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Abstract 

Thienorphine is an oripavine with long-lasting antinociceptive effects in mice that are thought to 

be mediated by µ-opioid receptors.  These studies examined the receptor binding of thienorphine 

in cell membrane homogenates and its behavioral effects in rhesus monkeys.   Affinity and 

potency were determined using radioligand displacement and stimulation of 5′-(3-

[35S]thio)triphosphate ([35S]GTPγS) binding in C6 (µ, δ) and CHO (κ) cell membranes.  

Thienorphine displayed high affinity for κ-, µ- and δ-opioid receptors with Ki values of 0.14, 

0.22, and 0.69 nM, respectively.  Thienorphine partially stimulated κ-opioid (75%) and µ-opioid 

(19%) receptors and not δ-opioid receptors.  Thienorphine dose-dependently increased tail-

withdrawal latency for 50°C water and not 55°C water with effects lasting for more than 7 days.  

The κ-opioid receptor antagonist nor-BNI (3.2 mg/kg) and a large dose (1.0 mg/kg) of naltrexone 

prevented thienorphine-induced antinociception.  Thienorphine enhanced the antinociceptive 

effects of morphine and U50,488 with 50°C water; with 55°C water thienorphine enhanced the 

effects of morphine and attenuated the effects of U50,488.  In other monkeys, thienorphine 

decreased responding in both components of a multiple schedule of food presentation and 

stimulus shock termination for up to 8 days; naltrexone and nor-BNI partially prevented these 

rate-decreasing effects.  In morphine-treated monkeys discriminating naltrexone, thienorphine 

and U50,488 neither substituted for nor modified the naltrexone discriminative stimulus.  

Thienorphine and U50,488 produced the same directly observable signs.  These results show that 

thienorphine has long-lasting effects that appear to be mediated by low efficacy agonism at κ-

opioid receptors, both in vitro and in vivo. 
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Introduction 

Opioids, specifically µ opioids, continue to be the drugs of choice in the treatment of 

moderate to severe pain, despite the well-established abuse liability of most compounds in this 

pharmacological class.  Notwithstanding the need for strong analgesics that have reduced abuse 

liability, there has been relatively little success in the effort to develop alternative 

pharmacological approaches for treating moderate to severe pain.  

In the search for alternative analgesics to morphine, research interests have focused on 

modifications of well-known alkaloids, including the oripavines.  One example is buprenorphine 

(Temgesic®) (Heel et al., 1979), which has potent antinociceptive effects in various species 

(Cowan et al., 1977; Heel et al., 1979).  Buprenorphine is used as an alternative to methadone for 

replacement therapy and detoxification in heroin abusers (Bickel et al., 1988; Kosten and Kleber, 

1988); however, it reportedly is abused (San et al., 1993).  Whereas buprenorphine is a low 

efficacy agonist at µ-opioid receptors and an antagonist at δ-opioid receptors, its effects at κ-

opioid receptors remains less clear (Pick et al., 1997).  Buprenorphine acts as an antagonist at κ-

opioid receptors under some (Leander 1987) but not all (Pick et al., 1997) conditions.  

Furthermore, buprenorphine has poor oral bioavailability (Heel et al., 1979, Chawarski et al., 

2005), which might contribute to low compliance.  Thus, compounds that are similar to 

buprenorphine, but with better oral bioavailability, could be useful for treating pain and opioid 

abuse. 

Thienorphine (N-cyclopropylmethyl-7α-[1-(R)-1-hydroxy-1-methyl-3-(thien-2-yl) 

propyl]-6, 14-endo-ethanotetrahydro-oripavine; Figure 1) is a newly-synthesized oripavine 

derivative (Liu et al., 2005) that reportedly binds to κ-, µ- and δ-opioid receptors in vitro, and has 

good oral bioavailability in mice (Yu et al., 2006).  Furthermore, in mice thienorphine has potent 
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antinociceptive effects which are thought to be mediated by µ-opioid receptor agonism (Yu et al., 

2006); however, the pharmacological (receptor) mechanism(s) underlying the antinociceptive 

effects of thienorphine has not been confirmed in other species.  The current study evaluated the 

antinociceptive and other behavioral effects of thienorphine in rhesus monkeys and also 

examined its receptor binding in cell membrane homogenates.  These studies showed that 

thienorphine is a long-acting low-efficacy κ-opioid receptor agonist, producing moderate 

antinociceptive effects, potent rate-decreasing effects, and directly observable signs that 

resemble the signs produced by prototypic κ-opioid agonists.  In vitro studies confirmed the low 

efficacy of thienorphine at κ opioid receptors. 
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Materials and Methods 

Subjects 

Three adult rhesus monkeys (Macaca mulatta) (one male, two female) were used for 

studies of thermal nociception, three adult rhesus monkeys (two male, one female) were used for 

studies of schedule-controlled responding, and five adult rhesus monkeys (one male, four female) 

were used for drug discrimination and observation procedures.  All monkeys had received drugs 

(primarily benzodiazepines and opioids) in previous studies.  Monkeys weighed between 5 and 

8 kg and were maintained at 95% of their free-feeding weight with monkey chow (Harlan Teklad 

High Protein Monkey Diet, Madison, WI), fresh fruit and peanuts provided after daily sessions.  

All monkeys were individually housed on a 14/10-h light/dark cycle with unlimited access to 

water.  Monkeys in the schedule-controlled responding procedure also received food pellets 

during experimental sessions.  The monkeys used in these studies were maintained in accordance 

with the Institutional Animal Care and Use Committee, The University of Texas Health Science 

Center at San Antonio, and with the 1996 Guide for the Care and Use of Laboratory Animals 

(Institute of Laboratory Animal Resources on Life Sciences, National Research Council, 

National Academy of Sciences). 

Procedures 

Cell Culture and Membrane Preparation 

C6 glioma cells stably transfected with µ- or δ-opioid receptors (C6µ, C6δ; Lee et al., 

1999) and CHO cells expressing human κ-opioid receptors (CHOκ; Zhu et al, 1997) were 

cultured under a 5% CO2 atmosphere in Dulbecco’s modified Eagle’s medium (C6 cells) or 

Dulbecco’s modified Eagle’s medium/nutrient mix F-12 (CHO cells) supplemented with 10% 

fetal calf serum.  For subculture, one flask from each passage was grown in the presence of 1 
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mg/ml Geneticin.  Once cells had reached confluency they were harvested in HEPES (N-[2-

hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid], 20 mM pH 7.4)-buffered saline containing 

1 mM EDTA, dispersed by agitation and collected by centrifugation at 1600 rpm.  The cell pellet 

was suspended in 50 mM Tris-HCl buffer pH 7.4, and homogenized with a tissue tearor (Biospec 

Products, Bartlesville, OK).  The resultant homogenate was centrifuged for 20 min at 15,000 rpm 

at 4°C and the pellet collected, resuspended and recentrifuged.  The final pellet was resuspended 

in 50 mM Tris-HCl buffer pH 7.4, separated into 0.5 ml aliquots (0.75 - 1.0 mg protein), and 

frozen at -80°C.  Protein concentration was determined by the method of Bradford et al. (1976), 

using a bovine serum albumin standard.  

In vitro binding assay: ligand binding assay. Cell membranes (20 µg protein) were 

incubated at 25°C in 50 mM Tris-HCl buffer, pH 7.4 for 1 h with 0.2 nM [3H]diprenorphine in 

the presence or absence of eight concentrations of competing ligand ranging from 10-5 to 10-12 M, 

to give a final volume of 250 µl.  Non-specific binding was defined with 10 µM naloxone.  

Reactions were terminated by filtration through a glass-fiber filtermat mounted in a Brandel cell 

harvester and rinsed three times with ice-cold 50 mM Tris-HCl.  Filtermats were dried and 0.1 

ml EcoLume scintillation cocktail was added to each sample area.  Each filtermat was placed in a 

polyethylene bag, heat sealed, and radioactivity retained in each sample area was counted in a 

Wallac 1450 MicroBeta Liquid Scintillation and Luminescence Counter.  

  In vitro binding assay: [35S]GTPγS binding assays. Cell membranes (10-20 µg) were 

incubated for 60 min in a shaking water bath at 25oC with 30 mM Tris-HCl, pH 7.4, 5 mM 

MgCl2, 100 mM NaCl, 0.1 mM dithiothreitol (DTT, freshly prepared), 30 µM GDP, 0.1 nM 

[35S]GTPγS, and varying concentrations of ligand or vehicle (dd H2O) in a total volume of 200 

µL.  Samples were filtered through a glass-fiber filtermat mounted in a Brandel cell harvester 
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and rinsed three times with ice-cold 50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, and 100 mM NaCl. 

Filtermats were dried and 100 µL EcoLume scintillation cocktail was added to each sample area. 

Each filtermat was placed in a polyethylene bag, heat sealed, and radioactivity retained in each 

sample area was counted in a Wallac 1450 MicroBeta Liquid Scintillation and Luminescence 

Counter.  Basal binding was determined in the absence of unlabeled ligand at a concentration of 

10 µM, a concentration at which all three compounds produce maximal effects, and maximal 

stimulation of binding was defined using the high efficacy agonists U69,593 (κ), DAMGO (µ) 

and SNC80 (δ). 

Behavioral assays 

Apparatus 

For antinociception, schedule-controlled responding and drug discrimination procedures, 

monkeys were seated in commercially available primate chairs (Model R001, Primate Products, 

Miami, FL).  Monkeys in schedule-controlled responding and drug discrimination studies were 

placed in ventilated, sound-attenuating chambers equipped with two response levers, stimulus 

lights located above each lever, and a food cup to which pellets could be delivered from a 

dispenser (for schedule-controlled responding experiments).  Feet were placed into shoes 

containing brass electrodes to which a brief (250 msec, 3 mA) electric shock could be delivered 

from a remote a.c. generator.  Experiments were controlled and data recorded with a 

microprocessor and a commercially available interface (Med Associates Inc., St.Albans, VT). 

Thermal nociception  

A warm-water, tail-withdrawal procedure is described in detail elsewhere (Lelas et al., 

1999).  Briefly, monkeys were seated in chairs and the lower part of their shaved tail 

(approximately 15 cm) was immersed in a thermal flask containing water maintained at 40, 50, or 
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55°C.  Temperatures were presented in a non-systematic order among monkeys and across cycles.  

When a subject failed to remove its tail within 20 sec, the experimenter removed the tail from the 

water and a latency of 20 sec was recorded.  Test sessions began with control determinations at 

each temperature.  Tail withdrawal latencies were measured at each of the three temperatures 

with approximately 1 min between tests; consecutive drug injections were separated by 15-min 

periods during which tail withdrawal latencies were determined, beginning 10 min after drug 

administration.  An acute injection of thienorphine (0.032-0.32 mg/kg) was administered after 

the control determination and then tested for 10 cycles (150 min).  Thereafter tail withdrawal 

latency was redetermined in two cycles daily or every third day until the latency was not 

different from control (no drug) values.  The ability of naltrexone or nor-BNI to antagonize the 

antinociceptive effects of thienorphine was evaluated by administering a dose of naltrexone 

(1.0 mg/kg) 30 min or nor-BNI (3.2 mg/kg) 24 hrs prior to the injection of thienorphine (0.032 

mg/kg) on the first of 10 cycles.  Because nor-BNI antagonized the effects of thienorphine under 

these conditions, antagonism at κ-opioid receptors was further tested by obtaining a dose-effect 

curve for antinociceptive effects of the prototypic κ-opioid receptor agonist U50,488 3 days after 

the administration of nor-BNI. 

No antinociception was apparent after the administration of 0.0032 mg/kg thienorphine; 

to test whether this ineffective dose of thienorphine modified the antinociceptive effects of 

morphine (enhance or diminish), a morphine dose-effect curve was determined 24 hrs after 

administration of this dose of thienorphine, using a multiple-dosing procedure whereby the 

cumulative dose of morphine increased 0.25 log units per cycle (injection).  Because this dose of 

thienorphine enhanced the effects of morphine, a morphine dose-effect curve was also 4 and 6 

days later (i.e., 5 and 7 days after the administration of 0.0032 thienorphine). 
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  Similarly, to test whether thienorphine modified the antinociceptive effects of a 

prototypic κ-opioid receptor agonist, a dose-effect curve was determined for U50,488 beginning 

30 min after the administration of a behaviorally-active dose (0.032 mg/kg) of thienorphine.  

This test allowed for examination of any interactions between thienorphine and U50,488 under a 

condition where these two drugs shared effects (50oC) and under a condition where they did not 

share effects (U50,488 and not thienorphine was effective with 55oC water).  For comparison, 

control dose-effect curves were determined for morphine and for U50,488 on different days and 

in the absence of thienorphine.  For antinociception studies, dosing terminated for an individual 

subject when a near maximum effect (20 sec) was obtained with 50°C or 55°C water, depending 

on the study, or when other effects emerged that precluded further drug administration. 

Schedule-controlled responding 

Monkeys responded under a multiple (FR10/FR10) schedule of food presentation and 

stimulus-shock termination (SST).  For training conditions, 2-8 cycle sessions were conducted 

daily with each cycle comprising a 10-min pretreatment, during which the chamber was dark and 

presses on either lever had no programmed consequence.  This was followed by a 5-min 

response session.  The beginning of a 2-min food component was signaled by illumination of a 

green light located above each lever and subjects could respond 10 times on the active lever 

(FR10) to receive a 300-mg banana-flavored pellet (Bio-Serv, Frenchtown, NJ).  The green light 

was extinguished after 2 min or the delivery of 10 food pellets, and for the latter case the 

remainder of the 2-min food component was a timeout period.  The food component was 

followed by a 1-min timeout after which illumination of red stimulus lights above each lever 

signaled the beginning of a 2-min SST component.  The subjects could respond 10 times (FR10) 

within 15 sec (limited hold) on the same activated lever to postpone scheduled presentation of an 
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electric stimulus.  A cycle ended after 5 min (including a 2-min food component, a 1-min 

timeout, and a 2-min SST component) or after four electric stimulus presentations, whichever 

occurred first. 

For training sessions, saline or “sham” injections were given during the first min of the 

10-min timeout period (e.g. first min of the cycle) with the number of cycles varying 

nonsystematically across days.  Test sessions did not commence until stable rates of responding 

were established for both components during training sessions, defined as 10 consecutive days 

with rates of responding for both components within ± 20% of the mean rate for those days.  

According to the results obtained from antinociception studies, 0.032 mg/kg thienorphine was 

used in this study because this dose produced intermediate antinociception at 50°C that lasted for 

several days.  A larger dose of thienorphine (0.32 mg/kg) produced marked behavioral effects 

that persisted for at least one week.  For antagonism studies, nor-BNI (3.2 mg/kg) or naltrexone 

(1.0 mg/kg) was administered 24 hrs or 30 min prior to an acute injection of 0.032 mg/kg of 

thienorphine, respectively.  The duration of antagonism was evaluated over 8 subsequent cycles 

(2 hrs) on the day that thienorphine was administered and again in 2 cycle-sessions (30 min) on 

subsequent days.  Tests were conducted no more than once per week. 

Drug discrimination 

Monkeys had been treated for at least two years twice daily with morphine (5.6 mg/kg at 

0630 and 1830 hrs) with sessions beginning 3 hr after the morning injection.  All monkeys were 

trained to press a lever under an FR schedule of SST while discriminating naltrexone (0.0178 

mg/kg) from saline (France and Woods, 1989).  For training conditions, 2-6 cycle sessions were 

conducted 6 days a week with each cycle comprising a 10-min pretreatment, during which the 

chamber was dark and presses on either lever had no programmed consequence.  This was 
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followed by a 5-min response session, during which red stimulus lights located above each lever 

were illuminated and subjects could respond within 15 sec (limited hold), 5 consecutive times on 

the correct lever (FR 5), in order to postpone scheduled presentation of an electric stimulus.  The 

correct lever was determined by an injection of either saline or naltrexone (0.0178 mg/kg, s.c.) 

administered immediately prior to the start of the session.  The left lever was designated as 

correct after saline and the right lever was correct after naltrexone for 3 of the monkeys with the 

lever assignments were reversed for the remaining 2 monkeys.  Completion of an FR on the 

correct lever produced a 30-sec timeout.  Responses on the incorrect lever reset the response 

requirement on the correct lever.  The response period ended after 5 min or 4 electric stimulus 

presentations, whichever occurred first, during which the lights were extinguished.  For training 

days, monkeys received an injection of naltrexone followed by one sham (non-injection) cycle or 

an injection of saline followed by 1-5 sham cycles.   

Monkeys had previously satisfied the following criteria for 5 consecutive or 6 of 7 

sessions: at least 80% of the total responses on the correct lever; and fewer than 5 responses on 

the incorrect lever prior to completion of the first FR on the correct lever.  Monkeys were tested 

provided that these criteria were satisfied during at least 2 intervening training sessions.  During 

test sessions, saline was administered in the first cycle followed by increasing doses of a test 

compound in subsequent cycles up to doses that occasioned greater than 80% naltrexone-lever 

responding, that resulted in delivery of an electric stimulus, or up to the largest doses that could 

be safely studied.  Doses of test compounds studied using cumulative dosing procedures were as 

follows: naltrexone (0.001-0.032 mg/kg) and U50,488 (0.032-1.0 mg/kg).  Thienorphine 

(0.0032-0.1 mg/kg) was not administered under cumulative dosing conditions due to its long 

duration of action; acute injections of thienorphine were administered on different days prior to 
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2-hr sessions.  To determine if thienorphine or U50,488 would modify a naltrexone 

discriminative stimulus, behaviorally-active doses (e.g. from the antinociception and 

observational studies) of thienorphine (0.1 mg/kg) and U50,488 (0.32 mg/kg) were administered 

prior to redetermining a naltrexone dose-effect curve (0.001-0.032 mg/kg).  Thienorphine was 

tested not more than once weekly.  

Behavioral observations 

Monkeys were observed in their home cages 30 min after receiving doses of naltrexone 

or U50,488.  It was determined in the schedule-controlled responding experiments that 

thienorphine had a long duration of action; therefore, monkeys were observed 2 hrs and 3 hrs 

after receiving doses of thienorphine (data presented are for the 3 hr time-point only).  Drug (or 

vehicle) was tested once daily in a Latin-square design.  The frequency with which signs 

occurred was recorded by a non-blinded, experienced observer who was familiar with the 

behavior of individual subjects.  A list of 21 withdrawal signs comprised those previously 

reported to occur as a result of µ-opioid withdrawal (e.g. vocalizations, grimace, salivation, 

tremor, wet-dog shakes) (Katz, 1986; Sell et al., 2005) or the administration of a κ-opioid 

receptor agonist in non-human primates (e.g. eye closing, muscle relaxation, stupor) (Dykstra et 

al., 1987; Butelman et al., 2001), including signs that were observed in preliminary studies with 

the same group of monkeys used for these studies (e.g. lip protrusion and unusual tongue 

movements).  Monkeys were observed for a 2-min period and the occurrence of a sign was 

recorded as present or absent for each sign every 30 sec to give a maximum frequency score of 4 

for each sign (i.e. the sign occurred in all the 4 30-sec observation periods).  Stupor was scored 

when monkeys did not respond to loud claps or tactile stimulation; muscle relaxation was scored 

when monkeys leaned against the cage wall or if they appeared to lose their balance while sitting 
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upright; and a grimace was scored when monkeys opened their mouth, withdrawing their lips 

wide to reveal the sides of their teeth. 

Drugs 

[3H]Diprenorphine (53 Ci/mmol) and [35S]GTPγS (1250 Ci/mmol) were purchased from 

Perkin Elmer (Boston, MA).  All tissue culture materials were from Invitrogen (Carlsbad, CA).  

DAMGO and all other analytical grade biochemicals were purchased from Sigma Chemical Co. 

(St. Louis, MO).  The compounds used included thienorphine hydrochloride (synthesized at The 

Beijing Institute of Pharmacology and Toxicology, Beijing, China), morphine sulfate, naltrexone 

hydrochloride, SNC80, U69,593, U50,488 and  nor-binaltorphimine dihydrochloride (The 

Research Technology Branch, National Institute on Drug Abuse, Rockville, MD).  In behavioral 

assays, all drugs were administered s.c. in a volume of 0.1 to 1.0 ml, and doses were expressed as 

the forms indicated above.  All drugs were dissolved in either saline or sterile water except 

thienorphine, which was dissolved in 20% DMSO in water. 

Data Analyses 

 Competition binding data and concentration-response data in the [35S]GTPγS assay were 

fitted to sigmoidal curves using GraphPad Prism (GraphPad, San Diego, CA) for determination 

of IC50 values and EC50 values respectively.  Data from at least 3 separate experiments, each 

carried out in duplicate, are presented as the mean ± standard error of the mean (SEM).  Ki 

values at the three receptors were derived from IC50 values for the displacement of 

[3H]diprenorphine using the Cheng and Prusoff equation (Ki = IC50/[1 + [3H]diprenorphine/KD]; 

Cheng and Prusoff, 1973) using KD values for [3H]diprenorphine of 0.25 nM (κ), 0.15nM (µ) 

and 0.45 nM (δ) (Traynor and Woods, 2005).  
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In the thermal nociception studies, latency was expressed as the percent of maximal 

possible effect (MPE) using the following formula: % MPE= [(test latency-control latency)/ (20 

s - control latency)] ×100, where the control latency was defined as the average latency of tail 

withdrawal determined in the absence of drug.  The percent maximum effect was calculated for 

each individual and then averaged to obtain a group mean.  In the schedule-controlled 

responding studies, the rates of responding of individual monkeys for each session were 

calculated separately for each component of the multiple schedule by averaging rates of 

responding for all cycles.  Control response rate was the mean rate of 10 training sessions.  Rates 

of responding during tests were expressed as a percentage of the control response rate. The 

response rates during tests were considered to be significantly different from control when the 

mean values for rate did not overlap the 95% confidence limit (CL) of control rates.  Drug 

discrimination data are expressed as the percentage of total responses occurring on the 

naltrexone lever averaged across monkeys (±SEM).  For the behavioral observations, the 

frequency with which a sign was observed was averaged among monkeys (±SEM) and plotted as 

a function of dose.  For potency comparisons among drugs in the observational study, ED50 

values were estimated using linear regression. 
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Results 

In vitro binding assay 

 Thienorphine had affinity for all three opioid receptors, with Ki (nM) values being 0.14 ± 

0.06 (κ), 0.22 ± 0.07(µ) and 0.69 ± 0.03 (δ), respectively (Table 1).  Agonist-induced stimulation 

of G proteins was measured in homogenates of cell membranes expressing κ-, µ- and δ-opioid 

receptors (Table 1 and Figure 2).  All subtype selective high efficacy agonists of κ- (U69,593), 

µ- (DAMGO) and δ- (SNC80) opioid receptors increased the binding of [35S]GTPγS over basal 

level in a concentration-dependent manner and produced maximal effects at a concentration of 

10 µM (data not shown).  Thienorphine produced a maximal stimulation of 75.40 ± 4.90% on κ-

opioid receptors (in comparison with U69,593), 19.30 ± 3.60% on µ-opioid receptors (in 

comparison with DAMGO), and little to no stimulation on δ-opioid receptors (in comparison 

with SNC80; Table 1 and Figure 2).  The EC50 values of thienorphine on κ- and µ-opioid 

receptor stimulation were 0.34 ± 0.23 and 1.90 ± 0.40 nM, respectively. 

Thermal nociception  

Thienorphine dose-dependently increased the latency for monkeys to remove their tails 

from 50°C water (Figure 3): 0.0032 mg/kg thienorphine had no clear effect; 0.032 mg/kg 

produced a maximum effect of 68% and continued to produce a measurable effect for 3 days; 

and 0.32 mg/kg produced the maximum possible effect (i.e., 20 sec) that persisted for 7 days, 

gradually dissipating thereafter.  Thirteen days after 0.32 mg/kg thienorphine, tail withdrawal 

latency returned to control (pre-drug) values.  Over the dose range tested, thienorphine did not 

affect tail withdrawal latency from 55°C water (data not shown).   

Acute administration of 3.2 mg/kg nor-BNI produced weak (maximum of 41% MPE) 

antinociceptive effects with 50°C water, which was evident throughout the 2-hr session, and no 
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effect with 55°C water (data not shown).  Twenty–four hrs after administration, no 

antinociceptive effects were observed with  nor-BNI; however, this dose of nor-BNI prevented 

the antinociceptive effects of 0.032 mg/kg thienorphine for at least 4 days (triangles, Figure 4).  

Furthermore, the dose-effect curve for U50,488-induced antinociception with 50°C water was 

shifted 0.5 log unit to the right 3 days after administration of nor-BNI (data not shown).  A dose 

of 1.0 mg/kg of naltrexone administered 30 min prior to thienorphine also prevented the 

antinociceptive effects of 0.032 mg/kg thienorphine (squares, Figure 4).  In contrast to the 

lingering antagonism of thienorphine obtained with nor-BNI, 24 hrs after the administration of 

naltrexone and thienorphine the antinociceptive effects of thienorphine reemerged and persisted 

for 4 days (squares, right panel, Figure 4).   

Morphine alone increased the latency for monkeys to remove their tails from 50o or 55°C 

water (circles, upper and lower panels, respectively, Figure 5).  The antinociceptive effects of 

morphine were enhanced by thienorphine (0.0032 mg/kg, s.c.) (Figure 5).  One and 5 days after 

the administration of thienorphine, the morphine dose-effect curve was shifted 0.25-0.5 log unit 

to the left for 50° and 55oC water.  A morphine dose-effect curve determined 7 days after the 

administration of thienorphine was not different from a control morphine dose-effect curve. 

U50,488 alone increased the latency for monkeys to remove their tails from 50° or 55°C 

water with a dose of 3.2 mg/kg producing 100% and 72% MPE for 50° and 55°C water, 

respectively (filled circles, upper and lower panels, Figure 6).  A dose of 0.032 mg/kg of 

thienorphine had moderate antinociceptive effects (51% MPE) with 50°C water and no effect 

with 55°C water (points above “T”, Figure 6).  This dose of thienorphine enhanced the 

antinociceptive effects of U50,488 with 50°C water (upper panel, Figure 6), producing a greater 

than 0.5 log unit shift to the left in the U50,488 dose-effect curve, and attenuated the effects of 
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U50,488 with 55oC water (lower panel, Figure 6).   Under control conditions a dose of 3.2 mg/kg 

of U50,488 produced 71% of the MPE whereas in the presence of 0.032 mg/kg of thienorphine 

this dose of U50,488 produced only 30% of the MPE.      

Schedule-controlled responding  

Thienorphine (0.032 mg/kg) had marked and long-lasting rate-decreasing effects in both 

the food presentation and the SST components of the multiple schedule.  In the food presentation 

component, thienorphine decreased response rate in a time-dependent manner.  One hr after drug 

administration, response rate decreased to near zero and monkeys did not obtain any food pellets.  

Marked rate-decreasing effects persisted for 5 days, gradually recovering thereafter (Figure 7).  

In the SST component, thienorphine decreased response rate in a time-dependent manner and 2 

hrs after drug administration response rate had decreased to an average of 34% of control.  

Response rate recovered partially (63% of control) 24 hr later and fully 5 days later (Figure 7).  

Nor-BNI (3.2 mg/kg) alone was without effect on rate of responding (data not shown) and, when 

administered 24 hrs prior to thienorphine, failed to alter the rate-decreasing effects of 

thienorphine in either component of the multiple schedule (Figure 7).  In the food presentation 

component, naltrexone attenuated the rate-decreasing effects of thienorphine during the first hr 

of the 2-hr session; however, response rate gradually decreased to 22% of the control response 

rate by the end of the 2-hr session.   In the SST component, naltrexone (1.0 mg/kg) partially 

antagonized the rate-decreasing effects of thienorphine during the first 2 hrs of the test.  Rate-

decreasing effects were evident for several days after administration of 0.032 mg/kg of 

thienorphine in combination with nor-BNI or with naltrexone. 

Drug discrimination  
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Administration of vehicle or the smallest dose of naltrexone (0.001 mg/kg) produced 

little to no responding on the naltrexone-associated lever; however, larger doses of naltrexone 

(0.0032-0.032 mg/kg) occasioned responding predominately on the naltrexone-associated lever 

(Table 2).  Thienorphine (0.0032-0.032 mg/kg) did not occasion naltrexone lever responding in 

any monkey up to doses (0.032 mg/kg) that decreased responding and produced marked stupor 

(Table 2).  Similarly, U50,488 (0.032-1.0 mg/kg) did not occasion naltrexone lever responding 

up to doses (1.0 mg/kg) that markedly decreased responding (Table 2).  Doses of thienorphine 

(0.1 mg/kg) and U50,488 (0.32 mg/kg) that markedly decreased rates of responding did not 

modify the naltrexone discriminative stimulus when administered prior to redetermination of a 

naltrexone dose-effect curve (Figure 8).  When administered alone over a 5-cycle test session, 

0.32 mg/kg of U50,488 decreased response rates to 30-50% of the control response rate over the 

entire 75 min session (data not shown). 

Behavioral observations 

Thienorphine had directly-observable effects in monkeys receiving morphine daily.  

When vehicle was administered, these behavioral signs were rarely observed (points above “V”, 

Figure 6).  Naltrexone dose-dependently increased salivation, vocalization, unusual tongue 

movement and, to a lesser extent, grimacing; however, naltrexone did not produce stupor, muscle 

relaxation or eye closing at any dose (0.0032-0.032).  In contrast, thienorphine produced a near 

maximum frequency score for stupor, muscle relaxation, salivation and, to a lesser extent, eye 

closing.  Thienorphine did not produce grimacing, vocalization, unusual tongue movement or 

tongue protrusion.  Similar to thienorphine, U50,488 (0.32-1.0 mg/kg) produced muscle 

relaxation, salivation, eye closing and stupor; U50,488 was 130-fold less potent than 

thienorphine (e.g., ED50 for thienorphine- and U50,488-induced stupor was 0.004 and 0.537 
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mg/kg, respectively).  Like thienorphine, U50,488 did not produce unusual tongue movement, 

tongue protrusion, grimace or vocalization (Figure 9). 
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Discussion 

These studies show thienorphine to be a long-acting, low efficacy κ-opioid receptor 

agonist.  In vitro, thienorphine had affinity for κ-, µ- and δ-opioid receptors, partially activating 

κ-opioid receptors, with less activity at µ-opioid receptors and little to no activity at δ-opioid 

receptors.  Thienorphine had dose-dependent and long-lasting antinociceptive effects that were 

antagonized by the κ-opioid receptor antagonist nor-BNI.  A large dose of the non-selective 

opioid antagonist naltrexone prevented but did not reverse (data not shown) thienorphine-

induced antinociception.  Under conditions where thienorphine was not effective (55oC), it 

enhanced the effects of morphine and attenuated the effects of U50,488, further indicating its 

limited efficacy at κ-opioid receptors.  Rate-decreasing effects of thienorphine were only 

partially blocked by naltrexone and nor-BNI, suggesting that these effects are mediated by 

opioid and non-opioid receptors.  Thienorphine produced directly observable signs that were 

similar to those produced by a prototypic κ-opioid receptor agonist. 

In vitro binding of thienorphine 

Consistent with a previous report (Yu et al., 2006), thienorphine bound to κ-, µ- and δ-

opioid receptors.  In the earlier study thienorphine produced 62% of maximal stimulation at µ 

receptors (compared to morphine), functioning as a partial µ-receptor agonist.  In contrast, 

thienorphine only weakly (19% compared to DAMGO) stimulated µ receptors in the current 

study.  Procedural details (e.g. different receptor expressing system or standard drugs) might 

account for this difference.  For example, morphine is less effective than DAMGO in stimulating 

G proteins in C6 glioma cells expressing µ-opioid receptors (Traynor et al., 2002).  In the 

absence of data with thienorphine and selective opioid receptor antagonists, it is not possible to 

confirm whether reported effects (Yu et al., 2006) were due to actions at µ-opioid receptors.  
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Thienorphine protected mice from lethal effects of morphine, as would be expected for a low 

efficacy agonist in combination with a more efficacious agonist (morphine); however, possible 

κ-opioid receptor activity for thienorphine was not directly tested in the earlier study.  The 

current study suggests that in vitro thienorphine acts as a partial agonist (low efficacy) in 

stimulating κ-opioid receptors, to a lesser extent µ-opioid receptors, and not δ-opioid receptors, 

findings that are supported by behavioral studies discussed below. 

Effects of thienorphine on thermal nociception 

Thienorphine had dose-dependent antinociceptive effects in 50°C water, producing the 

maximal possible effect at 0.32 mg/kg and being 30-fold more potent than morphine (Figure 3, 

also Gerak et al., 2003).  Thienorphine did not have antinociceptive effects with a more intense 

stimulus (55°C); loss of antinociception as stimulus intensity increases supports the in vitro data 

that thienorphine has limited efficacy.  To directly test this possibility, the high efficacy κ-opioid 

receptor agonist U50,488 was studied with and without thienorphine.  Under conditions where 

thienorphine and U50,488 shared effects (50°C), thienorphine enhanced the effects of U50,488, 

shifting the dose-effect curve leftward.  However, under conditions where thienorphine and 

U50,488 did not share effects (55oC), thienorphine attenuated the effects of U50,488.  This 

differential effect of thienorphine in the same study with two stimulus intensities provides direct 

evidence for thienorphine having low efficacy at κ-opioid receptors.  In contrast to the 

differential effect of thienorphine in modifying the effects of U50,488, thienorphine enhanced 

the antinociceptive effects of the µ-opioid receptor agonist morphine at both stimulus intensities.  

These leftward shifts in the morphine dose-effect curves likely reflect the addition of µ 

(morphine) and κ (thienorphine) activity, since even larger doses of thienorphine were 

ineffective in a drug discrimination assay that is exceptionally sensitive to µ receptor activity 
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(see below).  Given the adverse subjective effects generally reported with κ-opioid receptor 

agonists (Kumor et al., 1986), it appears unlikely that combined treatment with µ- and κ-opioid 

receptor agonists would prove useful in the clinic. 

Yu (Yu et al., 2006) reported that 1.25 mg/kg of thienorphine was maximally effective in 

a hot-plate assay in mice; however, those effects might reflect long-lasting behavioral 

suppression by thienorphine that occurs in this strain of mice under these conditions (Zhao et al., 

2004).  There are other examples where effects in the hot-plate assay were due to behavioral 

suppression and not to antinociception (Porsolt et al., 2002).  In a warm-water tail withdrawal 

assay, latency generally is not affected by drugs without antinociceptive effects (e.g. 

pentobarbital), even at sedating doses (Dykstra et al., 1986).   

Thienorphine had a very long duration of action in monkeys, with 0.32 mg/kg producing 

near maximal antinociceptive effects (50°C) for one week.  These long-lasting effects in 

monkeys are consistent with thienorphine protecting mice from morphine-induced lethality for as 

long as 15 days (Yu et al., 2006) and they are in contrast to the shorter duration of action of most 

κ-opioid receptor agonists (Mello et al., 2000)..  The possibility that thienorphine is redistributed 

to fatty tissue where it is slowly released due to its high lipophilicity is partially supported by 

data from this study.  Although naltrexone (1.0 mg/kg) prevented thienorphine-induced 

antinociception, 24 hrs later the antinociceptive effects of thienorphine had emerged and 

persisted similarly to what was observed with thienorphine in the absence of naltrexone.  

Naltrexone is 2.5-fold selective for µ- over κ-opioid receptors (Emmerson et al., 1994) and at 

larger doses blocks the effects of both µ and κ agonists.  For example, 0.1 mg/kg of naltrexone 

shifts a U50,488 dose-effect curve for antinociception 10-fold to the right (Ko et al., 1998).  In 

the current study, a 10-fold larger doses (1.0 mg/kg) of naltrexone likely occupied κ-opioid 
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receptors as well and antagonized thienorphine in a manner similar to what was observed with 

nor-BNI.  These data can not exclude a possible role for metabolites in the long-lasting 

behavioral effects of thienorphine.  

Effects of thienorphine in the assay of schedule-controlled responding 

Thienorphine also had long-lasting rate-decreasing effects in both components of a 

multiple schedule, although it appears as though these effects are not mediated exclusively by κ-

opioid receptors.  For example, nor-BNI only partially antagonized the rate-decreasing effects of 

thienorphine, even at a dose that completely blocked the antinociceptive effects of thienorphine 

in this study and antinociceptive effects of U50,488 in another study (Butelman et al., 1993).  

The inability of nor-BNI to fully antagonize the rate-decreasing effects of thienorphine could be 

due to selective activation of the κ2 subtype of κ-opioid receptors, since κ2 receptors are reported 

to be resistant to nor-BNI antagonism (Butelman et al., 1993; Ko et al., 1998).  However, 

naltrexone only partially antagonized the rate-decreasing effects of thienorphine, particularly in 

the SST component.  Collectively, these results suggest that in addition to low efficacy at opioid 

receptors, thienorphine might also have non-opioid actions.   

Effects of thienorphine on drug discrimination 

Drug discrimination procedures display significant pharmacological selectivity (Colpaert, 

1999); in morphine-treated animals that discriminate an opioid antagonist, only drugs with little 

or no efficacy at µ-opioid receptors occasion responding on the antagonist lever (Gellert and 

Holtzman, 1979; France and Woods, 1989).  Similarly, the discriminative stimulus effects of µ-

opioid receptor antagonists in the same animals are attenuated by an acute pretreatment with a µ-

opioid agonist (Sell et al., 2003; McMahon et al., 2004).  This pharmacologic selectivity was 

used to examine whether thienorphine exerts µ antagonist (i.e., substitute for naltrexone) or µ 
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agonist (i.e., attenuate naltrexone) actions in morphine-treated monkeys.  That thienorphine 

failed to substitute for naltrexone and failed to attenuate naltrexone strongly indicates that at the 

doses studied, thienorphine has no activity at µ-opioid receptors; if larger doses could be studied, 

µ-receptor activity would be expected to emerge.  Other κ-opioid agonists also fail to substitute 

for or attenuate the discriminative stimulus effects of naltrexone (i.e., U50,488 [this study] and 

others [France and Woods, 1989]).  While the relatively non-selective binding of thienorphine to 

opioid receptors might predict activity in this (µ-sensitive) discrimination assay, it is possible 

that the emergence of κ-agonist actions (e.g., rate suppression) precluded the expression of any 

behavioral effects of thienorphine at µ-opioid receptors.   

Effects of thienorphine on directly observable signs 

Many drugs elicit unconditioned effects that are readily observed and easily quantified.  

For example, in subjects treated chronically with an agonist, either discontinuation of treatment 

or administration of an antagonist can elicit characteristic behavioral effects, which for µ-opioid 

receptor drugs can include unusual oral movements and vocalization (Brandt and France, 1998; 

Sell et al., 2005).  Similarly, in normal subjects, agonists with actions at particular receptors can 

elicit characteristic behavioral effects.  Acute administration of a µ-opioid receptor agonist 

produces behavioral effects that are, in most respects, qualitatively different from those observed 

after acute administration of a κ-opioid receptor agonist (Dykstra et al., 1987; Butelman et al., 

2001).  In monkeys thienorphine and U50,488, and not naltrexone, produced similar behavioral 

effects including stupor, salivation, eye closing and muscle relaxation.  These data support the 

view that these behavioral effects of thienorphine are mediated by κ-opioid receptors.   

In summary, using in vitro and behavioral methods, these studies showed that 

thienorphine is a long-acting, low-efficacy κ-opioid receptor agonist which stands in contrast to 
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previous reports that thienorphine is a partial µ-opioid receptor agonist.  To the extent that 

thienorphine exerts other behavioral (e.g., subjective) effects over the same dose range that 

exerts antinociceptive effects, its clinical utility might be limited by induction of κ-opioid 

receptor mediated dysphoria and presumably, poor compliance.
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Legends for figures 

 

Figure 1. Chemical structure of buprenorphine and thienorphine. 

 

Figure 2. Stimulation of [35S]GTPγS binding to CHOκ, C6µ or C6δ or cell membranes by 

thienorphine.  Concentration-effect curves were generated using 10-20 µg membrane protein and 

of 0.1 nM [35S]GTPγS as described in the methods.  Data are percent stimulation compared to 

reference compounds U69,593 (κ), DAMGO (µ) or SNC80 (δ) and expressed as mean values ± 

S.E.M. from at least three separate experiments performed in duplicate. 

 

Figure 3. Time course of the antinociceptive effects of three doses of thienorphine in monkeys 

(n=3).  Symbols represent the mean ± SEM; if not shown, SEM values are contained by the 

symbol.  The 55°C data are not shown because thienorphine did not show antinociceptive effects 

in 55°C water.  All data were converted to % MPE as indicated in Data Analyses.  Ordinate: % 

MPE.  Abscissa: time. 

 

Figure 4. Effects of nor-BNI (3.2 mg/kg) and naltrexone (1.0 mg/kg) on thienorphine- (0.032 

mg/kg) induced antinociceptive effects.  Data for 0.032 mg/kg thienorphine-induced 

antinociceptive effects are replotted from Figure 2.  Naltrexone and nor-BNI were administered 

30 min and 24 hr, respectively, prior to thienorphine.  See Figure 3 for other details.   

 

Figure 5. Effects of thienorphine (0.0032 mg/kg) on the antinociceptive effects of morphine for 

5 days.  A cumulative dosing procedure was used to determine the dose-effect curve for 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 12, 2007 as DOI: 10.1124/jpet.106.113290

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET#113290 

 35

morphine in the presence and absence of thienorphine.  See Figure 3 for other details.  Ordinate: 

% MPE.  Abscissa: drug dose. 

 

Figure 6. Effects of thienorphine (0.032 mg/kg) on U50,488-induced antinociceptive effects. A 

cumulative dosing procedure was used to determine a dose-effect curve for U50,488 in the 

presence and absence of thienorphine.  See Figure 3 for other details.  Ordinate: % MPE.  

Abscissa: drug dose.  “T” =  thienorphine. 

 

Figure 7. Effects of thienorphine (0.032 mg/kg) and the interaction of naltrexone (1.0 mg/kg) 

and nor-BNI (3.2 mg/kg) with thienorphine on responding under a multiple schedule.  Dotted 

lines show the 95% confidence limit of the control response rate of both components.  Symbols 

represent the mean ± SEM; if not shown, SEM values are contained by the symbol. 

 

Figure 8.  Effects of thienorphine and U50,488 on the discriminative stimulus effects of 

naltrexone in morphine-treated monkeys discriminating naltrexone (0.0178 mg/kg).  A 

cumulative dosing procedure was used to determine the dose-effect curve for naltrexone in the 

presence and absence of thienorphine and U50,488.   Response rate is presented as the mean ± 

SEM response rate expressed as a percentage of control (vehicle training days) rates.  Ordinate: 

upper panel: percentage of responding on the naltrexone lever; lower panel: percentage of 

control of response rate.  Abscissa: drug dose (mg/kg). 
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Figure 9. Selected behaviors observed during 2-min periods after receiving doses of naltrexone 

(circles), thienorphine (squares), or U50,488 (triangles) in morphine-treated monkeys (n=5).  

Each data point represents the mean ± SEM number of times that a sign was observed (maximum 

possible score=4).  Points above “V” represent vehicle. Ordinate: frequency of signs. Abscissa: 

drug dose (mg/kg). 
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Table 1. Binding of and functional response to thienorphine at κ-, µ- and δ-opioid receptors   

              [35S]GTPγS stimulation  

 

 
Binding affinity     

Ki (nM) EC50 (nM) % maximum* 

κ  0.14 ± 0.06 0.34 ± 0.23  75.40 ± 4.90 

µ  0.22 ± 0.07 1.90 ± 0.40 19.30 ± 3.60 

δ  0.69 ± 0.03        ND   2.50 ± 2.50 

Assays were performed in membranes from CHOκ, C6µ and C6δ cells as described in Materials 

and Methods.  Data are expressed as the means ± SEM from at least three experiments each 

performed in duplicate.  

*Percent maximum values represent comparison of stimulation by U69593 (κ), DAMGO (µ) and 

SNC80 (δ).  

ND = not determined. 
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Table 2. Percentage of responses on the naltrexone lever (%DR) and rate of responding expressed as a percentage of the control rate 

(vehicle training days) in monkeys treated with morphine (5.6 mg/kg/12 hrs) and discriminating naltrexone (0.0178 mg/kg; n=5). 

 
Naltrexone Thienorphine U50,488  

Dose (mg/kg) % DR± SEM rate± SEM % DR± SEM rate± SEM % DR± SEM rate± SEM 

vehicle    0.4  ±   0.4 103.3  ±  0.4 0  ±  0 102.0  ±  8.7 0  ±  0 114.9  ±  9.6 

0.001    2.2  ±   1.7   96.5  ±  1.8           ND           ND ND ND 

0.0032  25.3  ± 13.4   88.2  ±  7.1 0  ±  0   70.9  ±  6.2 ND ND 

0.01  81.3  ±   7.9   73.7  ±  12.9 0  ±  0   75.1  ±  7.4 ND ND 

0.032  97.1  ±   1.4   71.6  ±  11.9 0  ±  0   56.7  ±  12.2 0  ±  0 102.2  ±  5.8 

0.1          ND            ND            ND           ND 0  ±  0 113.9  ±  9.6 

0.32          ND           ND           ND           ND 0  ±  0 106.2  ±  15.1 

1.0          ND           ND           ND           ND        0  ±  0   53.4  ±  31.4 

ND = not determined. 
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