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ABSTRACT 

New radioligand [4'-,25I-Phe4]DPDPE ([125I]DPDPE) was prepared from [4'-

NH2-Phe4]DPDPE. Its binding characteristics were determined using rat brain 

membranes. Saturation studies showed one binding site with Kj = 421 ±67 

pM and Bmax = 36.4 + 2.7 fmol/mg protein. Kinetic studies showed 

association rate constant k+, = 5.80 ± 0.88 x 107 M'1 min"1 and dissociation 

rate constant k., = 0.917 ± 0.117 x 10'2 min'1. Competitive inhibition studies 

showed high selectivity for delta opioid receptors. Distribution of [125I]DPDPE 

labeled sites in rat brain (autoradiography) is consistent with previous results 

using other radioligands. The inhibition constants of [I25I]DPDPE binding by 

delta selective ligands were similar in mouse brain and mouse vas deferens, and 

no significantly different values were determined in rat brain. These data 

indicate that [125I]DPDPE due to high specific activity is valuable for 

characterization of delta opioid receptors. 
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INTRODUCTION 

Pain and the Treatment of Pain 

The perception of pain in humans is complicated by the presence of sensory 

as well as emotional, or suffering components. Thus, two individuals may react 

to the same painful stimulus in different way. Pain sensation basically serves 

as a warning system which signals the occurance of tissue damage. 

Consequently, the ability to perceive pain is necessary for survival. 

Understanding pain and finding methods for pain relief are important challenges 

to medical science. 

Pain is an uncomfortable experience related to immediate or chronic tissue 

damage (Merskey, 1979). Pain can be divided into two basic types: acute and 

chronic (Bonica, 1953). Acute pain results from an acute injury or disease 

state, may last only as long as the tissue pathology, can be easily localized, and 

is well estimated in its intensity. Chronic pain generates from a chronic disease 

state or an untreated acute injury and can not be well located or quantified. 

Indeed, these two different types of pain seem to be transmitted and inteipreted 

through entirely different elements of the nervous system (Iggo et al., 1985 & 

Torebjork et al., 1985). These elements are located in the brain, in the 

peripheral nervous system, which includes nociceptors and afferent nerves, and 

in the spinal cord, which contains the dorsal horn terminal fields of primary 



10 

afferents and ascending nervous pathway (anterolateral system). 

The basic approach for the treatment of pain is to seek an effective way to 

obtain pain relief. Early attempts at pain relief included physical therapeutic 

methods developed by the ancient civilizations of Egypt, China, Greece, and 

Rome. They attempted to relieve pain by immersing the injury in cold water 

or by exposing it to the heat of the sun or fire (Keele, 1957). Pain relief took 

a great step forward in the nineteenth century with the discovery that plant 

extracts from the poppy, mandragora, hemp, and henbane showed analgesic 

effects. Later, with advances in synthetic chemistry, a variety of systemic 

analgesics such as acetaminophen, phenacetin, and other derivatives of 

paraminophenal family were produced. Thus, the discovery, synthesis and 

availability of these drugs provided an important step in treatment of various 

types of pain. 

Opiates and Opioid Actions 

The inability of the human nervous system to suppress different forms of 

pain has resulted in the development of many analgesic drugs. Initially, opiates 

derived directly from opium, a crude extract of the poppy plant paraver 

somniferum, were the most effective drugs available for this purpose. Opiates 

were the first analgesic drugs and have been used in medicine for many years. 

Three opiate drugs are morphine, the major active ingredient of opium; codeine, 
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which is methylmorphine; and heroin, which is diacetylmorphine (Figure 1). 

Opiates exert their most striking effects on the central nervous system 

where they produce euphoria, respiratory depression and analgesia. These 

drugs may also affect the circulatory system to produce hypotension or the 

digestive system to produce constipation. While opiate analgesics are primarily 

used to treat pain, side effects may occur. Depression of respiration is the 

single most important side effect that limits the medical use of opiates. 

Tolerance and physical dependence are also severe problems related to opiate 

medical use since they can diminish analgesic effectiveness. Opiate abuse may 

also lead to death through overdose while abrupt withdrawal is severely 

incapacitating (Knapp et al., 1989). Thus, the development of new opioid drugs 

that provide powerful effective pain relief without side effects is an important 

research area. 

Discovery of Multiple Opioid Receptors & Endogenous Opioid Peptides 

Opioid is a generic term that includes all opium-like drugs and encompasses 

the opiates, certain synthetic drugs, and the endogenous opioid peptides 

(enkephalins, endorphins, dynorphins) and their derivatives. Although the exact 

mechanisms by which opioids produce their effects were poorly understood, the 

hypothesis of specific receptors for opioids was proposed following the 

development of receptor theory. This hypothesis was based on structure-activity 
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HO ^O' OH CH30' "0 OH 

Morphine Codeine 

CHg-C-0 O-C-CH3 

Heroin 

Figure 1. Structures of the opiate members of the opioid family of drugs. 

Codeine is methylmorphine, heroin is diacetylmorphine. 
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relationships, the identification of stereoisomers with differing pharmacological 

activity or potency, and the discovery of competitive antagonists that specifically 

block or reverse the actions of opiate agonists. Essential evidence for the 

existence of specific opioid receptors was obtained from radioligand binding 

assays. Using modified radioligand binding approaches originally developed by 

Goldstein et al. (1971), three laboratories simultaneously identified opioid 

binding sites in neural tissue which displayed saturability and a high degree of 

stereoselectivity (Pert & Snyder, 1973, Simon et al., 1973, Terenius, 1973). 

In the mid 1970's, Martin and colleagues provided convincing evidence for 

multiple types of opioid receptors. Based on observed differences in the 

pharmacological profiles of morphine, ketocyclazocine and SKF-10,047, Martin 

et al. (1976) proposed the existence of three types of opioid receptors, mu, 

kappa, and sigma which were named after the first letter of each receptor's 

prototype ligand; morphine, ketocyclazocine and SKF-10,047, respectively. 

The identification of multiple opioid receptor types strongly supported the 

results of pharmacologic studies that demonstrated different agonist-activity 

profiles for groups of opioids in different in tissue preparations. 

The discovery of opioid receptors strongly suggested the existence of 

endogenous opioid ligands. Research was then directed to isolate and identify 

these compounds. Initially, these substances were called endorphins for 



14 

endogenous morphine-like substances, but that term is now used mainly in 

reference to three specific peptides (alpha-, beta-, and gama-endorphin), which 

were isolated from the pituitary gland by Li in 1964, and structurally 

characterized by Li and Chung (1976). Kosterlitz and coworkers (Hughes et 

al., 1975) isolated and purified two pentapeptides from porcine brain, 

[Met]enkephalin with the amino acid sequence of Tyr-Gly-Gly-Phe-Met, and 

[Leu]enkephalin with the amino acid sequence of Tyr-Gly-Gly-Phe-Leu. In 

1979 another endogenous opioid peptide, dynorphin, was also isolated from 

porcine brain and pituitary by Goldstein and coworkers (1979). These opioid 

peptides represent three distinct peptide families derived from large precursor 

peptides: proenkephalin A, proenkephalin B (also known as prodynorphin), and 

pro-opiomelanocortin. 

After the discovery of the enkephalins, another opioid receptor type, the 

delta opioid receptor, was identified (Lord et al., 1976, 1977). The 

identification of the delta opioid receptor was based on differences in the rank 

order of potency of several opioid agonists in their abilities to reduce 

electrically-induced contractions in the guinea-pig ileum (GPI) and mouse vas 

deferen (MVD) bioassays. In the GPI preparation, the rank order of potency 

was morphine > beta-endorphin > [Leu] and [Met]enkephalin. This was in 

contrast to the MVD bioassay which gave a rank order of potency of [Leu] and 
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[Met]enkephalin > beta-endorphin > morphine. The differences in these rank 

orders of potency demonstrated that the opioid receptors in the GPI and MVD 

were heterogeneous. The GPI is now generally thought to contain mu and 

kappa opioid receptors whereas the MVD contains mu, kappa, and delta opioid 

receptors. Thus, enkephalins have low potency in the GPI (no delta) and high 

potency in the MVD. Since both tissues contain mu opioid receptors, 

endorphins are potent in both bioassays. The name of delta opioid receptors 

came from vas deferens. Currently, the sigma opioid receptor, described by 

Martin and colleagues (1976), is thought to be a non-opioid receptor because it 

is not blocked by naloxone, a nonselective opioid antagonist (Mannalack et al., 

1986). Therefore, three major types of opioid receptors, mu, kappa, and delta, 

are currently recognized. The relationship between multiple endogenous opioid 

peptides and opioid receptors is also evident. In general, enkephalins show 

some selectivity for delta opioid receptors, beta-endorphins for mu opioid 

receptors, and dynorphins for kappa opioid receptors. 

Development of Delta Opioid Receptor Selective Enkephalin 

Analogues and Radioligands 

Opioids have powerful analgesic properties but also produce several serious 

side effects. The identification of different opioid receptors led to the 

development selective ligands for the three opioid receptor types. Analgesic 
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drugs with high selectivity for one opioid receptor type may reduce side effects. 

This is important since not all of these receptors mediate some of the side 

effects produced by the opioids now in use. For example, activation of kappa 

opioid receptors does not cause euphoria or constipation. In addition, 

development of specific ligands for these receptors can enable more complete 

characterization of these different receptors and facilitate production of new 

analgesic drugs. Evidence suggesting that a delta-selective agonist could be a 

potent analgesic with less tolerance and dependence liability was presented by 

Frederickson et al. (1981). These receptors have a significant role in mediation 

of opioid-induced spinal and superspinal analgesia while having a limited side 

effects (Hayes & Tyers, 1983). 

The isolation and characterization of the opioid pentapeptides [Met] and 

[Leu]enkephalin by Hughes et al. (1975) provided a starting point for the 

development of delta selective analgesics. The analogues that have been 

produced can be divided into linear and cyclic peptides. Linear analogues were 

synthesized by modifications of the side chain substituents that extend from the 

peptide backbone and by modifications of peptide bonds. Cyclic analog 

development focused on the use of different methods to bridge together parts of 

the peptide to reduce conformational flexibility. The production of enkephalin 

analogues is important because of the low potency of the enkephalins, 
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particularly after systemic administration, due to their susceptibility to enzyme-

mediated degradation (Hambrook et al., 1976). Studies of the conformational 

properties of the enkephalins and their analogues show that they can adopt a 

compact, folded conformation (Hruby, 1982, 1985, Schiller, 1984, 1986), 

thereby increasing their selectivity for delta opioid receptors (Mosberg et al., 

1983a). These findings encouraged development of cyclic enkephalin analogues 

which are among the most selective delta ligands currently available. 

[D-Pen2, D-Pen5]enkephalin (DPDPE) is a conformationally constrained 

cyclic enkephalin analogue (Mosberg et al., 1983b). Raioligand binding studies 

and bioassays show that DPDPE is highly selective for delta opioid receptors 

(Cotton et al., 1985, Delay-Goyet et al., 1985, Mosberg et al., 1983a & 1983b, 

Corbett et al., 1984). The selective radioligands presently available for the 

delta opioid receptor are [3H]DPDPE (Akiyama et al., 1985, Cotton et al., 

1985) and its derivative [3H]pCl-DPDPE (Vaughn et al., 1990). 

Halogenation (F, CI, Br, or I) of the phenylalanine residue of DPDPE 

increases the selectivity and affinity of the modified compounds for delta opioid 

receptors (Toth et al., 1990). Radioligand binding and bioassay data are shown 

in Tables 1 and 2. The analogue, [4'-Cl-Phe4]DPDPE has 570-fold lower 

affinity for mu relative to delta opioid receptors. Binding studies with [3H]pCl-

DPDPE (specific activity = 39.3 Ci/mmol) using rat brain show a single site 
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binding with a Kj value of 0.33nM and a Bmnx value of 87.2 fmol/mg.protein 

(Vaughn et al., 1989). [4'-I-Phe4]DPDPE has 200-fold higher affinity for delta 

relative to mu opioid receptors. Bioassays showed that [4'-I-Phe4]DPDPE has 

17,000-fold more potency in the MVD than in the GPI preparation. 

Statement of Question for a New Iodinated Delta Selective Radioligand 

MVD and GPI bioassays showed that [4'-I-Phe4]DPDPE was more potent 

in MVD preparation (IC50 = 2.65 nM) than DPDPE (IC50 = 5.81 nM) and had 

a much higher selective ratio than DPDPE (17,000 : 2,000, MVD:GPI). The 

parent compound DPDPE and its halogenated analogues have similar affinities 

for delta opioid receptors in rat brain, but [4'-I-Phe4]DPDPE has about half the 

affinity of DPDPE for mu opioid receptors (Toth et al., 1990). [4'-I-

Phe4]DPDPE also has higher selectivity than pCl-DPDPE (17,000 : 5,400, 

MVD : GPI). 

Since it is evident that iodine can be substituted into the Phe4 aromatic ring 

without adversely affecting the affinity or selectivity of the peptide, it should be 

possible to produce a useful radioligand by placing 125I in this position. In 

addition, radioiodination of DPDPE would produce a radioligand of a specific 

activity of 2200 Ci/mmol that is about 50-fold greater than that of tritium 

labeled analogues. This high specific activity would be especially valuable for 

the characterization of delta opioid receptors in tissues such as the mouse vas 
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Table 1. DPDPE & Halogeneted DPDPE Analogues Radioligand Binding 

Profiles (Toth et al., 1989) 

Peptides [3H]DPDPE [3H]CTOP Ratio 

IC50 (nM) 

DPDPE 5.25 609 116 

[p-F-Phe4] DPDPE 2.50 623 249 

[p-Cl-Phe4]DPDPE 1.57 901 574 

[p-Br-Phe4]DPDPE 1.73 418 242 

[p-I-Phe4] DPDPE 4.74 964 203 
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Table 2. Inhibition Constant (IC50) Values for DPDPE and Halogenated 

Analogues in MVD & GPI Tissue Preparations and Their Analgesic 

Potency in the Mouse Hot Plate Assay (Toth, et al., 1989). 

Peptides MVD GPI Ratio *50 

IC50 (nM) (GPI/MVD) (pig/i.c.v.) 

DPDPE 5.8 11,600 2,000 1.1 

[p-F-Phe4]DPDPE 0.84 5,000 6,000 0.3 

[p-Cl-Phe4] DPDPE 0.89 4,800 5,400 3.8 

[p-Br-Phe4]DPDPE 1.5 13,000 9,000 4.0 

[p-I-Phe4] DPDPE 2.6 46,000 17,000 2.0 
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deferens that have low delta opioid receptor density, and for receptor 

autoradiography. The characterization of delta opioid receptors in the mouse 

vas deferens is important and interesting since it appears to have delta opioid 

receptors that are different from those of the CNS (Vaughn et al., 1990, 

Shimohigashi et al., 1988). 

Therefore, the questions raised by this thesis are: can DPDPE be 

radioiodinated in the Phe4 aromatic ring? And are the receptor binding 

properties of the radioligand produced better than those of existing delta opioid 

receptor radioligands? Experiments designed to accomplish this objective 

utilized in vitro inhibition, saturation and kinetic radioligand binding studies, 

and receptor autoradiography studies. 
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MATERIALS AND METHODS 

Animals 

Adult male Sprague Dawley rats (250-300 g), and male ICR mice (20-30 g) 

(Harlan, Indiana) were used for experiments. Animals were kept in groups of 

four in a temperature controlled room. Food and water were available ad 

libitum until the time of the experiment. 

Chemicals 

Tris base, bovine serum albumin (BSA), phenylmethylsulfonyl fluoride 

(PMSF), and bacitracin were purchased from the Sigma Chemical Co. (St. 

Louis, MO). Bestatin was obtained from Peptides International (Louisville, KY) 

and captopril was a gift of E.R. Squibb and Sons (Princeton, NJ). Low pH 

Na125I (> 350 Ci/ml) was purchased from Amersham Corporation (Arlington 

Heights, II). The crown ether, 18-Crown-6, was obtained from Aldrich 

Chemical Co. All other chemicals were purchased from commercial sources of 

the highest grade of purity available. 

Opioid Compounds 

[D-Pen2, D-Pen5]enkaphalin (DPDPE) (Mosberg et al., 1983), [4'-NHr 

Phe4]DPDPE (Landis et al., 1989), unlabeled [4'-I-phe4]DPDPE, pCl-DPDPE 

(Toth et al., 1990), and deltorphin II (Erspamer et al., 1989) were prepared by 

solid phase peptide synthesis methods as described. Naltrindole was obtained 
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from Research Biochemicals Inc. (Natick, MA). Naltrexone was a gift of Endo 

Laboratories (New York, NY). DAMGO and PL-017 was purchased from 

Peninsula Laboratories Inc. (Belmont, CA). U-69593 was a gift of the Upjohn 

Company (Kalamazoo, MI). Figure 2 contains the structure of the opioid 

receptor ligands used. 

Synthesis of [125I]DPDPE 

[I25I]DPDPE was synthesized from the precursor, [4'-NH2-Phe4]DPDPE, 

through a diazonium salt intermediate using a modification of the method of 

Escher (1984). Figure 3 shows this reaction. 

One mg of CuCN and 1.0 mg of crown ether were suspended in 10 fi\ of 

double distilled water in a 1.5 ml polypropylene tube. Ten /d (1 mCi) of Na125I 

was added to this mixture which was placed in an ice bath. In a second 

polypropylene vial, 10 /d of 20 mg/ml aqueous solution of the precursor peptide 

was mixed with 12.5 /d of 2 N sulfuric acid. This solution was chilled in ice 

and 2 [A of 1.0 M sodium nitrite was added. The reaction was quenched by the 

addition of 10 /d of 1 M sulfamic acid after 5 min at 0°C. The reaction mixture 

was then transferred to the first polypropylene vial containing the mixture of 

CuCN, crown ether, and 1 mCi of Na125I at 0°C. The tube was placed in an 

ice-bath which was allowed to reach room temperature. After 3 hours, 10 /nl 

of dimethylformamide (DMF) was added and the reaction mixture was 
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/*< 

Nalaindole [D-Pen2. p-X-Phe4. D-Pen^enkephalln 

K=CL Br. F. I or NKJ 

Deltorphin E: K-Tir-D-Ala-Pbe-Glu-Val-Val-Gty-NHj 
0 
1 

DAM GO: INT-D-Ala-Gty-C-N-Phe-NH-CHj-CHj-OH 

I 
CKj 

PL-017: TVr-Pro-Me-Phe-D-Pro-NHa l[N-Me-Phes. D-Pro^-Morphlceptln) 

N-C-CBr 

U-69593 

Figure 2. Opioid Receptor Selective Ligands. 



NaN02 

H2S04 

Figure 3. lodination of DPDPE Via a Diazonium Salt Intermediate. 
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centrifuged at 1000 x g for 1 min. The supernate was removed and 200 fxl of 

0.1% trifluroacetic acid (TFA) in H,0 was added. The supernate was purified 

by high performance liquid chromatography (HPLC) using a linear gradient 

from 20 to 27% acetonitrile in 0.1% aqueous trifluroacetic acid that was 

completed in 30 min at a flow rate of 1.5 ml/min. HPLC was performed on a 

Spectra Physics system (Model SP 8700) by a Vydac C-18 reverse phase 

analytical column (length 250 mm, internal diamater 4.6 mm) from (The 

Separation Group, Hesperia, CA). 

Tissue Membrane Preparation 

Membranes were prepared from the brain tissue of adult male Sprague-

Dawley rats (250-300 g) and ICR mice (20-30 g) using the methods described 

by Vaughn et al. (1989). Immediately after decapitation, the entire rat or mouse 

brain (including cerebellum) was removed and homogenized at 0°C using a 

Teflon Glass homogenizer in 20 volumes of cold 50 mM Tris-HCl buffer 

adjusted to pH 7.4. The tissue homogenate was centrifuged at 48,000 x g for 

15 min at 4°C. The pellet was suspended in 20 volumes of fresh Tris-HCl 

buffer and incubated at 25°C for 30 min to allow dissociation of endogenous 

opioid peptides from their receptors. The incubate was centrifuged as before 

and the final pellet was resuspended in 20 volumes of fresh Tris-HCl buffer. 

Membrane protein was measured by the Lowry protein assay (Lowry et al., 
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1951). About 0.4 mg of membrane protein was added to binding assay 

incubates. 

Mouse vas deferens from mice was minced and then homogenized at 0°C 

using a Polytron homogenizer (Brinkmann, Westbury, NY) in 10 ml of cold 

homogenizing buffer that contained 50 ng/ml bacitracin and 0.1 mM PMSF in 

50 mM Tris-HCl buffer adjusted to pH 7.4. The MVD homogenate was then 

prepared by the same procedure as the brain preparation except that the final 

MVD pellet was suspended in 5 ml of fresh Tris-HCl buffer to approximately 

1.0 mg/ml protein. 

Radioligand Binding Assays 

Inhibition Study 

Competitive inhibition studies were performed in an assay buffer consisting 

of 50 mM Tris-HCl, 5.0 mM MgCl2, 1 mg/ml BSA, 50 /ig/ml bacitracin, 30 

/*M bestatin, 10 /xM captopril and 0.1 mM PMSF at pH 7.4. [125I]DPDPE was 

present at a final concentration of 40 pM. Inhibitors were tested at 10 different 

concentrations in duplicate. Total binding (TB) was measured as the amount of 

radioligand bound to brain membrane in the absence of an inhibitor. 

Nonspecific binding (NSB) was measured as the amount of radioligand bound 

in the presence of 10 fxM naltrexone, a nonselective opioid receptor antagonist. 

The final volume of the assay samples was 1.0 ml. Incubations were performed 



28 

at 25°C for 3 hr. and terminated by filtration through Whatman GF/B filter 

strips (Brandel, Gaithersburg, MD) previously soaked in 0.5% mg/ml BSA for 

more than one hour. The filters were washed three times with 4.0 ml ice-cold 

normal saline and radioactivity was measured by a Packard Auto-Gamma 5650 

scintillation counter. Binding constants were obtained from at least three 

independent determinations. 

Saturation Binding Studies 

To perform saturation binding studies, the specific activity of the 

[,25I]DPDPE radioligand (2200 Ci/mmol) was diluted with unlabeled [4'-I-

Phe4]DPDPE to a value of 200 Ci/mmol. Assays were performed by incubating 

this radioligand preparation at 6 different concentrations (125 pM - 3000 pM). 

TB and NSB were measured in duplicate samples in the absence and presence 

of 10 fiM naltrexone. The incubation time required to reach equilibration for 

the concentration range used was 2.5 hr at 25°C. 

Kinetic Study 

Association rate constants were determined by incubating tissue membrane 

samples with 1.0 nM [125I]DPDPE (200 Ci/mmol) for different time intervals 

(2 - 60 min) in the absence and presence of 10 nM naltrexone. Following the 

final addition of the radioligand, the samples were simultaneously filtered using 

the previously mentioned procedure. 
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Dissociation rate constants were determined by adding membrane preparation 

and 1.0 nM [125I]DPDPE (200 Ci/mmol) to the assay buffer and incubating the 

samples for 3 hr at 25°C to achieve equilibrium. 10 /xM naltrexone was then 

added at different times to prevent radioligand reassociation to the receptors. 

The samples were filtered at the end of experiment. The equilibrium 

dissociation constant (KJ was calculated from the ratio k.,/k+1. 

Binding data such as IC50 values, dissociation constants (Kj), and receptor 

densities (Bmnx) were determined by weighted nonlinear least squares regression 

methods (Munson, 1980) using computer programs developed by Susan 

Yamamura. Binding data best fit by a one site model were reanalyzed by 

nonlinear regression methods using the logistic equation (De Lean et al., 1978). 

Ki values were calculated from the equation K^IC^/l + [L]/Kd (Cheng & 

Prussoff, 1973). The kinetic data were analyzed by the Kinetics program of 

McPherson (1985) using monophasic and biphasic models. Statistical 

comparisons between the one and two models used to fit the data were made 

with the F-ratio test where a p value of 0.05 was considered as the cut-off for 

significance (Munson and Rodbard, 1980). Data obtained from three 

independent measurements are presented as the arithmetic mean + SEM. 

Receptor Autoradiography Techniques 

Rat brains were rapidly frozen at -60°C in liquid isopentane. Coronal and 
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sagittal sections (10 yum) were cut using a cryostat at -18°C and thaw mounted 

onto gelatin covered slides. The sections were allowed to dry at room 

temperature for 20 hours and then stored at -70°C until needed. Prior to 

incubation with the radioligand, the sections were allowed to reach room 

temperature and then incubated for 15 min in 50 mM Tris-HCl containing 5.0 

mM MgCl2, 1.0 mg/ml BSA and 0.1 mM PMSF to remove endogenous opioid 

peptides. Total and nonspecific binding were measured with 1.0 nM 

[I25I]DPDPE (2200 Ci/mmol) in incubation buffer in the absence and presence 

of 10 /jM naltrexone. After a 3 hr incubation in petri dishes that were covered 

to prevent evaporation, the slides were washed 4 times in cold Tris-Mg baths. 

Residual buffer was aspirated from each section and the slides were dried under 

a stream of air. The sections were then exposed to Hyperfilm-3H (Amersham) 

film in X-ray cassettes. After a 20 - 24 hr exposure, the films were developed 

with Kodak D-19 developer and fixer. Receptor density values (amol/mm2) 

were determined from simultaneously exposed [125I] standards prepared with 

brain paste. Quantitative autoradiographic analyses were performed using a 

microcomputer imaging densitometric (MCID) system (Imaging Research, Inc., 

Ontario, Canada) in collaboration with Mary Hunt and James Wamsely 

(Neuropsychiatric Research Institute, Fargo, ND). 
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RESULTS 

Synthesis & Purification of Product [I2SI]DPDPE 

Using reverse phase HPLC, [125IjDPDPE coeluted with [4'-NH2-

Phe4]DPDPE and [4'-I-Phe4]DPDPE as shown in figure 4. The upper 

chromatograph showed a HPLC separation of [4'-NH2-Phe4]DPDPE (retention 

time = 4.2 min) and [4'-I-Phe4]DPDPE (retention time = 26.0 min) by UV 

absorbance detection. The lower chromatograph showed the simultaneous 

detection of 125I labeled by an A200 Flo-One Radioactive Detector. Note that the 

retention time of [125I]DPDPE was identical to the unlabeled [4'-I-Phe4]DPDPE 

measured by UV detection. After HPLC purification as described in the 

Materials and Methods section, over 90% of the detected radioactivity is present 

in the [125I]DPDPE peak. 

Tissue Dependence of Specific Binding 

Specific binding of 40 pM [125I]DPDPE to rat brain membrane was linear 

with increasing concentration up to a protein concentration of 650 /ig/ml. (data 

not shown). No specific binding was measured to the glass fiber filters treated 

with 0.5 mg/ml BSA. Filter binding amounted to 0.1% of the total tracer 

concentration. 

Inhibition of [125I]DPDPE Binding 

Table 3 gives the inhibition constant values (Kj) and Hill Slope (nH) for 40 



32 

pM [125I]DPDPE (specific activity ~ 2200 Ci/mmol) binding to whole rat brain 

membrane by several opioid selective ligands. 

The binding data were examined for multiple site interaction by nonlinear 

regression analysis using one and two site models. These data were best fitted 

a one site model in all cases. Representative inhibition curves were presented 

in Figure 5. The delta opioid receptor selective agonists, DPDPE, [4'-I-

Phe4]DPDPE and deltorphin II, and the antagonist naltrindole (Portoghese, 

1988) showed high affinity for the sites labeled by [125I]DPDPE. The mu 

selective ligands DAMGO and PL-017, and the kappa selective ligand, U-

69593, showed low affinity for the site labeled by [125I]DPDPE. No significant 

inhibition of [125I]DPDPE was found by SR-95531 (GAB A a), atropine 

(muscarinic), haloperidol (dopamine, sigma), (-) propranolol (adrenergic) and 

L-365260 (CCK-8/gastrin) at a 1.0 fiM concentrations (data not shown). 

Inhibition constants of 40 pM [125I]DPDPE binding to mouse brain and 

mouse vas deferens by the selective opioid agonist pCl-DPDPE and deltorphin 

II, and antagonist naltrindole were also shown in Table 4. 

Saturation Studies with [125I]DPDPE 

Nonlinear regression analysis of [125I]DPDPE saturation binding to rat brain 

homogenates consistently showed no significant (p > 0.05) improvement in fit 

for a two site model. Analysis using a one site model gave an average 



Figure 4. A reverse phase HPLC chromatograph of [4'-I25I-Phe4]DPDPE, [4'-
NH2-Phe4]DPDPE and [4'-I-Phe4]DPDPE. The upper figure shows an HPLC 
separation of [4'-NH2-Phe4]DPDPE (retention time = 4.2 min) and [4'-I-
Phe4]DPDPE (retention time = 26.0) by UV absorbance detection. The lower 
figure is an A200 Flo-One Radioactive Detector chromatograph showing the 
simultaneous detection of 125I. 



33 

> => 

5000-, 

4000-

3000-

2000-

1000-

U x -i r 

CL o 

50000-

40000-

30000-

20000-

B 

10000-

:.X 
r— 

10 
-r-
20 

Time (min) 

-T-
30 

I 
40 



34 

Table 3. Ki Values for the Inhibition of [125I]DPDPE Binding to Rat Brain 

Membranes by Opioid Selective Ligands 

Inhibitors Ki (nM) nH 

Delta-selective ligands 

DPDPE 1.50 ± 0.58 0.93 ± 0.13 

[4'-I-Phe4jDPDPE 1.10 ± 0.24 0.94 ± 0.09 

deltorphin II 0.649 ± 0.072 1.00 ± 0.03 

naltrindole 0.091 ± 0.004 1.26 ± 0.11 

Mu-selective ligands 

DAMGO 106 ± 12 0.86 ± 0.09 

PL-017 30200 ± 8010 0.92 ± 0.10 

Kappa-selective ligand 

U-69593 2380 + 456 1.13 + 0.11 

Nonselective ligand 

naltrexone 6.10 ± 1.57 0.84 ± 0.05 
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Table 4. Inhibition Constants of [I25I]DPDPE Binding to Mouse Brain & 

Mouse Vas Deferense (MVD) 

Inhibitors Mouse Brain MVD 

ICjo nH ICjo nH 

(nM) (nM) 

pCl-DPDPE 0.99 ± 0.51 0.71 ± 0.08 1.84 ± 0.46 0.88 ± 0.17 

Deltorphin II 1.61 ± 1.02 0.82 ± 0.04 2.29 ± 1.03 1.37 ± 0.40 

Naltrindole 0.31 ± 0.05 0.93 + 0.05 0.31 + 0.07 1.07 + 0.29 
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equilibrium dissociation constant (Kj) value of 421 ± 67 pM for three 

independent determinations. The average Hill slope for these experiments was 

1.19 ± 0.12 while the receptor density (Bmax) of whole rat brain including 

cerebellum was 36.4 + 2.7 fmol/mg protein. A representative saturation 

binding isotherm is shown in Figure 6. Figure 6a showed nonspecific binding 

and total binding in the presence and absence of 10 fiM naltrexone. Figure 6b 

showed the same specific binding data transformed to the Rosenthal coordinate 

system. 

Saturation binding studies of [I25I]DPDPE (specific activity = 200 Ci/mmol) 

were also conducted in mouse vas deferens (MVD), which has a delta opioid 

receptor density of 5.3 fmol/mg protein. The Kd value was 575 pM which was 

very close to that obtained from rat brain. The Bn)ax measured in MVD is much 

lower than levels in rat brain. A saturation binding isotherm is shown in Figure 

7. 

Kinetic Binding Studies 

Analysis of the association and dissociation rate studies of 1.0 nM 

[125I]DPDPE (specific activity = 200 Ci/mmol) using nonlinear regression 

methods showed that both association and dissociation processes fit a 

monophasic model. The association rate constant was 5.80 + 0.43 x 10'7 M"1 

min"1 while the kinetic constant calculated from the ratios of the forward and 



reverse rate constants (k.,/k+1) was 162 ± 19 pM. These data were shown in 

Figure 8 in linear and transformed coordinate systems. 

Receptor Autoradiography of Sites Labeled by [12SI]DPDPE in Rat Brain 

Receptor autoradiography studies showed that the distribution of delta opioid 

receptors in rat brain were not uniform (figure 9). In the coronal section of rat 

brain (figure 9a), most delta opioid receptors labeled by [125I]DPDPE were 

located in the cerebral cortex, striatum and olfactory bulb. In the sagittal 

section of rat brain (figure 9b), high delta opioid densities were located in the 

olfactory bulb, cerebral cortex, and striatum. An unexpected finding was that 

specific labeling was observed in the cerebellum after 20 hr of film exposure. 



Figure 5. Inhibition of [125I]DPDPE binding by selective opioid ligands 

Rat brain membrane homogenate were incubated with 40 pM [125I]DPDPE and 
10 concentrations of inhibitors for 3 hr at 25°C. Nonspecific binding was 
defined by 10 pM naltrexone. The data represented at least three 
determinations in duplicate. The fitted curves were obtained by nonlinear 
regression analysis using the four parameter logistic equation and no significant 
improvement in fit was obtained with multiple site equations. Error bars 
represent ± the standard error for duplicate inhibitor concentrations. 
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Figure 6. Saturation isotherm for [125I]DPDPE binding to rat brain 

A is a representative saturation binding isotherm for [,2SI]DPDPE. Rat brain 
membrane homogenate was incubated with 100 -2000 pM [125I]DPDPE with or 
without 10 ,uM naltrexone for 3 hr at 25°C. B is the Rosenthal plot of the same 
data. 
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Figure 7. Saturation isotherm for [12iI]DPDPE binding to mouse vas deferens 
membrane. (M.V.D.) 

M.V.D. membrane homogenate was incubated with 100-2000 pM [I25I]DPDPE 
with (TB) or without (NSB) 10 /j.M naltrexone for 3 hr at 25°C. Specific binding 
(SB) is represented by the unfilled circles. 
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Figure 8. Association & dissociation rate constant measurement for 
[I23I]DPDPE binding to rat brain membrane 

A representative determination of association and dissociation rate constants for 
1.0 nM [I25I]DPDPE in linear and transformed coordinate systems are shown 
in figure 7a and 7b. Both association and dissociation binding processes were 
monophasic giving a lc,*, of 6.68xl0"2 min'1 and k.j of 0.79xl0"2 min*1. The k+, 
value calculated was 6.07X101 M"1 min"1 such that the Kd (k.i/k+]) is 130 pM in 
this example. 
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Figure 9. Autoradiography of sites labeled by [,25I]DPDPE in rat brain 

Results are from the image analysis of midthalamic coronal (9a) and midline 
sagittal (9b) 10 (im rat brain sections prepared for receptor autoradiography by 
incubation with 1.0 nM [mI]DPDPE. Autoradiographic images were produced 
using Hyperfilm-3H exposed to the sections for 20 hr before development. The 
autoradiographs show total binding. Nonspecific binding observed under these 
conditions by slide-mounted tissue binding studies was 34±5% (n=4) of total 
binding. 
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DISCUSSION 

[125I]DPDPE is highly selective radioligand with high affinity for delta opioid 

receptors. The delta receptor binding properties of [125I]DPDPE are consistent 

with those of unlabeled I-DPDPE showing that the radioiodination method 

preserves the binding activity of the analogue. 

Toth et al. (1990) demonstrated that [4'-I-Phe4]DPDPE has higher selectivity 

and affinity than DPDPE. (see Table 1.) MVD and GPI bioassays of [4'-I-

Phe4]DPDPE showed that it is about twice as potent as DPDPE itself and has 

the highest selective ratio (17,000) among the all para-halogenated Phe4 

analogues of DPDPE. (see Table 2.) The diazonium salt method is a simple 

way for the incorporation of l25I into the parent analogue. The iodinated 

product [4'-125I-Phe4]DPDPE, prepared through a diazonium salt intermediate 

from the precursor [4'-NH2-Phe4]DPDPE using Na125I can be easily and 

completly separated from the precursor by reverse phase HPLC. 

The iodinated form of DPDPE has high specific activity (2200 Ci/mmol) 

which is about 50 fold greater than tritiated radioligand. The high specific 

activity allows characterization of delta opioid receptors in tissues with low delta 

opioid receptor densities. That is the reason we can use [125I]DPDPE to 

measure delta opioid receptors in mouse vas deferens. 

Inhibition binding studies demonstrated that [125I]DPDPE appears to have 
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high selectivity for delta opioid receptors in that the site labeled by [125I]DPDPE 

has high affinity for delta selective and low affinity for mu and kappa selective 

opioid receptor ligands. These data agree with those previously decribed by 

Toth et al. (1990) where [4'-I-Phe4]DPDPE is twice as selective for delta opioid 

receptor than mu opioid receptors as DPDPE itself. The binding inhibition 

constant (Kj) values for several opioid receptor selective ligands using 

[I25I]DPDPE are consistent with those obtained by Vaughn et al (1989) using 

another delta opioid receptor selective radioligand [3H]pCl-DPDPE. 

Saturation binding studies show that [125I]DPDPE has high affinity for delta 

opioid receptors in rat brain. The average Kd values of [125I]DPDPE is 421 pM, 

which is about one-half in that measured for DPDPE by Akiyama, et al. (1985) 

and Cotton, et al. (1985). This value is probably not signicantly different from 

that measured for [3H]pCl-DPDPE by Vaughn et al (1990). The Bmax values 

measured by [125I]DPDPE is about 42% less than that measured by [3H]pCl-

DPDPE. This may be explained by animal age, seasonal variation, or the 

addition of cerebellum in the brain preparation since cerebellum contains 

significant amount of delta opioid receptors. Alternatively [125I]DPDPE may 

bind to more restricted population of delta opioid receptors in rat brain. 

Since [125I]DPDPE has an extremely high specific activity, the Kd and Bmax 

values of [125I]DPDPE were also measured in the MVD, a tissue with low delta 
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opioid receptor density. The binding affinity of MVD delta opioid receptors 

(575 pM) is not significantly different from that measured in rat brain (421 

pM), while receptor density in MVD (5.3 fmol/mg protein) is significantly less 

than that in rat brain (36.4 fmol/mg protein). This is first direct measurement 

of the delta opioid receptor density in MVD. 

The high values measured for [125I]DPDPE k+1 and k., constants were 

unexpected findings. At low concentration (100 pM), steady state binding for 

[125I]DPDPE was reached in less than 2 hr at 25 °C. This is four times faster 

than 1.0 nM [3H]DPDPE measured by Akiyama et al. (1985) (8 hr) and two 

times faster than 0.75 nM [3H]pCl-DPDPE obtained by Vaughn et al. (1989) 

(4.5 hr) measured under similar conditions. The association rate of 

[125I]DPDPE (5.8 x 107 M"1 min'1) is greater than those of [3H]DPDPE (3.12 x 

106 M-1 min"1) and [3H]pCl-DPDPE (1.47 x 107 M"1 min"1). The dissociation 

rate of [l25I]DPDPE is also about three fold faster than [3H]DPDPE and 

[3H]pCl-DPDPE. The rapid binding kinetics of [125I]DPDPE is very important 

and necessary since it greatly reduces the incubation time required for 

radioligand binding assays and facilites the measurement of delta opioid receptor 

binding affinity of unstable compounds. 

The distribution of delta opioid receptor binding sites labeled by 1.0 nM 

[125I]DPDPE in rat brain is consistent with previous studies decribed by Delay-



46 

Goyet et al. (1990), Gulya et al. (1986), and Mansour et al. (1986) which 

characterized the delta opioid receptor distribution in rat brain. From our 

studies, we demonstrated that delta opioid receptors are primarily located in the 

cortex, olfactory bulb, and corpus striatum in rat brain. The hipocampus and 

medulla also have some delta opioid receptors. An interesting finding is that 

cerebellum, an area thought to have no delta opioid receptors, was also labeled 

by [125I]DPDPE after only 20 hr of exposure time. This illustrates that 

cerebellum also contains delta opioid receptors. These autoradiography 

observations agree with the unpublished data from studies using [3H]pCl-DPDPE 

in our laboratory. The Bmox values measured by saturation binding in cortex, 

olfactory bulb, and striatum are about 172 fmol/mg protein, 119 fmol/mg 

protein and 136 fmol/mg protein, respectively. Receptor densities measured in 

hipocampus and medulla are around 49 fmol/mg protein and 31 fmol/mg protein 

while that in cerebellum is about 12 fmol/mg protein. The presence of delta 

opioid receptors in cerebellum may suggest opioid regulation of the cerebellum 

in rat. 

Recently, evidence for delta opioid receptor subtypes was provided by in 

vivo studies using different selective delta opioid antagonists (Jing et al., 1990). 

Shimohigashi and colleagues (1988) showed delta opioid receptor subtypes using 

the enkephalin analogue [D-Ala2,TE Phe4, L-Leu5]enkephalin in vitro binding 
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assays. Vaughn et al. (1990) also demonstrated different delta opioid receptors 

in rat brain and in mouse vas deferens using [D-Ala2, E-(2R, 3S)-cyclopropyl-

Phe4, Leu5]enkephalin methyl ester (CP-OMe), by measuring different binding 

affinity for CP-OMe to sites labeled by [3H]pCl-DPDPE in these two different 

tissue preparations. [125I]DPDPE is a better radioligand for MVD studies due 

to its extremely high specific activity. The studies decribed here using 

[125I]DPDPE do not provide evidence for the presence of different delta opioid 

receptor in central nevous system (brain) and peripheral nevous system (MVD). 

The IC50 values for the inhibition of [125I]DPDPE binding to mouse brain and 

MVD by pCl-DPDPE, deltorphin II and naltrindole showed no significant 

difference (Table 4.). Kd values measured for [125I]DPDPE in rat brain and 

MVD were also not significantly different. This might due to the use of 

inhibitors that are not selective for delta opioid receptor subtypes. [D-

Tca']CTAP, a somatostatin analogue, and biphalin might be interesting 

analogues showing delta opioid receptor subtype selectivity by using this 

radioligand. Because these two analogues appear to have equal affinity for delta 

opioid receptors relative to mu opioid receptors. They might act at mu-delta 

complex. Our preliminary studies suggest that these ligand may have different 

binding affinity for delta opioid receptors in mouse brain and MVD. Thus, 

further studies using [l25I]DPDPE are necessary to detect evidence for delta 
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opioid receptor subtypes. 
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SUMMARY 

[125I]DPDPE is a superior radioligand with highly selectivity and high 

affinity for delta opioid receptors. The advantages of this radioligand are high 

specific activity and rapid binding kinetics with minimal loss of binding 

selectivity or affinity for delta opioid receptors when compared to the 

[3H]DPDPE and[3H]pCl-DPDPE. [125I]DPDPE can be used to characterize delta 

opioid receptors in many tissue preparations and is expecially useful in tissues 

such as mouse vas deferens and spinal cord which have low delta opioid 

receptor densities. This compound will serve as a valuable radioligand to 

determine delta opioid receptor subtypes. 
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