presence of opioid receptor subtypes is species-dependent (Dykstra et al., 1987b, Zukin 

et aI., 1988), it would be of considerable importance to determine if the phenomenon of 

opioid K receptor multiplicity extends to man as this would allow for a novel approach 

towards the development of K opioids with increased therapeutic usefulness as analgesics. 

Another compound that has proved useful in the study of K-opioid receptors is the 

somewhat selective K-antagonist, nor-BNI. This compound is a bivalent ligand, consisting 

of two naltrexone molecules joined together via a pyrrole ring (Portoghese, 1989, 

Portoghese, this issue). Recently, our laboratory has extended initial observations of 

Endoh et ai. (1990; 1992), who showed that nor-BNI had an unusually long (4 d) duration 

of antagonistic action following s.c. administration in mice. Our studies (Horan et al., 

1992) have confirmed this observation and have shown the Kip- and Klo-receptor 

selectivity of nor-BNI to be approximately 3-10 fold after i.c.v. administration. 

Additionally, when administered i.c.v., we found the antagonist actions of nor-BNI were 

of an even greater duration than that initially demonstrated by Endoh et aI. (1992). 

Following pretreatment with a single dose of nor-BNI, (1 nmol, i.c.v.), this compound was 

found to selectively antagonize the antinociceptive responses to i.c.v. administered 

U69,593 and bremazocine for at least 1 month (Table 3), while having no significant 

effect on an equiantinociceptive dose of the p-selective agonist, DAMOO or the 0-

selective agonist, DPDPE. Similarly, a lO-fold larger dose of nor-BNI (10 nmol, i.c.v.) 

only transiently decreased the response to an equiantinociceptive dose of DAMOO (0.1 

nmol, i.c.v.) or DPDPE (30 nmol, i.c.v.) for up to 30 min post dosing with nor-BNI, but 

continued to antagonize U69,593 and bremazocine antinociception for periods of at least 
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1 month. These results have also been recently replicated in the rat (Jones and Holtzman, 

1992), where nor-BNI was found to produce a long-term blockade of the antinociceptive 

actions of the opioid K agonist, spiradoline (Von Voightlander and Lewis, 1988) following 

intracisternal administration in the hot plate test. Importantly, nor-BNI-induced blockade 

of K-mediated antinociception does not seem to be due to an irreversible type of 

interaction or a neurotoxic effect. First, 1 month following a single dose of nor-BNI, the 

Aso values of U69,593- and bremazocine-induced antinociception began to return towards 

control values. Second, radioligand saturation studies using eH]U69593 following 

pretreatment in vivo at various times with nor-BNI (Table 4) show that nor-BNI produces 

an apparent competitive antagonism of opioid K receptors labeled by eH]U69593, 

decreasing its affinity for these sites while producing no change in receptor number. 

These data demonstrate the selectivity of this response for the K-opioid receptor and could 

provide a unique opportunity to assess the role of the K-opioid receptor in physiologic 

function during a prolonged receptor blockade. Additionally, these results have important 

implications for the development of ultra-long-lasting opioid receptor antagonists which 

could be useful in the treatment of drug dependence. 

Since the discovery of the K-opioid receptor, much progress has been made in 

understanding the function of this receptor type and its role in antinociception. With the 

development of selective antagonists, more potent and possibly efficacious agonists, and 

the apparent existence of K-opioid receptor subtypes, a much greater understanding of this 

receptor should be possible, leading to new drug therapies for the treatment of pain. 
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Table 1. Potency (ICso)' Affinity (KA) and Efficacy (Percent of Receptors Occupied at 

50% Effect· PROso%) in the Guinea Pig Deum 

Compound ICso (nM) Relative KA (nM) PROso% 

Potency 

Ratioa 

CI-977 0.0043 1 5.9 0.07 

Ketazocine 4.01 933 168 2.33 

EKe! 1.47 342 53 3 

Bremazocine 7.1 1653 218.1 3.16 

U69,593 12.1 2814 272.2 4.27 

U50,4882 6.31 1467 69.2 8.4 

a: Relative to CI-977 

t: Porreca et al., Eur. J. Pharrnacol. 179:129-139, 1990. 

2: Leff and Dougall, Br. J. Pharrnacol. 96:702-706, 1989. 

Relative 

Efficacy 

Ratio8 

1 

33.3 

42.7 

45 

61 

119 
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Table 2. Effect of Stimulus Type and Intensity on the Aso Values for CI·977· 

Induced Antinociception 

Temperature Aso (95% Confidence Interval) Ratio· 

(nmol/mouse, i.e. v.) 

Tail Flick Test (55 DC) 0.88 (0.20-3.81) 1.0 

Tail Flick Test (69.5 DC) 6.31 (3.87-10.30) 7.2 

Hot Plate Test (55 DC) 19.5 (6.9-55.7) 22.2 

1: Expressed relative to the tail flick test at 55 DC. 
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Table 3. Aso Values (95% Confidence Intervals) (nmol/mouse, i.e. v.) for U69,593- and 

Bremazocine-Induced Antinociception in the Mouse following Pretreatment with a 

Single Dose of nor-BNI (1 nmol, i.e. v.) 

Time After nor-ONI U69,593 Bremazocine 

Administration 

0 43.3 (14.9-78.8) 10.8 (6.7-17.2) 

20 min 180 (91.8-352.9) 99.8 (46.7-211.9) 

8 hr 549 (308.6-976.5) > 200· 

24 hr >600+ > 200· 

28 days 230.5 (123.8-429.9) 69.6 (28.3-171.2) 

56 daysa 61.7 (26.9-141.7) 10.6 (7.6-14.8) 

*: The antinociceptive responses to bremazocine (200 nmol, i.c.v.) at 8 and 24 hrs 

following Nor-BNI pretreatment were 28.5 and 33.7 percent, respectively. 

+: The antinociceptive response to U69,593 (600 nmol, i.c.v.) at 24 hrs following Nor

BNI pretreatment was 28%. 

8: Aso value (95% confidence interval) for U69,593- and bremazocine-mediated 

antinociception in mice pretreated with vehicle at this time were 25.1 (14.2-44.3) and 

11.1 (9.8-12.5) nmol/mouse, i.c.v. 



Table 4. Kd and Bmax values of 3H-U69,593 binding to mouse whole brain following a single dose of 

Time after nor-BNI 

o min 

20 min 

24 hrs 

72 hrs 

28 days 

56 daysl 
-- --

nor-BNI (1 nmol, i.e. v.) 

~ + S.E. Bmax + S.E. Affinity RatioS 

(nM) (fmoIlmg protein) 

1.16 + 0.03 19.29 ± 0.73 1 

t t ---------

27.03 + 3.69·· 19.46 + 2.86 23.3 

35.43 + 4.01·· 24.22 + 1.05 30.5 

5.0 + 0.79· 19.86 + 1.58 4.3 

4.32 + 0.09· 26.13 + 1.90 3.7 

8: Expressed relative to 0 minutes after nor-BNI 

tCould not be determined 

Binding Site 

Ratioa 

1 

---------

1 

1.3 

1 

1.4 
-- -
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i 

I 

-

I: The Kd and Bmax of 3H-U69,593 in vehicle-treated animals at this time were 1.3 ± 0.14 nM and 19.16 ± 2.54 fmol/mg 

protein, respectively. 

*p<0.05 vs. 0 min after nor-BNI; ** p<O.OI vs. 0 min after nor-BNI 
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Figure Legends 

Figure 1A. Animals were pretreated with vehicle (5 pI, i.e.v.), or (-)-UPHIT (65 nmol, 

i.e.v.) 24 hr prior to antinociceptive testing, nor-BNI (1 nmol, i.e. v.), 20 min prior to 

antinociceptive testing or (-)-UPHIT and nor-BNI. Dose response curves were then 

determined for U69,593-mediated antinociception (10-400 nmol, i.e.v.) 10 min after 

dosing. 

Figure IB. Animals were pretreated with vehicle (5 pI, i.e.v.), or (-)-UPHIT (65 nmol, 

i.e.v.) 24 hr prior to antinociceptive testing, nor-BNI (1 nmol, i.e. v.), 20 min prior to 

antinociceptive testing or (-)-UPHIT and nor-BNI. Dose response curves were then 

determined for bremazocine-mediated antinociception (5-200 nmol, i.e.v.) 10 min after 

dosing. 

Figure 2. Mice were pretreated in vivo with 50% DMSO (5 pI, i.e.v.) or (-)-UPHIT (65 

nmol, i.e.v.) 24 hr prior to preparation of mouse whole brain membrane homogenates. 

Saturation studies were then performed with nine different concentrations (0.1-30 nM) of 

either [3H]-U69,593 (fig. 2A.) or [3H]-bremazocine in the presence of 100 nM [D-Pen2
, 

D-Pens]enkephalin, [D-Ala2
, NMPhe\ Gly-ol]enkephalin, and U69,593 to block a, p and 

leI receptors (fig. 2B.). 

Figure 3A. Animals were dosed with WIN 44,441 (Le., quadazocine)(1-100 nmol, i.e.v.) 

10 min prior to antinociceptive testing with U69,593 (70 nmol, i.e.v.). Antinociceptive 

testing began 10 min after dosing with U69,593. 

Figure 3B. Animals were dosed with WIN 44,441 (Le., quadazocine)(1-30 nmol, i.e.v.) 

10 min prior to antinociceptive testing with bremazocine (25 nmol, i.e.v.). 

Antinociceptive testing began 10 min after dosing with bremazocine. 
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