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Abstract
Rationale Combinations of mu and kappa-opioid receptor (KOR) agonists have been proposed as analgesic formulations 
with reduced abuse potential. The feasibility of this approach has been increased by the development of KOR agonists with 
biased signaling profiles that produce KOR-typical antinociception with fewer KOR-typical side effects.
Objective The present study determined if the biased KOR agonists, nalfurafine and triazole 1.1, could reduce choice for 
oxycodone in rhesus monkeys as effectively as the typical KOR agonist, salvinorin A.
Methods Adult male rhesus monkeys (N = 5) responded under a concurrent schedule of food delivery and intravenous 
cocaine injections (0.018 mg/kg/injection). Once trained, cocaine (0.018 mg/kg/injection) or oxycodone (0.0056 mg/kg/
injection) was tested alone or in combination with contingent injections of salvinorin A (0.1–3.2 µg/kg/injection), nalfurafine 
(0.0032–0.1 µg/kg/injection), triazole 1.1 (3.2–100.0 µg/kg/injection), or vehicle. In each condition, the cocaine or oxyco-
done dose, as well as the food amount, was held constant across choice components, while the dose of the KOR agonist was 
increased across choice components.
Results Cocaine and oxycodone were chosen over food on more than 80% of trials when administered alone or contingently 
with vehicle. When KOR agonists were administered contingently with either cocaine or oxycodone, drug choice decreased 
in a dose-dependent manner. Salvinorin A and triazole 1.1 decreased drug-reinforcer choice without altering total trials 
completed (i.e., choice allocation shifted to food), while nalfurafine dose dependently decreased total trials completed.
Conclusions These results demonstrate that salvinorin A and triazole 1.1, but not nalfurafine, selectively reduce cocaine 
and oxycodone self-administration independent of nonspecific effects on behavior, suggesting that G-protein bias does not 
appear to be a moderating factor in this outcome. Triazole 1.1 represents an important prototypical compound for developing 
novel KOR agonists as deterrents for prescription opioid abuse.
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Introduction

Mu-opioid receptor (MOR) agonists (e.g., morphine, 
oxycodone) are highly effective treatments for moderate 
to severe pain but are limited by side effects (e.g., abuse 
liability; Chan et al. 2017). One strategy for reducing the 
abuse liability of prescription opioid medications is to 
co-formulate them with agents that deter misuse without 
affecting the therapeutic’s analgesic efficacy. Kappa-opi-
oid receptor (KOR) agonists are reported to mitigate the 
abuse potential of MOR agonists (Bolanos et al. 1996; 
Freeman et al. 2014; Glick et al. 1995; Kaski et al. 2019; 
Negus et al. 2008; Townsend et al. 2017; Tsuji et al. 2001; 
Zamarripa et al. 2020a, b; Zamarripa et al. 2021) and have 
been proposed as candidate molecules to combine with 
MOR agonists to develop abuse-deterrent formulations 
(Townsend et al. 2017; Zamarripa et al. 2021). Further-
more, KOR agonists produce antinociceptive and antipru-
ritic effects in rodents, nonhuman primates, and humans 
(Beck et al. 2019; Huskinson et al. 2020, 2022; Inan et al. 
2019; Jones et al. 2016; Kamimura et al. 2017; Ko and 
Husbands 2009), which when combined with a MOR ago-
nist, could reduce the amount of the MOR agonist required 
to treat pain and decrease itch produced by MOR agonist 
administration. However, the clinical feasibility of using 
KOR agonists for any indication has been limited due to 
untoward effects including dysphoria, psychotomimesis, 
and sedation (MacLean et al. 2013; Pfeiffer et al. 1986; 
Ranganathan et al. 2012).

In recent years, a novel series of KOR agonists have 
been discovered that are fully efficacious at the KOR but 
lack some or all of the adverse effects that are typical of 
this drug class such as psychotomimesis and dysphoria 
(for review, see Mores et al. 2019). One explanation for 
the atypical behavioral profiles of these drugs is “biased 
agonism,” typically defined for opioid agonists (at both 
the MOR and KOR) as a greater selectivity for activat-
ing the G-protein pathway relative to β-arrestin-2 recruit-
ment (Mores et al. 2019; Rankovic et al. 2016; Urban et al. 
2007). In the case of KOR agonists, G-protein signaling 
has been proposed as the principal mediator of antino-
ciception, while KOR-mediated adverse effects such as 
dysphoria and psychotomimesis rely chiefly on the recruit-
ment of β-arrestin-2 (Bedini et al. 2020; Brust et al. 2016). 
In support of this assertion, nalfurafine, which has been 
reported to be G-protein biased (Schattauer et al. 2017; 
Zhou et al. 2022), does not produce dysphoria or psy-
chotomimesis in humans (Inui 2015) or place aversions 
in rodents within dose ranges that are behaviorally active 
in other measures (e.g., antinociception, anti-pruritus; 
Hasebe et al. 2004). Moreover, combining nalfurafine with 
oxycodone decreased self-administration of oxycodone 
in rats and monkeys (Townsend et al. 2017; Zamarripa 

et al. 2020a, 2021; Zhang and Kreek 2020) and blocked 
oxycodone-induced conditioned place preferences (CPP) 
in rats (Zamarripa et  al. 2020b) and mice (Zhang and 
Kreek 2020) and morphine-induced CPP in mice (Kaski 
et al. 2019). However, other studies have reported that 
nalfurafine produces KOR-typical disruptions in motor 
coordination in mice and species-typical behavior in non-
human primates (Dunn et al. 2019; Huskinson et al. 2020, 
2022; Liu et al. 2019; Kaski et al. 2019). In addition, nal-
furafine, when contingently administered with fentanyl in a 
food vs. drug choice study in rats, reduced fentanyl choice 
only at a dose that also reduced overall response rates 
(Townsend 2021). Taken together, these findings suggest 
that the biased KOR agonist, nalfurafine, while lacking 
some KOR-mediated side effects (e.g., dysphoria) relative 
to typical KOR agonists like salvinorin A or U50-488H, 
produces some KOR-typical adverse effects that disrupt 
general behavior.

Another biased KOR agonist, triazole 1.1, was reported to 
be highly G-protein biased and produce antinociceptive and 
antipruritic effects at doses that did not alter brain dopamine 
levels within the nucleus accumbens or locomotor behav-
ior in mice (Brust et al. 2016). Additionally, triazole 1.1 
enhanced oxycodone-mediated thermal antinociception in 
rats (Zamarripa et al. 2021) and blocked oxycodone-induced 
scratch in nonhuman primates at doses that did not suppress 
species-typical behavior, unlike nalfurafine and the typical 
KOR agonists, U50-488H and salvinorin A (Huskinson et al. 
2020, 2022). Importantly, triazole 1.1 attenuated the rein-
forcing effects of oxycodone under a PR schedule of rein-
forcement (Zamarripa et al. 2021). Together, these findings 
suggest that the atypical KOR agonist, triazole 1.1, may pro-
duce an improved therapeutic profile relative to other KOR 
agonists when combined with a MOR agonist.

The majority of the self-administration work described 
above used single-operant (i.e., only one active lever) sched-
ules of reinforcement to investigate the effects of contingent 
administration of the atypical KOR agonists, nalfurafine and 
triazole 1.1, on oxycodone self-administration. This obser-
vation has been interpreted as punishment, a term used in 
behavioral science to describe the observation of a conse-
quence of behavior reducing the probability of its reoccur-
rence (Azrin and Holz 1966). However, as discussed above, 
KOR agonists can produce sedative effects, which could 
reduce self-administration through nonspecific effects on 
behavior rather than an associative learning process like 
punishment. Drug vs. food choice procedures are useful for 
making this distinction because the measure of reinforcing 
effect (i.e., behavioral allocation between response options 
resulting in food or drug reinforcers) is not dependent on 
response rate (Banks and Negus 2017) and punishment 
can be distinguished from nonspecific effects on behavior 
as a determinant of reductions in drug self-administration. 
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Determining the dose–response relationships for drugs as 
punishers of MOR agonist self-administration is vital for 
evaluating their potential as deterrents for prescription opi-
oid abuse because their utility in abuse-deterrent formula-
tions will require that the dose be low enough to not dis-
courage appropriate clinical use but high enough to produce 
a deterring effect if the medication is misused (e.g., taken 
at higher doses or with greater inter-dosing frequency than 
prescribed).

The goal of the current study was to investigate the biased 
KOR agonists, nalfurafine and triazole 1.1, as punishers 
of drug choice and to compare their effects to the typical 
KOR agonist, salvinorin A. We have previously reported 
that salvinorin A punishes cocaine and remifentanil (an 
ultra-short acting MOR agonist) choice in a drug vs. drug 
choice procedure in rhesus macaques (Freeman et al. 2014). 
However, salvinorin A and nalfurafine have yet to be tested 
as punishers in nonhuman primates in drug vs. non-drug 
choice, and there are no studies to our knowledge that have 
tested triazole 1.1 as a punisher in a choice procedure of 
any kind. In the first experiment of the current study, we 
tested the punishing effects of salvinorin A and nalfurafine 
on cocaine choice when food was the alternative reinforcer 
in male rhesus monkeys. In the second experiment, we 
expanded the series of KOR agonists by adding triazole 1.1 
and compared the KOR agonists as punishers of oxycodone 
choice using the same food vs. drug choice procedure. All 
KOR agonists were tested at multiple doses and up to a dose 
that either (A) reduced drug choice to less than 20% of total 
choices without altering total trials completed or (B) reduced 
overall trials completed. These outcomes were used to dis-
tinguish between a selective punishing effect (outcome A) 
and nonspecific effects on behavior (outcome B).

Methods and materials

Subjects and apparatus

Five adult male rhesus monkeys (Macaca mulatta) weigh-
ing 10–15 kg served as subjects. Two subjects (0994 and 
8752) were experimentally naïve at the start of the experi-
ment, and three subjects (1356, 1010, and 9512) had prior 
exposure to cocaine, oxycodone, salvinorin A, and nal-
furafine (Zamarripa et al. 2020a). Subjects were housed 
individually in stainless steel enrichment-style cages (each 
unit: 0.76 m × 0.76 m × 0.86 m; Carter2 Systems, Inc., Bea-
verton, OR) that allowed visual and olfactory access to other 
subjects. Subjects had unrestricted access to water, and 
food was mildly restricted in consultation with veterinary 
staff to maintain subjects at stable body weights by food 
provided during the session (1-g BioServ flavored pellets) 
as well as supplemental feeding (Teklad 25% monkey diet; 

Harlan/Teklad, Madison, WI). Supplemental feeding always 
occurred at least 30 min after the choice session ended. Fresh 
fruit or vegetables and forage material (e.g., dried fruit, veg-
etables, nuts) were provided daily, and a multivitamin was 
given three times/week. All subjects were part of an envi-
ronmental enrichment program that included access to radio, 
TV, toys, and foraging devices. Lights were maintained on a 
14/10 light/dark cycle, with lights on at 0600 h. Subjects were 
fit with a mesh jacket and tether, and the catheter attached 
to a double-lumen swivel (Lomir Biomedical, Malone, NY) 
that attached to a custom-designed operant panel (Carter2 
Systems, Inc.) mounted on the home cage. Each panel con-
tained two response levers with stimulus lights above each 
lever and a food receptacle between each lever (Med Associ-
ates, Inc.). A 15-rpm syringe pump (flow rate = 0.18 ml/s), 
feeder that delivered 1-g BioServ flavored pellets, and a Med 
Associates connection panel were housed on the outside of 
each panel. PC computers with Med Associates were used 
to control experimental events and record data. Animal-use 
procedures were approved by the University of Mississippi 
Medical Center’s Institutional Animal Care and Use Com-
mittee and were conducted in accordance with the National 
Research Council’s Guide for Care and Use of Laboratory 
Animals (8th edition, 2011).

Surgery

Each subject had a double-lumen catheter (Cole-Parmer 
Co., Chicago, IL) implanted using aseptic technique simi-
lar to that described previously (Freeman et al. 2014). Sub-
jects were injected with atropine sulfate (0.04 mg/kg, i.m.) 
and ketamine hydrochloride (5–20 mg/kg, i.m.) followed 
by inhaled isoflurane, preoperative antibiotics (cefazolin, 
20–25 mg/kg, i.m.), and analgesics (carprofen, 2–4 mg/kg, 
s.c. and/or buprenorphine SR, 0.05 mg/kg, s.c.). A double-
lumen silicon or polyvinyl chloride catheter was implanted 
into a major vein (jugular or femoral) with the tip terminat-
ing near the right atrium. The distal end of the catheter was 
passed subcutaneously to the mid-scapular region, where it 
exited the subject’s back, threaded through the tether, and 
connected to the swivel. Sensorcaine (0.25%) was locally 
applied to incision sites prior to suturing. Postoperative anti-
biotics (usually Keflex, 22.2 mg/kg, p.o. twice daily or i.m. 
once daily) were given when recommended by veterinary 
staff. Postoperative analgesics (carprofen, 4 mg/kg, p.o. or 
s.c.) were given for 3 days following surgery. Additional 
analgesics were given when recommended by veterinary 
staff. If a catheter became nonfunctional, it was removed, 
and the subject was removed from the study for at least 
1 week and until health was verified by veterinary staff, after 
which a new catheter was implanted. The catheter was filled 
with 40–100 U/ml heparinized saline between sessions to 
prevent clotting.
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Baseline procedure

Sessions were conducted daily, beginning at approxi-
mately 0900 h. At least 30 min prior to each session, each 
subject’s catheter was filled with drug and/or vehicle solu-
tions corresponding to the baseline or test condition in 
an amount sufficient to make the solution available for 
infusion after completion of the corresponding response 
requirement. Sessions consisted of six, 20-min compo-
nents, and each component was separated by a 5-min 
inter-component interval (ICI). One lever was associ-
ated with food, and the other lever was associated with 
cocaine (0.018 mg/kg/injection). The food- and cocaine-
associated levers remained constant within a condition 
but varied irregularly across conditions and subjects. For 
all sessions, the first component was a sample compo-
nent that consisted of 10 sample trials with 5 samples/
lever. During sample trials, one lever was active, signaled 
by illumination of the corresponding stimulus light. The 
stimulus light for food trials was always white, and for 
drug trials was red. Following 10 consecutive responses 
(FR 10) on the active lever, the associated stimulus light 
darkened, a 60-s timeout period was initiated, and either 
1 food pellet or an injection of cocaine was delivered, 
depending on which lever was active. The cocaine dose 
was constant across components and conditions and was 
selected because it was the smallest dose that consistently 
maintained ≥ 90% cocaine choice across all components. 
The active lever was randomly determined at the start of 
the session, and all 5 samples had to be completed on the 
active lever prior to the start of the subsequent 5 samples 
on the opposite lever. Component 1 ended after 20 min 
elapsed. If all trials were completed before 20 min, stimu-
lus lights remained darkened, and a timeout period ensued 
until the end of the component.

Components 2–6 were choice components and con-
sisted of 10 choice trials. During choice trials, the food- 
(white stimulus light) and cocaine- (red stimulus light) 
associated lights were illuminated. Following 10 con-
secutive responses (FR 10) on one of two levers, both 
stimulus lights darkened, a 60-s timeout period was initi-
ated, and either 1 food pellet or an injection of cocaine 
was delivered, depending on which lever was pressed. 
Responses on either lever reset the response require-
ment on the opposite lever, ensuring that responses that 
resulted in either reinforcer were consecutive. If all tri-
als were completed before 20 min elapsed, the stimulus 
lights remained darkened, and a timeout period ensued 
until the end of the component. Responding was consid-
ered stable when choice of the cocaine-associated lever 
was ≥ 90% across all choice components, and all trials 
(sample and choice) were completed within a session, 
for 3 consecutive sessions.

Test procedure

Once baseline cocaine choice was stable, test conditions 
began. Food- and drug-associated levers were the same as in 
the immediately preceding baseline condition but were irreg-
ular across subjects and test conditions. Test sessions were 
similar to baseline sessions with some exceptions. First, in 
separate conditions, a fixed dose of cocaine (0.018 mg/kg/
injection) or oxycodone (0.0056 mg/kg/injection) was avail-
able across all components, delivered through one lumen 
of the double-lumen catheter. The dose of oxycodone was 
selected based on pilot data and was the smallest dose that 
reliably produced ≥ 90% drug choice across all choice com-
ponents. Second, a KOR agonist (salvinorin A, nalfurafine, 
of triazole 1.1) or vehicle (saline or 80% saline, 10% etha-
nol, and 10% tween 80; SET) was delivered in the second 
lumen of the catheter. In the sample component (component 
1) and the first choice component (component 2), nothing 
was delivered through the second lumen (i.e., 0 ml of the 
KOR agonist or vehicle). In the final four choice compo-
nents (components 3–6), the volume of KOR agonist or 
vehicle injection increased across components by adjusting 
the injection duration (i.e., 0.096, 0.3, 0.96, 3.0 s/injection), 
resulting in half-log increments in drug dose across the ses-
sion. Delivery of the KOR agonist or vehicle was signaled 
by increasing the flash frequency of a green stimulus light 
located above the drug-associated lever that flashed on and 
off in 3-s cycles (i.e., components 1 and 2: no green stimulus 
light; component 3: 0.1-s on, 2.9-s off; component 4: 0.3-s 
on, 2.7-s off; component 5: 1.0-s on, 2.0-s off; component 6: 
solid green stimulus light). Injections in the second lumen 
began immediately after the cocaine or oxycodone injec-
tion was delivered in the first lumen. Figure 1 is a schematic 
showing the timeline of the within-session choice procedure 
as it occurred during test conditions with a KOR agonist.

The KOR agonists tested were salvinorin A (0.1–3.2 µg/
kg/injection), nalfurafine (0.0032–0.1  µg/kg/injection), 
and triazole 1.1 (3.2–100.0 µg/kg/injection). Dose ranges 
for each KOR agonist were selected based on pilot data to 
include at least one dose that did not affect drug choice in 
component 3 and at least one dose that reduced drug choice 
or disrupted total trials completed across components 4–6, 
whichever occurred first. Saline and SET served as vehicle 
conditions and were tested in combination with oxycodone. 
Salvinorin A and nalfurafine were tested in combination 
with both cocaine and oxycodone, and triazole 1.1 was 
tested in combination with oxycodone. KOR agonist and 
vehicle conditions were tested in an irregular order across 
subjects. All test conditions were conducted for a minimum 
of 14 sessions and until the following stability criteria were 
met across 3 consecutive sessions: (1) completion of all 
sample trials in component 1, (2) ≥ 80% drug choice in the 
first choice component (i.e., component 2, when the KOR 
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agonist dose or vehicle volume was 0), (3) percent total 
drug choice across choice components (components 2–6) 
was within 20% of the 3-session mean, and (4) no upward 
or downward trends in total drug choice. If stability crite-
ria were not met within 21 sessions, the test condition was 
ended, and the final 7 sessions were averaged and used in 
the analyses. The 21-day criterion was applied to the follow-
ing conditions: oxycodone/vehicle, oxycodone/salvinorin A, 
oxycodone/nalfurafine, and cocaine/nalfurafine for subject 
1356; oxycodone/nalfurafine and cocaine/nalfurafine for 
subject 1010; oxycodone/nalfurafine and cocaine/nalfurafine 
for subject 0994; oxycodone/triazole 1.1 for subject 8752; 
and cocaine/salvinorin A for subject 9512. All test condi-
tions were followed by at least three consecutive sessions 
under the baseline procedure with cocaine (described above) 
before proceeding to subsequent test conditions. This was 
done to ensure drug choice with cocaine alone returned 
to ≥ 90% drug choice and separate test conditions followed 
the same baseline. Responding during the return to baseline 
conditions was considered stable when choice on the drug-
associated lever was ≥ 90% across all choice components, 
and all trials (sample and choice) were completed within a 
session, for 3 consecutive sessions.

Data analysis

Data from baseline conditions with food vs. cocaine alone 
or from the sample component (component 1) are not 
shown as stability criteria required 100% completion of all 
trials and ≥ 90% choice of the drug-associated lever. There 
were seven test conditions in which food was available on 
one lever and either cocaine + salvinorin A, cocaine + nal-
furafine, oxycodone + saline, oxycodone + SET vehicle, oxy-
codone + salvinorin A, oxycodone + nalfurafine, or oxyco-
done + triazole 1.1 were available on the opposite lever. For 
all test conditions, the primary dependent measures were 

(1) percent drug choice (cocaine or oxycodone) during each 
choice component (components 2–6), defined as the number 
of trials completed on the drug-associated lever, divided by 
the total number of trials completed on both levers, multi-
plied by 100 and (2) percent of trials completed during each 
choice component, defined as the number of trials completed 
divided by total number of trials available (i.e., 10 trials 
available per component), multiplied by 100. For each meas-
ure in each test condition, the mean was determined for each 
choice component (components 2–6) from the last three or 
seven sessions, depending on which stability criteria were 
met. Each dependent measure was analyzed using a separate 
one-way repeated-measures analysis of variance (ANOVA) 
for each test condition, with KOR dose as a within-subject 
variable. Dunnett’s multiple comparisons were used to com-
pare data points from the last four choice components (com-
ponents 3–6), when increasing doses of the KOR agonist or 
increasing volumes of the vehicles were delivered, to the 
first choice component (component 2), when no KOR ago-
nist or vehicle was delivered.

Drugs

Oxycodone hydrochloride and cocaine hydrochloride were 
generously provided by the National Institute on Drug Abuse 
(NIDA) drug supply program. Nalfurafine hydrochloride 
and salvinorin A were synthesized by Dr. Thomas E. Pris-
inzano. Triazole 1.1 [2-(4-(furan-2-ylmethyl)-5-((4-methyl-
3-(trifluoromethyl)benzyl)thio)-4H-1,2,4-triazol-3-yl)pyri-
dine] was synthesized by Dr. Bruce E. Blough. Cocaine, 
oxycodone, and nalfurafine were prepared in 0.9% sterile 
saline. Salvinorin A and triazole 1.1 were dissolved in a 
vehicle of 1:1:8 ethanol:Tween 80:sterile saline. All solu-
tions were passed through a 0.22-µm Millipore filter prior 
to administration to an animal. Injections were delivered at 
a rate of 0.18 ml/sec.

Fig. 1  A schematic of the within-session choice procedure. Each ses-
sion consisted of six, 20-min components separated by 5-min inter-
component intervals. Component 1 was a sample component, in 
which five consecutive sample trials were programmed on one, ran-
domly determined lever (i.e., drug or food lever). The reinforcer asso-
ciated with the active lever was available following 10 consecutive 

responses. After completion of the first five samples, five subsequent 
sample trials were programmed on the opposite lever. Components 
2–6 consisted of 10 choice trials, in which food or drug were avail-
able following 10 consecutive responses on the food- or drug-associ-
ated lever, respectively
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Results

Supplementary Fig.  1 illustrates percent drug choice 
(squares) or trials completed (triangles) for test conditions 
that involved choice between food (1 pellet/delivery) vs. 
oxycodone (0.0056 mg/kg/injection) + increasing volumes 
of saline (panel A) or SET (panel B) vehicles that corre-
spond to components 2–6 of the choice procedure and the 
associated green-light flash frequencies. Increasing volumes 
of saline or SET paired with oxycodone delivery had no sig-
nificant effects on oxycodone choice [F(4,16) = 1.4, p = 0.27; 
F(4,16) = 1.8, p = 0.19, respectively] or on trials completed 
[F(4,16) = 1.0, p = 0.44; F(4,16) = 1.0, p = 0.44, respec-
tively]. These data indicate that neither vehicle affected drug 
choice or trial completion on its own.

Figure 2 illustrates percent drug choice (circles) or trials 
completed (triangles) for test conditions that involved choice 
between food (1 pellet/delivery) vs. cocaine (0.018 mg/kg/
injection) + increasing doses of a KOR agonist. Data were 
plotted as a function of salvinorin A (A) or nalfurafine (B) 
dose that correspond to components 2–6 of the choice pro-
cedure. Increasing doses of salvinorin A (A) paired with 
cocaine delivery significantly decreased cocaine choice 
[F(4,16) = 49.6, p < 0.05] without significant effects on per-
cent of trials completed [F(4,16) = 2.6, p = 0.08], indicating 
that the decrease in drug choice also reflected an increase in 
choice of the food-associated lever. These effects of salvi-
norin A on cocaine choice were significantly different from 
cocaine alone during component 2 compared with compo-
nents 5 and 6 when 1.0 and 3.2 µg/kg/injection of salvinorin 
A followed each cocaine injection (p’s < 0.05). Increasing 

doses of nalfurafine (B) paired with cocaine delivery also 
significantly decreased cocaine choice [F(4,16) = 7.1, 
p < 0.05]. Unlike salvinorin A, increasing doses of nal-
furafine also resulted in significant reductions in percent of 
trials completed [F(4,16) = 3.7, p < 0.05], indicating an over-
all reduction in the number of trials completed rather than 
a reallocation of behavior from the drug-associated lever 
to the food-associated lever. These effects of nalfurafine on 
cocaine choice and trials completed were significantly dif-
ferent from cocaine alone (component 2) during component 
6 when 0.1 µg/kg/injection of nalfurafine followed each 
cocaine injection (p’s < 0.05).

Figure 3 illustrates percent drug choice (squares) or tri-
als completed (triangles) for test conditions that involved 
choice between food (1 pellet/delivery) vs. oxycodone 
(0.0056 mg/kg/injection) + increasing doses of a KOR 
agonist. Data paths are plotted as a function of salvinorin 
A (A), nalfurafine (B), or triazole 1.1 (C) dose that cor-
respond to components 2–6 of the choice procedure as 
well as increasing delivery volumes and associated green-
light flash frequencies. Similar to effects described above 
for cocaine, increasing doses of salvinorin A (A) paired 
with oxycodone significantly decreased oxycodone choice 
[F(4,16) = 36.7, p < 0.05] without significant effects on 
percent of trials completed [F(4,16) = 2.2, p = 0.11], indi-
cating an increase in choice of the food-associated lever. 
Effects of salvinorin A on oxycodone choice were signifi-
cantly different from oxycodone alone during component 
2 compared with components 4–6 when 0.32–3.2 µg/kg/
injection of salvinorin A followed each oxycodone injec-
tion (p’s < 0.05). Increasing doses of nalfurafine (B) paired 

Fig. 2  Food vs. cocaine + salvinorin A or nalfurafine choice. Mean 
percent drug choice (circles) and trials completed (upward triangle) 
under food vs. cocaine + a KOR agonist. Data are shown as a function 
of dose of salvinorin A (0–3.2  µg/kg/injection) (A) and nalfurafine 
(0–0.1 µg/kg/injection) (B). Error bars indicate ± SEM. Asterisks (*) 
indicate significant differences in cocaine choice during component 

2, when choice was between food vs. cocaine alone, compared with 
cocaine choice during components 3–6, when increasing doses of the 
KOR agonist were combined with cocaine. Pound signs (#) indicate 
significant differences in trials completed during component 2 com-
pared with trials completed during components 3–6
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with oxycodone delivery also significantly decreased oxy-
codone choice [F(4,16) = 7.7, p < 0.05]. As with cocaine, 
increasing doses of nalfurafine resulted in significant 
reductions in percent of trials completed [F(4,16) = 8.7, 
p < 0.05]. Effects of nalfurafine on oxycodone choice and 
trials completed were significantly different from oxy-
codone alone (component 2) during component 6 when 
0.1 µg/kg/injection of nalfurafine followed each oxyco-
done injection. Finally, increasing doses of triazole 1.1 (C) 
paired with oxycodone significantly decreased oxycodone 
choice [F(4,16) = 30.0, p < 0.05] without significant effects 
on percent of trials completed [F(4,16) = 0.9, p = 0.48], 
similar to salvinorin A’s effects with cocaine and oxyco-
done. Effects of triazole 1.1 on oxycodone choice were 
significantly different from oxycodone alone during com-
ponent 2 compared with components 4–6 when 10–100 µg/
kg/injection of triazole 1.1 followed each oxycodone injec-
tion (p’s < 0.05).

Discussion

The present study compared the effects of the atypical KOR 
agonists, nalfurafine and triazole 1.1, to the typical KOR 
agonist, salvinorin A, as punishers of drug choice in male 

rhesus monkeys. In the first study, both salvinorin A and nal-
furafine reduced cocaine choice in a dose-dependent man-
ner. However, only salvinorin A selectively reduced cocaine 
choice without altering the percent of trials completed. In 
the second study, salvinorin A and triazole 1.1 decreased 
oxycodone choice in a dose-dependent manner without alter-
ing the percent of trials completed. However, reductions in 
oxycodone choice produced by nalfurafine were accompa-
nied by a reduction in percent of trials completed, particu-
larly in the final component (i.e., at the highest nalfurafine 
dose).

Salvinorin A, nalfurafine, and triazole 1.1 have all been 
reported to reduce drug self-administration of oxycodone in 
either NHPs or rats under conditions of contingent admin-
istration using single-operant designs and PR schedules 
of reinforcement (Townsend et al. 2017; Zamarripa et al. 
2020a, b; Zamarripa et al. 2021). The current results sup-
port the interpretation that the mitigating effects on oxy-
codone self-administration produced by salvinorin A and 
triazole 1.1 in prior studies were due to the KOR agonists 
functioning as punishers of oxycodone self-administration. 
However, the same conclusion cannot be made about nal-
furafine. While it is possible that nalfurafine can function 
as a punisher, its effect in this regard may be accompanied 
by other nonspecific effects within dose ranges required to 

Fig. 3  Food vs. oxyco-
done + salvinorin A, nalfurafine, 
or triazole 1.1 choice. Mean 
percent drug choice (squares) 
and trials completed (upward 
triangle) under food vs. oxyco-
done + a KOR agonist. Data are 
shown as a function of dose of 
salvinorin A (0–3.2 µg/kg/injec-
tion) (A), nalfurafine (0–0.1 µg/
kg/injection) (B), or triazole 
1.1 (0–100 µg/kg/injection) 
(C). Error bars indicate ± SEM. 
Asterisks (*) indicate signifi-
cant differences in oxycodone 
choice during component 2, 
when choice was between food 
vs. oxycodone alone, compared 
with oxycodone choice during 
components 3–6, when increas-
ing doses of the KOR agonist 
were combined with oxyco-
done. Pound signs (#) indicate 
significant differences in trials 
completed during component 2 
compared with trials completed 
during components 3–6
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decrease drug self-administration, a supposition that is sup-
ported by recent work in rats (Townsend 2021).

Nalfurafine and triazole 1.1 have been reported to be 
G-protein–biased agonists, while salvinorin A produces a 
signaling profile more in line with prototypical KOR ago-
nists such as U50-488H (Mores et al. 2019). It is notable 
that the two biased KOR agonists in the current study did 
not produce uniform effects. Rather, triazole 1.1 produced 
effects more similar to the unbiased KOR agonist, salvinorin 
A. One possible explanation is that nalfurafine’s selectiv-
ity for the KOR is not as high as salvinorin A and triazole 
1.1. Salvinorin A and triazole 1.1 exhibit highly selective 
binding affinity and activity at KORs over MORs and delta 
opioid receptors (Cunningham et al. 2011; Zhou et al. 2013). 
However, nalfurafine exhibited MOR/KOR binding affinity 
ratios (Ki) ranging from 2.4 to 69 (i.e., moderate selectivity), 
and it functions as a partial agonist at the MOR (Zhou et al. 
2022). Moreover, nalfurafine exhibited moderate affinity for 
the muscarinic M-1 receptor (Nakao and Mochizuki 2009), 
though its functional effects in relation to behavior at this 
site have not been reported to our knowledge. As such, nal-
furafine’s departure from the behavioral profile exhibited by 
the other two KOR agonists in the current report may be due 
to actions at non-KOR sites. Probing different targets with 
selective antagonists will be a focus of future work.

Another potential reason for the observed differences 
for nalfurafine is its long duration of action. Salvinorin 
A and triazole 1.1 are relatively short-acting compounds 
with in vivo effects (antinociception, anti-pruritus) that are 
typically reported to last no longer than 30 min (Cunning-
ham et al. 2011; Huskinson et al. 2022; Paton et al. 2017). 
However, nalfurafine’s in vivo effects, when administered 
intravenously as in the current study, have been reported 
to produce observable unconditioned effects for as long as 
160 min in NHPs (Huskinson et al. 2020). Thus, it is pos-
sible that greater drug accumulation over repeated choice 
trials led to the observed nonspecific effects on trial comple-
tion for nalfurafine. Future work will investigate this issue 
by using protypical KOR agonists with longer durations of 
action (e.g., U50-488H) to determine if duration affects the 
selectivity of punishing effects in the current procedure.

A number of biased KOR agonists have been introduced 
in recent years (Mores et al. 2019), but the work conducted 
with triazole 1.1 has set it apart for a few reasons. First, 
triazole 1.1 produces antinociception at doses that do not 
reduce locomotor activity (Brust et al. 2016), a result that 
is in contrast with the observation in the same report that 
antinociceptive doses of U50-488H also reduce locomotor 
activity. Second, triazole 1.1 is the only KOR agonist that 
has been demonstrated to produce analgesic effects in an 
assay of pain-depressed behavior (Brust et al. 2016). Testing 
putative analgesics in models of pain-depressed behavior is 
important because these measures are not confounded by 

the potential false positives that sedative drugs can render 
in reflexive measures of pain such as tail-flick or hot plate 
(Negus et al. 2010). Also, unlike prototypical KOR agonists, 
triazole 1.1 does not reduce brain dopamine levels at a rela-
tively high, behaviorally active dose (Brust et al. 2016). This 
latter finding raises the intriguing possibility that certain 
KOR agonists may be able to counteract the abuse-related 
effects of MOR agonists without producing counter reduc-
tions in brain dopamine that could cause negative affective 
outcomes and limit clinical feasibility. Future work focus-
ing on the neurochemical changes associated with punished 
operant responding with triazole 1.1 and other KOR ago-
nists will be needed to make firm conclusions on the relation 
between punishment by KOR agonists and corresponding 
dopamine activity.

A major goal of the current study was to determine full 
dose–response relations for the KOR agonists under study. 
Meeting this goal required that numerous conditions be run 
in all subjects, and the time required to obtain data for each 
of dose of each KOR agonist was 2–3 weeks with additional 
time between tests for returns to baseline. In order to focus 
on the dose–effect relations for the KOR agonists, the doses 
of the reinforcers (cocaine and oxycodone) were held con-
stant. A limitation of this approach is the uncertainty of 
whether the observed effects with the KOR agonists will 
hold if they are combined with other doses of the reinforcers. 
While it is possible that raising the doses of the reinforcers 
would require higher doses of the KOR agonists to reduce 
drug choice, our prediction is that the relative potencies of 
the KOR agonists would not change. Work is planned to 
address this question in a future study.

In conclusion, a number of studies have reported that 
KOR agonists reduce the abuse-related effects of drug rein-
forcers (Freeman et al. 2014; Negus et al. 2008; Townsend 
et al. 2017; Zamarripa et al. 2020a, 2021), but interpreta-
tions of these effects in single-operant procedures have been 
somewhat obfuscated by the fact that KOR agonists can 
produce nonspecific effects on behavior that may result in 
reductions in operant responding. The current results dem-
onstrate that at least two KOR agonists selectively reduce 
self-administration via reallocation of behavior toward the 
food alternative rather than by overall attenuation of behav-
ior. Moreover, the ability of KOR agonists to punish drug 
taking is not limited to prototypical KOR agonists because 
triazole 1.1 was as effective as salvinorin A at punishing 
oxycodone choice. As such, triazole 1.1 represents an impor-
tant prototypical compound for developing novel KOR ago-
nists as deterrents for prescription opioid abuse.
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