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Abstract 

The aim of this study was to investigate the relative density of µ, κ, and δ opioid 

receptors (MOR, KOR, and DOR) and [35S]GTPγS binding stimulated by full agonists in 

cortical and thalamic membranes of monkeys. The binding parameters 

[Bmax(fmol/mg)/Kd(nM)] were [3H]DAMGO (MOR; 80/0.7), [3H]U69593 (KOR; 116/1.3), 

and [3H]DPDPE (DOR; 87/1.3) in the cortex; [3H]DAMGO (147/0.9), [3H]U69593 

(75/2.5), and [3H]DPDPE (22/2.0) in the thalamus. The relative proportions of MOR, 

DOR and KOR in the cortex were 28%, 41%, and 31% and in the thalamus were 60%, 

31%, and 9%. Full selective opioid agonists, DAMGO (EC50: 532-565 nM) and U69593 

(KOR: EC50: 80-109 nM) stimulated [35S]GTPγS binding in membranes of cortex and 

thalamus, while SNC80 (DOR; EC50: 68 nM) was only active in cortex membranes. The 

magnitudes of [35S]GTPγS binding stimulated by these agonists were similar in the 

cortex, ranging from 17 to 25 % over basal binding. In the thalamus, DAMGO and 

U69593 increased [35S]GTPγS binding by 44 and 23 % over basal, respectively. Opioid 

agonist-stimulated [35S]GTPγS binding was blocked selectively by antagonists for MOR, 

DOR and KOR. The amount of G-protein activated by agonists was highly proportional 

to the relative receptor densities in both regions. These results distinguish the ability of 

opioid agonists to activate G proteins and provide a functional correlate of ligand-

binding experiments in the monkey brain. In particular, the relative densities of opioid 

receptor binding sites in the two brain areas reflect their functional roles in the 

pharmacological actions of opioids in the CNS of primates. 
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The µ, κ, and δ opioid receptors (MOR, KOR, and DOR) are G-protein-coupled 

receptors that play key roles in regulating many physiological functions (e.g., Vaccarino 

and Kastin, 2001), including the modulation of pain sensation.  Although the distribution 

and function of MOR, KOR, and DOR in the CNS have been studied extensively in 

rodents, few studies have investigated these receptors in human (Pfeiffer et al., 1982) 

or even non-human primate (e.g. monkey) brain (Sim-Selley et al., 1999). In contrast, 

there are ample studies using monkeys in a variety of behavioral assays and 

experimental compounds that are not amenable to humans (e.g., Butelman et al., 1993; 

Ko et al., 1999). However, in vitro studies regarding the function of opioid receptor types 

in the monkey CNS are relatively sparse (Emmerson et al., 1994; Sim-Selley et al., 

1999). Therefore, it is important to conduct studies in the monkey to examine the 

underlying neural mechanisms of opioid-induced behavior in primates and to 

characterize potential antinociceptive compounds. 

Several investigations in the monkey have shown that systemic administration of 

full MOR or KOR agonists produces profound antinociception against acute noxious 

stimuli, but that high efficacy DOR agonists have relatively weak antinociceptive effects 

(Negus et al., 1994; Ko et al., 1998; Allen et al., 2002). Given that MOR, KOR, and DOR 

agonists all have inhibitory functions on nociceptive pathways, it is unknown what 

factors may contribute to this differential antinociceptive effectiveness among these full 

opioid agonists. In particular, it is pivotal to investigate whether there is a difference in 

the density of opioid receptor types in the neural substrates relevant to nociceptive 

pathways and in their functional activity at the level of the receptor-G-protein interaction.  
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The opioid agonist-mediated stimulation of [35S]GTPγS binding in cell lines 

expressing specific receptors has provided a functional measurement of agonist 

occupation of MOR, KOR, and DOR and offered a simple method for the determination 

of efficacy of opioid agonists (Traynor and Nahorski, 1995; Clark et al., 1997; Selley et 

al., 1998; Remmers et al., 1999). However, it is not yet clear whether full opioid agonists 

would manifest the same or different pharmacological profiles in primate brain regions 

containing a mixture of different densities of MOR, KOR, and DOR. For example, 

differences could be attributed to the presence of receptor subtypes (Ko et al., 1998) 

and/or homo- or heterodimers (Jordan and Devi, 1999). Studies characterizing opioid 

agonist-stimulated [35S]GTPγS binding in monkey brain membranes are particularly 

valuable because they will provide a pharmacological explanation for the central actions 

of both exogenous and endogenous opioid ligands in primates. 

 Imaging studies in humans show that both cortex and thalamus are significantly 

involved in nociceptive pathways (Davis et al., 1998; Casey et al., 2000; Peyeon et al., 

2000; Zubieta et al., 2001). In particular, the thalamus is the main neural substrate in 

nociceptive pathways and plays an integral role for both spinothalamic and 

thalamocortical pathways (e.g., Bushnell et al., 1993; Craig et al., 1994; Shi and 

Apkarian, 1995; Rausell et al., 1998). The aim of this present study was to measure the 

density of MOR, KOR, and DOR in the monkey cortex and thalamus. In addition, full 

opioid agonists selective for each opioid receptor type were used to investigate agonist-

stimulated [35S]GTPγS binding to observe functional activity at the level of the receptor-

G-protein in both cortical and thalamic membranes.   
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Materials and Methods 

Materials. 

[3H]DAMGO (50 Ci/mmol), [3H]U69593 (41.4 Ci/mmol), [3H]DPDPE (45 Ci/mmol), 

[3H]diprenorphine (50 Ci/mmol), and [35S]GTPγS (1250 Ci/mmol) were purchased from 

PerkinElmer (Boston, MA). SNC80 and naltrindole were provided by Dr. K.C. Rice 

(NIDDK, NIH, Bethesda, MD). DAMGO and naloxone were obtained from NIDA (NIH, 

Bethesda, MD). U69593, nor-binaltorphimine, GTPγS, GDP, and all other biochemicals 

were purchased from Sigma Chemical Co. (St. Louis, MO).  

Membrane preparation.  

Membranes were isolated from the brains of five adult rhesus monkeys (Macaca 

mulatta) that weighed between 7.4 and 14.1 kg. The ages of monkeys were between 8 

and 13 years except for one monkey that was 22 years old. None of the monkeys were 

involved in chronic administration of opioids and they had not received any opioid 

compounds for approximately 4-6 months before the current experiments. Monkeys 

were maintained in accordance with the University Committee on the Use and Care of 

Animals in the University of Michigan and the Guide for the Care and Use of Laboratory 

Animals (7th ed.) by the Institute of Laboratory Animal Resources (Natl. Acad. Press, 

Washington D.C, revised 1996). 

Following euthanasia by i.v. pentobarbital (100 mg/kg), each monkey brain was 

rapidly excised and placed with dry ice prior to storage at – 80oC. The subsequent 

handling of the tissues was carried out at 4oC. All membranes and vessels were 

removed from the dorsal surface. The brain tissues were dissected meticulously, 
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washed in 50 mM Tris HCl buffer, pH 7.4, then disrupted for 1 min in the ice-cold buffer 

with a Polytron homogenizer set at power 6.5 (model PT-10, Brinkmann Instruments, 

Westbury, NY). The homogenized membranes were centrifuged at 18,000 x g for 15 

min. The resulting membrane pellets were resuspended and incubated at 37°C for 40 

min to remove endogenous opioids (Wood et al., 1989). The preparation was 

centrifuged again and the pellet was resuspended in 50 mM Tris HCl buffer. Aliquots of 

this suspension, sufficient for experiments on one given day, were frozen at – 80oC. 

Before use, the frozen suspension was quickly thawed and kept on ice. The protein 

concentration of both cortical and thalamic membrane suspensions was approximately 

5-9 mg/ml, determined by the method of Bradford (1976) with bovine serum albumin as 

the standard. Membranes were dissolved with 1 N NaOH for 30 min at room 

temperature and neutralized with 1 M acetic acid before the protein determination. 

Receptor binding assay. 

Saturation binding experiments were performed using [3H]DAMGO, [3H]U69593, 

[3H]DPDPE, or [3H]diprenorphine (a non-selective opioid ligand), as described 

previously (Fischel and Medzihradsky, 1981; Emmerson et al., 1994). The assay 

medium contained membrane protein (250 µg/tube) diluted in Tris HCl buffer (50 mM 

Tris HCl buffer, pH 7.4), 50 µl of Tris HCl buffer or 50 µM naloxone, and 50 µl of 

increasing concentrations of radioligand in a final volume of 500 µl. Specific binding of 

the radioligand was obtained as the difference between binding in the absence and 

presence of 50µM of naloxone. After incubation for 90 min at 25°C to reach equilibrium, 

samples were quickly filtered and washed three times with 2 ml of ice-cold 50 mM Tris 

HCl buffer, pH 7.4, through 0.1% PEI treated glass fiber filters (Schleicher and Schuell 
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no.32, Keene, NH) mounted in a Brandel cell harvester (Biomedical Research and 

Development Laboratories, Gaithersburg, MD). Filters were placed in 5-ml 

polypropylene scintillation vials containing 4-ml Econo-Safe scintillation cocktail for 

liquid scintillation counting. Experiments were performed 2-3 times in cortical 

membranes and once in thalamic membranes from each monkey due to limited 

availability of tissue. Each experiment was carried out in duplicate. 

[35S]GTPγS binding assay. 

Agonist stimulation of [35S]GTPγS binding was measured as described in Traynor and 

Nahorski (1995). Membranes (20-60 µg protein/tube) were incubated in GTPγS binding 

buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, and 10 mM MgCl2⋅6H2O) containing 

[35S]GTPγS (0.1 nM), GDP (100 µM), and varying concentrations (1-30,000 nM) of 

opioids, either DAMGO, U69593, or SNC80, in a total volume of 500 µl, for 60 min at 

25°C. SNC80 was used for these studies rather than DPDPE because it is more 

efficacious at stimulating [35S]GTPγS binding (Clark et al., 1997). Inhibition of agonist-

stimulated [35S]GTPγS binding by naloxone (20 nM), nor-binaltorphimine (3 nM), and 

naltrindole (3 nM) was evaluated by adding antagonist to the membrane 15 min prior to 

the agonist. The reaction was terminated by rapidly filtering and washing three times 

with 2 ml of ice-cold GTPγS binding buffer. Filters were placed in scintillation vials 

containing 4-ml Econo-Safe scintillation cocktail for liquid scintillation counting. Basal 

binding was determined from tubes that contained the same volume of GTPγS binding 

buffer without agonist and antagonist. Nonspecific binding was defined as binding of the 

[35S]GTPγS in the presence of 10 µM unlabeled GTPγS. As nonspecific binding was 

less than 5% of basal binding in these conditions, basal cpm was subtracted from each 
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data point and converted to fmols per milligram of protein in order to determine agonist-

stimulated [35S]GTPγS binding. Experiments were performed at least twice in both 

cortical and thalamic membranes from each monkey. Each experiment was carried out 

in duplicate.      

Data analysis. 

Saturation binding data of [3H]DAMGO, [3H]U69593, [3H]DPDPE and [3H]diprenorphine 

were fit to a one-site binding hyperbola using GraphPad Prism (GraphPad, San Diego, 

CA) to determine Kd and Bmax values. [35S]GTPγS-binding data from two experiments 

were combined and fit to a sigmoidal curve with a variable slope using GraphPad Prism 

to determine the EC50 value and maximum stimulation (fmol/mg protein). Mean values 

(mean ± S.E.M.) were calculated from individual values (i.e., Bmax and the degree of 

[35S]GTPγS-stimulation). Data were analyzed by a two-way analysis of variance 

followed by the Newman-Keuls test for multiple (post hoc) comparisons (p<0.05 for 

significance). Ke values for antagonist inhibition were calculated by the following 

equation: Ke = [nM of antagonist] / (dose ratio – 1) where dose ratio is the ratio of the 

EC50 for an agonist in the presence and absence of the antagonist. In addition, linear 

regression was made to determine relationship between Bmax and [35S]GTPγS binding 

data by pooling the Bmax values of radioligands and the magnitudes of [35S]GTPγS 

binding stimulated by corresponding agonists. 
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Results 

Receptor binding assay. 

Saturation binding of selective radioligands to monkey brain membranes was studied 

over an extended range of concentrations. Figure 1 illustrates the apparent affinity and 

Bmax data in cortical membranes from a single monkey, determined using [3H]DAMGO, 

[3H]U69593, [3H]DPDPE, or [3H]diprenorphine. Non-specific binding was low and 

amounted to approximately 20-35% of total binding at a nearly saturating concentration 

of each radioligand. Figure 2 illustrates the apparent affinity and Bmax data in the 

thalamic membranes of a single monkey determined with the same radioligands. Due to 

small differences in the profile of binding parameters across brain membranes from 

individual monkeys, the mean data were obtained from individual values and are 

summarized in Table 1. ANOVA indicates that the differences of Bmax values depend on 

both regions [F(1,4)=25; p<0.05] and receptor types [F(2,8)=102; p<0.05]. Post hoc 

comparisons reveal that the mean Bmax value of MOR in the cortex is significantly lower 

than in the thalamus. Mean Bmax values of both KOR and DOR in the cortex are 

significantly higher than in the thalamus. Furthermore, the Bmax value of KOR is 

significantly higher than both of MOR and DOR; and there is no difference between 

MOR and DOR in the cortex. In contrast, the rank order of Bmax values of opioid receptor 

types is significantly different (i.e., MOR > KOR > DOR) in the thalamus. The MOR, 

KOR, and DOR were approximately 28, 41, and 31% of the total binding sites in the 

cortex, respectively. In contrast, the MOR, KOR, and DOR were approximately 60, 31, 

and 9% of the total binding sites in the thalamus.  
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There was a significant difference in Bmax values with [3H]DAMGO and 

[3H]diprenorphine in the cortex between male and female monkeys. The Bmax values 

obtained using [3H]DAMGO in cortical membranes of male monkeys were significantly 

higher than those in female monkeys (* p<0.05, males (n=3): 89 ± 4.8 vs. females (n=2): 

67 ± 2.1 fmol/mg protein). Similarly, the Bmax values for [3H]diprenorphine in cortical 

membranes of male monkeys were significantly higher than those in female monkeys (* 

p<0.05, males: 345 ± 9 vs. females: 280 ± 1 fmol/mg protein). 

[35S]GTPγS binding assay. 

Optimal stimulation of the binding of [35S]GTPγS (0.1 nM) to monkey brain membranes 

by opioid agonists was observed at a concentration of 100 µM GDP (data not shown). 

The average values (± S.E.M.) of basal binding under these conditions were 83.8 ± 7.2 

and 71.7 ± 3.8 fmol/mg protein in cortical and thalamic membranes, respectively. Figure 

3 illustrates the stimulation of [35S]GTPγS binding by opioid agonists in the cortical 

membrane of a single monkey. A selective MOR agonist, DAMGO, concentration-

dependently increased the binding of [35S]GTPγS by 19% over basal binding (EC50 = 

477 nM). Addition of a low concentration (20 nM) of naloxone (NLX) selective for MOR 

antagonism produced a 12.1-fold rightward shift in the DAMGO concentration-response 

curve (EC50 = 5766 nM; upper panel, figure 3). A selective KOR agonist, U69593, 

concentration-dependently increased the binding of [35S]GTPγS by 20% over basal 

binding (EC50 = 77 nM). Addition of a selective KOR antagonist, nor-binaltorphimine 

(nor-BNI, 3 nM), produced an 11.1-fold rightward shift in the U69593 concentration-

response curve (EC50 = 858 nM; middle panel, figure 3). In addition, a selective DOR 
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agonist, SNC80, concentration-dependently increased the binding of [35S]GTPγS by 

17% over basal (EC50 = 49 nM). Addition of a selective DOR antagonist, naltrindole 

(NTI, 3 nM), produced a 24.5-fold rightward shift in the SNC80 concentration-response 

curve (EC50 = 1190 nM; lower panel, figure 3). The concentration of each antagonist 

was selective for its corresponding receptor and did not produce a significant rightward 

shift of concentration-response curves of other agonists (data not shown). It is worth 

noting that the degree of DAMGO-stimulated [35S]GTPγS binding in the cortex of male 

monkeys was significantly higher than in the cortex of female monkeys (* p<0.05, 

males: 20 ± 1 vs. females: 12 ± 2 % over basal). 

Figure 4 illustrates the stimulation of [35S]GTPγS binding by opioid agonists in the 

thalamic membranes of a single monkey. DAMGO and U69593 concentration-

dependently increased the binding of [35S]GTPγS by 47 and 22% over basal binding, 

respectively (EC50 of DAMGO = 433 nM; EC50 of U69593 = 99 nM). Addition of NLX (20 

nM) or nor-BNI (3 nM) produced a 14.3 or 11.5-fold rightward shift in the corresponding 

concentration-response curve (EC50 of DAMGO = 6186 nM; EC50 of U69593 = 1135 

nM; upper and middle panels, figure 4). In contrast, SNC80 did not increase the binding 

of [35S]GTPγS over basal binding (lower panel, figure 4). Table 2 provides a summary of 

mean data from individual EC50, magnitude of stimulation, and Ke values derived from 

the degree of antagonist shift data. ANOVA indicated that the degrees of opioid agonist-

stimulated [35S]GTPγS binding depend on both regions [F(1,4)=15; p<0.05] and receptor 

types [F(2,8)=33; p<0.05]. Post hoc comparisons reveal that the degree of DAMGO-

stimulated [35S]GTPγS binding in the thalamus was significantly higher than in the 

cortex. There was no difference in U69593-stimulated [35S]GTPγS binding between the 
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cortex and thalamus. Furthermore, there was no difference in the degrees of three 

agonists-stimulated [35S]GTPγS binding in the cortex. In contrast, the rank order of 

agonists-stimulated [35S]GTPγS binding is significantly different (i.e., DAMGO > U69593 

> SNC80) in the thalamus. As noted, the % stimulation values of [35S]GTPγS binding by 

full MOR, KOR, and DOR agonists are moderately low (i.e., between 17-44 %), 

depending on the agonist and brain area. ANOVA followed by the Newman-Keuls test 

indicated that these values were significantly different from the basal binding (p<0.05).  

There was a linear correlation between the density of opioid receptor binding 

sites and the degree of opioid agonist-stimulated [35S]GTPγS binding in monkey brain 

membranes. The degree of stimulation of [35S]GTPγS binding, presented as the percent 

over basal binding,  is highly correlated with the density of opioid receptor binding sites 

in both cortical and thalamic membranes (figure 5; r2 = 0.83).  
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Discussion 

 The results of this study indicate that the profile of receptor densities of MOR, 

KOR, and DOR depend on region in the monkey CNS. The density of MOR in the 

thalamus is higher than in the cortex. In contrast, the densities of both KOR and DOR in 

the thalamus are lower than in the cortex. The selectivity of opioid receptor agonists is 

retained in monkey brain membranes. However, the maximum effect of the full opioid 

agonists in G-protein activation depends on the densities of opioid receptor types in 

specific brain regions. 

 In the rhesus monkey brain, the relative proportions of the opioid receptors in the 

cortex are approximately 28%, 41%, and 31% for MOR, KOR, and DOR binding sites, 

respectively. In contrast, MOR, KOR, and DOR are approximately 60%, 31% and 9% of 

the total binding sites in the thalamus. This profile of relative ratios of opioid receptor 

types in monkey brain is similar to the pattern of receptor densities observed in the 

cortex and thalamus of humans (Kuhar et al., 1973; Pfeiffer et al., 1982; Mansour et al., 

1988). An in situ hybridization study in humans also indicates that probes for MOR, 

KOR, and DOR generate detectable signals in the cortical regions. However, intense 

MOR and KOR messenger RNA expression, but no DOR messenger RNA, were 

detected in the thalamus (Peckys and Landwehrmeyer, 1999). Very low to undetectable 

levels of DOR messenger RNA expression correspond to low levels of DOR binding 

sites in several subcortical regions of human brain (Pfeiffer et al., 1982; Peckys and 

Landwehrmeyer, 1999). Taken together, these studies indicate that MOR is the 

predominant type of opioid receptor present in the thalamus of primate species.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 15

We found no evidence for the existence of additional opioid receptor types. The 

total number of binding sites for the MOR, KOR, and DOR specific agonists represent 

approximately 89% and 100% of the binding sites labeled by the non-selective 

antagonist [3H]diprenorphine in cortical and thalamic membranes of the monkey brain , 

respectively. This finding also confirms that under the conditions of the saturation 

binding assay the selective [3H]agonists were labeling all opioid receptors. To date, 

there is no evidence for the existence of additional opioid receptor genes or for splice 

variants in humans with pharmacological properties characteristic of the proposed 

opioid receptor subtypes (Kieffer and Gaveriaux-Ruff, 2002). However, we did observe 

sex differences in the MOR and total opioid receptor density in the cortex of monkeys. 

There was a significantly greater MOR density and higher degree of DAMGO-stimulated 

[35S]GTPγS binding in the cortex of male monkeys. This finding needs further 

investigation using more subjects to make potential correlation with MOR-mediated 

functional significance and to provide an understanding of reported differences in 

female and male primates to the antinociceptive actions of mu agonists (Negus and 

Mello, 1999; Zubieta et al., 2002). 

 The magnitude of [35S]GTPγS binding stimulation by the three selective opioid 

agonists was similar in cortical membranes. In contrast, different amounts of 

[35S]GTPγS binding were maximally stimulated by the same agonists in thalamic 

membranes. The magnitude of agonist-stimulated G-protein activation was proportional 

to the corresponding receptor densities in both brain regions. Several in vitro studies 

have indicated that the relationship between receptor occupancy and G-protein 

activation depends on the receptor density (e.g., Selley et al., 1998; Sim-Selley et al., 
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1999; Maher et al., 2000). DAMGO, U69593, and SNC80 have been characterized as 

full MOR, KOR, and DOR agonists respectively in the cell lines expressing the 

corresponding receptors (Clark et al., 1997; Alt et al., 1998; Remmers et al., 1999). The 

rank order of potencies of these agonists in monkey cortex (U69593 [80 nM] ≅ SNC80 

[68 nM] > DAMGO [532 nM]) is similar to findings in cell membranes expressing single 

opioid receptor types (i.e., U69593 [55nM] ≅ SNC80 [57 nM] > DAMGO [145 nM]) (Clark 

et al., 1997; Alt et al., 1998; Remmers et al., 1999).  

The receptor selectivity of the opioid agonists used in both cortex and thalamus 

was assured by use of selective opioid antagonists (Clark et al., 1997; Alt et al., 1998; 

Remmers et al., 1999). The potencies of opioid antagonists used in this study are 

similar to those in other studies using cell membranes (Alt et al., 1998; Remmers et al., 

1999). As noted, the concentration of each antagonist was selective for corresponding 

receptor antagonism because it did not produce a significant rightward shift of 

concentration-response curves by other agonists (data not shown). However, the ability 

of these opioid agonists to activate G proteins could be compromised in brain regions 

with low receptor density. For example, the full DOR agonist, SNC80, was not able to 

stimulate [35S]GTPγS binding in the monkey thalamus which has relatively low DOR 

density. A similar finding with the full MOR agonist DAMGO has been reported in 

specific brain regions of rats (Maher et al., 2000). By using a simple membrane 

preparation, the present results distinguish the ability of opioid agonists to activate G 

proteins and provide a functional correlate of ligand-binding experiments in the monkey 

brain. Moreover, these results support the finding that MOR-stimulated [35S]GTPγS 

binding predominates over KOR-stimulated [35S]GTPγS binding in the thalamus of 
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monkeys using [35S]GTPγS autoradiography (Sim-Selley et al., 1999). The stimulation of 

[35S]GTPγS binding in both cortex and thalamus is lower than that reported in rat brain 

membranes (Selley et al., 1998; Fabian et al., 2002), but is in agreement with findings 

from cynomolgus monkeys (Sim-Selley et al., 1999). Maher et al (2000) have reported a 

wide variation in the maximal level of [35S]GTPγS stimulation across different regions of 

rat brain following MOR stimulation. It is likely that differences are due to a combination 

of receptor density and the concentration of G proteins available for activation. 

Nevertheless, in spite of the apparently lower level of [35S]GTPγS activation, MOR 

agonists are very effective in the monkey (Butelman et al., 1993; Negus and Mello, 

1999; Allen et al., 2002). 

 Functional imaging studies have revealed the involvement of cortical and 

thalamic regions in pain perception in humans (Davis et al., 1998; Casey et al., 2000; 

Peyeon et al., 2000; Zubieta et al., 2001). Nevertheless, the thalamus appears to be 

more involved than the cortex in the modulation of nociceptive processing. Firstly, it has 

been shown that activities of thalamic neurons, specifically those associated with the 

transmission of nociceptive signals, can be inhibited by direct or systemic administration 

of opioids (Nakahama et al., 1981; Brunton and Charpak, 1998). Secondly, neurological 

evidence confirms the existence of a highly diverse supraspinal mechanism engaged in 

the processing of nociceptive intensity. The capacity to evaluate pain intensity is almost 

completely reserved after extensive cerebral cortical lesions (Knecht et al., 1996; 

Coghill et al., 1999). Finally, thalamic stimulation used to treat chronic pain in humans 

for more than two decades has been shown to activate thalamocortical circuits (Duncan 

et al., 1998).  
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 The different receptor densities and ability to activate G-proteins of MOR, KOR, 

and DOR in the monkey thalamus may be one of several factors contributing to the 

differential effectiveness of MOR, KOR, and DOR agonists as antinociceptive agents in 

primates (Negus et al., 1994; Ko et al., 1998; Allen et al., 2002). It is worth noting that in 

the spinal cord of monkeys, MOR, KOR, and DOR are approximately 68%, 25%, and 

7% of the total binding sites, respectively, and that SNC80 is not able to stimulate 

[35S]GTPγS binding in this region (Lee et al., 2002). The thalamus is the major neural 

substrate modulating nociceptive signals from both spinothalamic and thalamocortical 

pathways (e.g., Bushnell et al., 1993; Craig et al., 1994; Shi and Apkarian, 1995; 

Rausell et al., 1998). Thus, it is highly possible that DOR agonists act as weak 

antinociceptive agents in monkeys due to the lower DOR density and consequent 

limited G-protein activation in the spinothalamic pathway. Our preliminary data showing 

that intrathecal administration of SNC80 does not produce antinociception against acute 

thermal stimulus in monkeys (Ko et al., unpublished observations) supports this notion.  

 In summary, this study demonstrates the feasibility of using washed tissue 

homogenates to examine G-protein activation in the monkey brain. Results indicate that 

opioid agonists are able to stimulate [35S]GTPγS binding to membranes and that this is 

a concentration-dependent and receptor-mediated event. More importantly, the relative 

density of opioid receptor binding sites in particular brain areas may reflect their 

functional role in the central actions of opioids. Future studies characterizing and 

comparing the G-protein activations of both endogenous and exogenous opioids in the 

monkey brain will provide much information as to how opioids act in the CNS of primate 

species. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 19

 

 

 

Acknowledgments: The authors thank John Busenbark, Tristan Edwards, and Noreen 

Hughes for excellent technical assistance.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 20

 

References 

Allen RM, Granger AL and Dykstra LA (2002) Dextromethorphan potentiates the 

antinociceptive effects of morphine and the delta-opioid agonist SNC80 in 

squirrel monkeys. J Pharmacol Exp Ther 300:435-441. 

Alt A, Mansour A, Akil H, Medzihradsky F, Traynor JR and Woods JH (1998) 

Stimulation of guanosine-5'-O-(3-[35S]thio)triphosphate binding by endogenous 

opioids acting at a cloned mu receptor. J Pharmacol Exp Ther 286:282-288. 

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 

72:248-254. 

Brunton J and Charpak S (1998) mu-Opioid peptides inhibit thalamic neurons. J 

Neurosci 18:1671-1678. 

Bushnell MC, Duncan GH and Tremblay N (1993) Thalamic VPM nucleus in the 

behaving monkey. I. Multimodal and discriminative properties of thermosensitive 

neurons. J Neurophysiol 69:739-752. 

Butelman ER, France CP and Woods JH (1993) Apparent pA2 analysis on the 

respiratory depressant effects of alfentanil, etonitazene, ethylketocyclazocine 

(EKC) and Mr2033 in rhesus monkeys. J Pharmacol Exp Ther 264:145-151. 

Casey KL, Svensson P, Morrow TJ, Raz J, Jone C and Minoshima S (2000) Selective  

 opiate modulation of nociceptive processing in the human brain. J Neurophysiol 

84:525-533. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 21

Clark MJ, Emmerson PJ, Mansour A, Akil H, Woods JH, Portoghese PS, Remmers AE 

and Medzihradsky F (1997) Opioid efficacy in a C6 glioma cell line stably 

expressing the delta opioid receptor. J Pharmacol Exp Ther 283:501-510. 

Coghill RC, Sang CN, Maisog JM and Iadarola MJ (1999) Pain intensity processing 

within the human brain: a bilateral, distributed mechanism. J Neurophysiol 

82:1934-1943. 

Craig AD, Bushnell MC, Zhang ET and Blomqvist A (1994) A thalamic nucleus specific 

for pain and temperature sensation. Nature 372:770-773. 

Davis KD, Kwan CL, Crawley AP and Mikulis DJ (1998) Functional MRI study of 

thalamic and cortical activations evoked by cutaneous heat, cold, and tactile 

stimuli. J Neurophysiol 80:1533-1546. 

Duncan GH, Kupers RC, Marchand S, Villemure JG, Gybels JM and Bushnell MC 

(1998) Stimulation of human thalamus for pain relief: possible modulatory circuits 

revealed by positron emission tomography. J Neurophysiol 80:3326-3330. 

Emmerson PL, Liu M-R, Woods JH and Medzihradsky F (1994) Binding affinity and 

selectivity of opioids at mu, delta and kappa receptors in monkey brain 

membranes. J Pharmacol Exp Ther 271:1630-1637. 

Fischel SV and Medzihradsky F (1981) Scatchard analysis of opiate receptor binding. 

Mol Pharmacol 20:269-279. 

Fabian G, Bozo B, Szikszay M, Horvath G, Coscia CJ and Szucs M (2002) Chronic 

morphine-induced changes in µ-opioid receptors and G proteins of different 

subcellular loci in rat brain. J Pharmacol Exp Ther 302:774-780. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 22

Jordan BA and Devi LA (1999) G-protein-coupled receptor heterodimerization 

modulates receptor function. Nature (Lond) 399:697-700. 

Kieffer BL and Gaveriaux-Ruff C (2002) Exploring the opioid system by gene knockout. 

Prog Neurobiol 66:285-306. 

Knecht S, Kunesch E and Schnitzler A (1996) Parallel and serial processing of haptic 

information in man: effects of parietal lesions on sensorimotor hand function. 

Neuropsychologia 34:669-687. 

Ko MC, Butelman ER, Traynor JR and Woods JH (1998) Differentiation of kappa opioid 

agonist-induced antinociception by naltrexone apparent pA2 analysis in rhesus 

monkeys. J. Pharmacol. Exp. Ther. 285:518-526. 

Ko MC, Johnson MD, Butelman ER, Willmont KJ, Mosberg HI and Woods JH (1999) 

Intracisternal nor-binaltorphimine distinguishes central and peripheral κ-opioid 

antinociception in rhesus monkeys. J. Pharmacol. Exp. Ther. 291:1113-1120. 

Kuhar MJ, Pert CB and Snyder SH (1973) Regional distribution of opiate receptor 

binding in monkey and human brain. Nature 245:447-450. 

Lee H, Naughton NN and Ko MC (2002) Differential densities of mu, kappa, and delta 

opioid receptors and their receptor-G protein interactions in the thalamus and 

spinal cord of monkeys. Anesthesiology 96 Suppl.: A792. 

Maher CE, Selley DE and Childers SR (2000) Relationship of mu opioid receptor 

binding to activation of G-proteins in specific rat brain regions. Biochem. 

Pharmacol. 59:1395-1401.  

Mansour A, Khachaturian H, Lewis ME, Akil H and Watson SJ (1988) Anatomy of CNS 

opioid receptors. Tr. Neurosci. 11:308-314. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 23

Nakahama H, Shima K, Aya K, Kisara K and Sakurada S (1981) Antinociceptive action 

of morphine and pentazocine on unit activity in the nucleus centralis lateralis, 

nucleus ventralis lateralis and nearby structures of the cat. Pain 10:47-56. 

Negus SS, Butelman ER, Chang KJ, DeCosta B, Winger G and Woods JH (1994) 

Behavioral effects of the systemically active delta opioid agonist BW373U86 in 

rhesus monkeys. J Pharmacol Exp Ther 270:1025-1034. 

Negus SS and Mello NK (1999) Opioid antinociception in ovariectomized monkeys: 

Comparison with antinociception in males and effects of estradiol replacement. J 

Pharmacol Expt Ther 290:1132-1140.  

Peckys D and Landwehrmeyer GB (1999) Expression of mu, kappa, and delta opioid 

receptor messenger RNA in the human CNS: a 33P in situ hybridization study. 

Neuroscience 88:1093-1135. 

Peyron R, Laurent B and Garcia-Larrea L (2000) Functional imaging of brain responses 

to pain. A review and meta-analysis (2000). Neurophysiol Clin 30:263-288. 

Pfeiffer A, Pasi A, Mehraein P and Herz A (1982) Opiate receptor binding sites in 

human brain. Brain Res 248:87-96. 

Rausell E, Bickford L, Manger PR, Woods TM and Jones EG (1998) Extensive 

divergence and convergence in the thalamocortical projection to monkey 

somatosensory cortex. J Neurosci 18:4216-4232. 

Remmers AE, Clark MJ, Mansour A, Akil H, Woods JH and Medzihradsky F (1999) 

Opioid efficacy in a C6 glioma cell line stably expressing the human kappa opioid 

receptor. J Pharmacol Exp Ther 288:827-833. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 24

Selley DE, Liu Q and Childers SR (1998) Signal transduction correlates of mu opioid 

agonist intrinsic efficacy: receptor-stimulated [35S]GTPγS binding in mMOR-CHO 

cells and rat thalamus. J Pharmacol Exp Ther 285:496-505. 

Shi T and Apkarian AV (1995) Morphology of thalamocortical neurons projecting to the 

primary somatosensory cortex and their relationship to spinothalamic terminals in 

the squirrel monkey. J Comp Neurol 361:1-24. 

Sim-Selley LJ, Daunais JB, Porrino LJ and Childers SR (1999) Mu and kappa1 opioid-

stimulated [35S]guanylyl-5'-O-(gamma-thio)-triphosphate binding in cynomolgus 

monkey brain. Neuroscience 94:651-662. 

Traynor JR and Nahorski SR (1995) Modulation by mu-opioid agonists of guanosine-5'-

O-(3-[35S]thio)triphosphate binding to membranes from human neuroblastoma 

SH-SY5Y cells. Mol Pharmacol 47:848-854. 

Vaccarino AL and Kastin AJ (2001) Endogenous opiates: 2000. Peptides 22:2257-2328. 

Wood MS, Rodriguez FD and Traynor JR (1989) Characterisation of kappa-opioid 

binding sites in rat and guinea-pig spinal cord. Neuropharmacology 28:1041-

1046. 

Zubieta J-K, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, Meyer CR, Koeppe 

RA and Stohler CS (2001) Regional mu opioid receptor regulation of sensory and 

affective dimensions of pain. Science 293:311-315. 

Zubieta J-K, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, Meyer CR, Koeppe 

RA and Stohler CS (2002) µ-Opioid receptor-mediated antinociceptive responses 

differ in men and women. J Neurosci 22:51200-5107. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 25

 

 

 

Footnotes 

 

This study was supported by U.S. Public Health Service Grants DA-13685 (to M.C.H.K.) 

and DA-00254 (to J.H.W.). Preliminary results were presented at the XIVth World 

Congress of Pharmacology, San Francisco, California, July 7-12, 2002 (The 

Pharmacologist 44(2) Suppl.: A134). 

 

Send reprint requests to: Dr. M.C. Holden Ko, Department of Pharmacology, University 

of Michigan Medical School, 1301 MSRB III, Ann Arbor, MI 48109-0632. E-mail: 

mko@umich.edu 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 26

 

Figure legends 

Figure 1. Saturation binding of [3H]DAMGO, [3H]U69593, [3H]DPDPE and 

[3H]diprenorphine to cortical membranes of one monkey. Specific binding at each 

concentration of radioligand is shown in the panel and the Scatchard plot of these data 

is shown in the corresponding inset. Data from one of three independent experiments 

are shown. See Materials and Methods and Table 1 for other details. 

Figure 2. Saturation binding of [3H]DAMGO, [3H]U69593, [3H]DPDPE and 

[3H]diprenorphine to thalamic membranes of one monkey. Specific binding at each 

concentration of radioligand is shown in the panel and the Scatchard plot of these data 

is shown in the corresponding inset. Data from one of three independent experiment are 

shown. See Materials and Methods and Table 1 for other details. 

Figure 3. Stimulation of [35S]GTPγS binding by opioid agonists in cortical 

membranes of one monkey. Concentration-response curves of agonist were determined 

in the absence (�) or presence (�) of antagonist, as described in Materials and 

Methods. EC50 values of DAMGO, U69593, and SNC80 are 477, 77, and 49 nM, 

respectively. In the presence of corresponding antagonists, EC50 values of DAMGO, 

U69593, and SNC80 are 5766, 858, and 1190 nM, respectively. Shown are mean 

values ± S.E.M. from two independent experiments, each carried out in duplicate. See 

Table 2 for other details. 

Figure 4. Stimulation of [35S]GTPγS binding by opioid agonists in thalamic 

membranes of one monkey. Concentration-response curves of agonist were determined 

in the absence (�) or presence (�) of antagonist, as described in Materials and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 3, 2003 as DOI: 10.1124/jpet.103.050625

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


                                                                                                                      JPET #50625 

 27

Methods. EC50 values of DAMGO and U69593 are 433 and 99 nM, respectively. In the 

presence of corresponding antagonists, EC50 values of DAMGO and U69593 are 6186 

and 1135 nM, respectively. EC50 values of SNC80 could not be determined under these 

conditions. Shown are mean values ± S.E.M. from two independent experiments, each 

carried out in duplicate. See Table 2 for other details. 

Figure 5. Correlation of the density (Bmax) of opioid receptor binding sites and 

stimulation of [35S]GTPγS binding by opioid receptor agonists in monkey brain 

membranes. Analysis of linear regression reveals r2 = 0.83. The Bmax values were 

determined by [3H]DAMGO (MOR), [3H]U69593 (KOR), and [3H]DPDPE (DOR). 

Selective opioid receptor agonists, DAMGO (MOR), U69593 (KOR), and SNC80 (DOR), 

were used to determine the stimulation of [35S]GTPγS binding in membranes, in which 

data were expressed as percent stimulation of basal [35S]GTPγS binding. Each symbol 

represents the value in the corresponding membranes of each monkey. 
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Table 1. Mean values in both cortical and thalamic membranes of monkeys determined 

by the receptor binding assay 

Cortex Thalamus  

Bmax(fmol/mg) b Kd(nM) % ratio c Bmax(fmol/mg) Kd(nM) % ratio 

MORa 80 ± 6 0.7 ± 0.1 28 ± 0.5 147 ± 13 0.9 ± 0.1 60 ± 2.1 

KOR 116 ± 8  1.3 ± 0.2 41 ± 0.4 75 ± 8 2.5 ± 0.5 31 ± 1.4 

DOR 87 ± 3 1.3 ± 0.2 31 ± 0.9 22 ± 5 2.0 ± 0.5 9 ± 1.9 

Total OR 319 ± 17 0.2 ± 0.01  244 ± 27 0.2 ± 0.02  

 

a   The density of MOR, KOR, DOR, and total opioid receptor binding sites was 

measured with [3H]DAMGO, [3H]U69593, [3H]DPDPE, and [3H]diprenorphine, 

respectively. Shown are mean values and S.E.M. of individual data of five monkeys.  

b   ANOVA indicates that the differences of Bmax values depend on both regions and 

receptor types. Post hoc comparisons reveal that the mean Bmax value of MOR in the 

cortex is significantly lower than in the thalamus (∗p<0.05). Mean Bmax values of both 

KOR and DOR in the cortex are significantly higher than in the thalamus (∗p<0.05). 

Other details are as in the Results. 

c   The relative percent ratio of each receptor was obtained by using the Bmax value of 

corresponding radioligand divided by the total Bmax value accumulated from three 

radioligands in each membrane.  
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Table 2. Mean values of agonist-stimulated [35S]GTPγS binding in both cortical and 

thalamic membranes of monkeys 

 Cortex Thalamus 

DAMGO 532 ± 89c 565 ± 129 

U69593 80 ± 12 109 ± 22 

EC50(nM) 

SNC80 68 ± 10 N.A. 

Stimulationa 

(% over basal) 

DAMGO 

U69593 

SNC80 

16.6 ± 2.2 

24.8 ± 2.0 

18.7 ± 1.3 

44.3 ± 3.3 

22.5 ± 2.8 

N.A. 

DAMGO 14.2 ± 1.9 33.4 ± 3.3 

U69593 20.0 ± 1.9 16.2 ± 2.3 

Stimulationa 

(GTPγS fmol/mg 

protein) SNC80 15.3 ± 1.7 N.A. 

naloxone 1.5 ± 0.2 1.9 ± 0.3 

nor-BNI 0.4 ± 0.1 0.3 ± 0.1 

Ke(nM)b 

naltrindole 0.2 ± 0.1 N.A. 

 

a   Each value was represented by either % stimulation over basal values or GTPγS 

fmol/mg protein over basal binding in each membrane. Statistics indicate that the 

degree of DAMGO-stimulated [35S]GTPγS binding in the thalamus is significantly higher 

than in the cortex (∗p<0.05). Other details are as in the Results. N.A., not applicable 

b   Ke was calculated based on the dose ratio produced by a certain concentration of 

antagonist pretreatment (i.e., naloxone 20 nM; nor-BNI 3 nM; naltrindole 3 nM). See 

Methods and Figures 3&4 for other details. 

c   Shown are mean values and S.E.M. of individual data of five monkeys. 
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