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Abstract

The abuse potential of opioid analgesics in humans appears to increase rapidly during initial 

regimens of opioid exposure. Previous work using intracranial self-stimulation (ICSS), a 

preclinical procedure useful for studying rewarding drug effects in drug-naïve animals, has 

similarly shown that rewarding effects of mu opioid receptor (MOR) agonists increase rapidly in 

rats during initial regimens of opioid administration. The goal of the present study was to evaluate 

the role of MOR agonist efficacy as a determinant in eliciting this trajectory of increased 

rewarding effects during initial opioid exposure in opioid-naïve rats. Separate groups of adult, 

male Sprague-Dawley rats responded for electrical brain stimulation using a frequency-rate ICSS 

procedure and received repeated daily treatment with vehicle or one of five MOR agonists that 

ranged from low to high efficacy (NAQ, nalbuphine, buprenorphine, fentanyl, methadone). Two 

additional groups were used to evaluate effects of repeated treatment with non-opioids (the 

cannabinoid CP55940 or the monoamine releaser amphetamine). Morphine was tested after each 

repeated treatment. In opioid-naïve rats tested before repeated dosing, MOR agonists produced 

primarily dose- and efficacy-dependent decreases in ICSS. Following repeated treatment, all MOR 

agonists except NAQ produced tolerance to opioid-induced rate-decreasing effects and enhanced 

expression of ICSS facilitation (indicative of opioid reward) by both the repeatedly administered 

drug and morphine. Repeated treatment with CP55940 and amphetamine produced different 

effects. Collectively, these results provide evidence to suggest that enhanced expression of opioid 

reward after initial regimens of opioid exposure has a low requirement for MOR agonist efficacy 

and is pharmacologically selective.
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1. Introduction

Morphine and other mu opioid receptor (MOR) agonists are a mainstay for the clinical 

treatment of pain; however, a variety of factors have contributed to a recent increase in illicit 

opioid use and overdose deaths in the United States (Volkow and Collins, 2017). This public 

health crisis has stimulated renewed efforts to investigate determinants of opioid abuse with 

the ultimate goal of developing improved strategies for prevention and treatment. One 

distinguishing characteristic of opioids as drugs of abuse is that they often produce a 

constellation of dysphoric subjective effects in opioid-naïve users (Zacny et al., 1997), but 

repeated exposure for as few as five days (such as might occur during post-operative pain 

management, for example) can increase the risk of long-term opioid use (Shah et al., 2017). 

This apparent increase in opioid abuse potential during initial regimens of opioid exposure 

has prompted revised prescription guidelines that seek to reduce the number of doses 

patients can receive in a single prescription and thereby limit the extent of opioid exposure 

during pain-management episodes (Dowell et al., 2016).

Intracranial self-stimulation (ICSS) is a preclinical behavioral procedure that can be used to 

investigate the expression and mechanisms of changes in opioid reward that occur during 

initial regimens of opioid exposure. In ICSS procedures, experimental subjects with 

chronically implanted microelectrodes targeting a brain-reward area are trained to press an 

operant-response lever to receive pulses of electrical brain stimulation. Many drugs of abuse 

increase (or “facilitate”) low rates of ICSS responding maintained by low frequencies or 

intensities of brain stimulation, and as a result, ICSS facilitation is often interpreted as an 

abuse-related drug effect (Negus and Miller, 2014). Morphine and other MOR agonists often 

fail to produce ICSS facilitation in opioid-naïve subjects, and instead produce primarily 

dose-dependent ICSS depression; however, repeated daily treatment over the course of 

several days can produce tolerance to opioid-induced ICSS depression and heightened 

expression of abuse-related ICSS facilitation (Altarifi et al., 2013; Legakis and Negus, 2018; 

Miller et al., 2015; Negus and Moerke, 2019; Reid, 1987). This trajectory of increasing 

opioid-induced ICSS facilitation in rats resembles the increase in opioid abuse potential that 

can occur during initial regimens of opioid exposure in humans.

MOR agonists differ in their efficacy to activate G-protein signaling pathways coupled to 

MORs (Emmerson et al., 1996; Selley et al., 1998; Traynor and Nahorski, 1995), and in 

vitro measures of agonist efficacy correlate with in vivo agonist effectiveness to produce 

some behavioral and physiological effects, such as thermal antinociception (Morgan and 

Picker, 1996; Negus and Mello, 1999; Walker et al., 1998). The abuse-related effects of 

MOR agonists in ICSS and other preclinical procedures (e.g. place conditioning and drug 

self-administration) also appear to be mediated by MOR-coupled G-protein signaling 

(Altarifi et al., 2017; Bohn et al., 2003; Siuda et al., 2017), but the role of MOR agonist 

efficacy as a determinant of increasing ICSS facilitation during repeated opioid treatment 

has not been systematically examined. Accordingly, the goal of this study was to compare 

effects on ICSS produced by repeated daily treatment with MOR agonists that ranged from 

low to high efficacy in stimulating MOR-coupled G-protein signaling (from lowest to 

highest efficacy: NAQ, nalbuphine, buprenorphine, fentanyl, methadone) (Emmerson et al., 

1996; Li et al., 2009; Selley et al., 1998). All drugs were tested using an experimental design 
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that has been used previously to show a transition from initial ICSS depression to 

subsequent ICSS facilitation after repeated treatment with the prototype MOR agonist 

morphine (Legakis and Negus, 2018; Miller et al., 2015), which has MOR agonist efficacy 

slightly lower than that of fentanyl (Emmerson et al., 1996; Selley et al., 1998). Morphine 

was also tested after repeated dosing with each test drug. We hypothesized that repeated 

treatment with higher efficacy MOR agonists would increase abuse-related ICSS facilitation 

by both the repeatedly administered drug and by morphine, whereas repeated treatment with 

lower efficacy MOR agonists would not. Effects of repeated treatment with cannabinoid 

receptor agonist CP55940 (Grim et al., 2015; Kwilasz and Negus, 2012) and the monoamine 

releaser amphetamine (Bauer et al., 2013) were also examined for comparison with opioid 

effects, and morphine was also tested after repeated treatment with each of these drugs. 

Studies with these non-opioids were included to assess the degree to which dynamic changes 

in opioid effects on ICSS might be shared by non-opioid drugs of abuse, and whether prior 

exposure to these non-opioids would also increase morphine-induced ICSS facilitation.

2. Methods

2.1. Subjects

Adult male Sprague-Dawley rats were obtained from Envigo (Indianapolis, IN), weighed 

310–350 g at the time of surgery, and were individually housed and maintained on a 12-h 

light/dark cycle with lights on from 6:00 a.m. to 6:00 p.m. All rats had free access to food 

and water except during testing. Animal maintenance and research were in compliance with 

National Institutes of Health guidelines, and all animal-use protocols were approved by the 

Institutional Animal Care and Use Committee.

2.2. Surgery

Subjects were anesthetized with isoflurane gas (3–4% in oxygen; Webster Veterinary, 

Phoenix, AZ) until unresponsive to toe-pinch and placed in a stereotaxic apparatus (Kopf 

Instruments, Tujunga, CA). The cathode of a stainless-steel electrode (0.25mm diameter and 

insulated except at the flattened tip; MS303/1-AIU/SPC, Plastics One, Roanoke, VA) was 

implanted in the medial forebrain bundle at the level of the lateral hypothalamus (2.8mm 

posterior to bregma, 1.7mm lateral to the midsagittal suture, 8.8mm ventral to the skull). 

Electrodes were secured to the skull using screws (Plastics One, Inc., Roanoke, VA) and 

orthodontic resin (Butler Schein, Dublin, OH), and the anode of the electrode (0.125mm 

diameter, uninsulated) was wrapped around one of the screws to act as a ground. Animals 

were allowed at least seven recovery days prior to initiation of ICSS training.

2.3. Apparatus

Experiments were conducted in sound-attenuating chambers that contained modular acrylic 

test chambers (29.2 × 30.5 × 24.1) equipped with a response lever (4.5 cm wide, extended 

2.0 cm through the center of one wall, 3 cm off the floor), stimulus lights (three lights 

colored red, yellow and green positioned 7.6 cm directly above the lever), a 2-W white 

house light, and an ICSS stimulator (Med Associates, St. Albans, VT). Electrodes were 

connected to the stimulator via bipolar cables and a commutator (Model SL2C, Plastics One, 
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Roanoke, VA). A computer and software program (Med Associates, St. Albans, VT) 

controlled the stimulator, programming parameters, and data collection.

2.4. Training

Rats were trained under a fixed-ratio 1 (FR 1) schedule of brain stimulation using 

procedures similar to those described previously (Altarifi et al., 2017; Altarifi et al., 2013; 

Altarifi et al., 2015; Legakis and Negus, 2018; Miller et al., 2015). Each lever press resulted 

in the delivery of a 0.5-s train of square wave cathodal pulses (0.1-ms pulse duration), and 

stimulation was accompanied by illumination of the stimulus lights above the lever. 

Responses during the 0.5-s stimulation period did not result in additional stimulation. 

During the initial phase of training, sessions lasted 30 to 60 min, the frequency of 

stimulation was held constant at 2.2 log Hz, and the stimulation intensity was adjusted to the 

lowest value that would sustain responding for at least 30 stimulations per minute. 

Frequency manipulations were then introduced during sessions that consisted of sequential 

10-min components. During each component, a descending series of 10 current frequencies 

(2.2–1.75 log Hz in 0.05 log increments) was presented, with a 60-s trial at each frequency. 

A frequency trial began with a 5-s time out followed by a 5-s “priming” phase, during which 

five non-contingent stimulations were delivered at a rate of one per second. This non-

contingent stimulation was followed by a 50-s “response” phase, during which responding 

produced electrical stimulation under a FR 1 schedule. Training continued with 3 to 6 

sequential components per day, and the current intensity was adjusted until rats reliably 

responded during the first three to four frequency trials of all components for at least three 

consecutive days. This intensity (range: 80–250 μA) was held constant for the remainder of 

the study. Before testing began, rats were habituated to saline injections until there was no 

significant effect of injection on the frequency-rate function as determined by two-way 

ANOVA (see 2.6. Data Analysis).

2.5. Testing

Once training was completed, ICSS testing began. Eight different groups (n=6 per group) 

were used to test the effects of repeated treatment with saline or one of seven different drugs 

(NAQ, nalbuphine, buprenorphine, fentanyl, methadone, CP55940, amphetamine). Each 

treatment was tested using a nine-day protocol, and all rats were drug naïve at the start of 

this protocol. On Day 1, a range of doses was tested for the designated treatment. The test 

session consisted of three sequential baseline components followed by four 50-min test 

periods, each of which consisted of a 30-min time out followed by a pair of test components. 

Saline was administered s.c. at the beginning of the first time out, and three increasing doses 

of the test drug were administered s.c. at the beginning of each subsequent time out. Test 

doses for each drug are shown in Table 1. When saline was the test treatment, then saline 

was administered at the beginning of each time out. On Days 2–7, test sessions consisted of 

three sequential baseline components followed by a single 50-min test period, and a selected 

dose of the treatment drug was administered at the beginning of the time out on each day. On 

Day 8, effects of multiple test-drug doses were re-determined using procedures identical to 

those on Day 1. On Day 9, a range of morphine doses (0.32, 1.0, 3.2 mg/kg, s.c.) was 

evaluated in all groups using procedures identical to those on Days 1 and 8, with the 

exception that morphine was administered instead of the designated treatment. The dose 
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range for each test drug was based on previous studies and was intended to span a range 

from ineffective doses to doses that either significantly altered ICSS or that produced 

significant behavioral effects in rats under other conditions (Altarifi et al., 2012; Altarifi et 

al., 2013; Altarifi et al., 2015). Half-log dose increments were used for most drugs, but one-

log increments were used for the low-efficacy mu agonists NAQ, nalbuphine, and 

buprenorphine to assure evaluation of an adequately large dose range. The dose of each drug 

for repeated administration on Days 2–7 was selected based on Day 1 test data, and the 

rationale for each dose is provided in Results.

2.6. Data analysis

The first baseline component of each session was considered an acclimation component, and 

data were discarded. The primary dependent variable for all remaining components was the 

reinforcement rate in stimulations per trial during each frequency trial. To normalize these 

raw data, reinforcement rates from each trial in each rat were converted to percent Maximum 

Control Rate (% MCR), which was defined as the mean of the maximal rates observed 

during the second and third “baseline” components for that rat on that day. Thus, % MCR = 

[(rate during a frequency trial) / (MCR)] × 100. Normalized ICSS rates at each frequency 

were averaged across test components within each rat and then across rats to yield a 

“frequency-rate” curve for each experimental manipulation. Two-way ANOVA was used to 

compare frequency-rate curves, with ICSS frequency as one variable and dose as the second 

variable. ANOVA results are reported below only for the main effect of dose and the 

frequency × dose interaction, because the main effect of frequency was always significant. A 

significant ANOVA was followed by the Holm Sidak post hoc test, and the criterion for 

significance was set at p<0.05.

To provide an additional summary measure of ICSS performance in these studies, the EF50 

for each ICSS curve was defined as the “effective frequency” that maintained 50% MCR 

(Johnson et al., 2018). EF50 values and 95% confidence limits were interpolated by linear 

regression from the linear portion of each ICSS curve, and EF50 values were considered to 

be different if 95% confidence limits did not overlap. In some cases, all points were below 

50% MCR; in these cases, interpolation of EF50 values was not possible, and EF50 is shown 

as ND (not determined).

2.7. Drugs

Morphine sulfate, methadone HCl, fentanyl HCl, buprenorphine HCl, CP55940 and 

amphetamine hemisulfate were provided by the National Institute on Drug Abuse Drug 

Supply Program (Bethesda, MA). Nalbuphine HCl was provided by Dr. Kenner Rice 

(Chemical Biology Branch, National Institute on Drug Abuse, Bethesda, MA) and NAQ (17-

cyclopropylmethyl-3,14ß-dihydroxy-4,5α-epoxy-6α-[(3′-isoquinolyl)acetamido] 

morphinan) was provided by Dr. Yan Zhang (Department of Medicinal Chemistry, Virginia 

Commonwealth University) (Li et al., 2009). All drugs were prepared in sterile saline, with 

the exceptions of NAQ, which was prepared in sterile water and CP55940, which was 

prepared in a vehicle of ethanol, emulphor and saline in a ratio of 1:1:18, respectively. All 

drugs were injected subcutaneously in a volume of 1 ml/kg.
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3. Results

3.1. ICSS baseline

Under baseline conditions, electrical brain stimulation maintained a frequency-dependent 

increase on ICSS rates of responding. For the 48 rats used in these studies, the mean ± 

S.E.M. baseline maximum control rate was 245.68 ± 10.67 stimulations per trial, and the 

mean ± S.E.M. number of total baseline stimulations was 57.51 ± 1.32 stimulations per 

component.

3.2. Effects of saline and NAQ

Figure 1 shows the effects of saline and NAQ on ICSS before and after repeated daily 

treatment, and EF50 values for this and all subsequent studies are reported in Table 2. Saline 

on Day 1, before repeated saline treatment, did not significantly alter ICSS frequency-rate 

curves (test period: F(3,15)=1.32, ns; frequency × cycle: F(27,135)=0.6438, ns), and there were 

no differences in EF50 values across test periods. On Day 8, after repeated daily saline 

treatment, there was a significant effect of test period but no interaction between frequency 

and test period (test period: F(3,15)=4.93, p=0.0141; frequency × cycle: F(27,135)=0.5807, ns), 

and post hoc analysis revealed no points on the frequency-rate curves that were different 

from saline in the first cycle. Additionally, there were no differences in EF50 values across 

test periods.

NAQ (0.1–10 mg/kg) on Day 1, before repeated NAQ treatment, significantly altered ICSS 

frequency-rate curves (dose: F(3,15)=5.866, p=0.0074; frequency × dose: F(27,135)=1.246, 

ns). However, depression was only observed at a single frequency (2.0 log Hz) at the high 

NAQ dose (10 mg/kg), and NAQ did not alter EF50 values. A dose of 10 mg/kg/day NAQ 

was selected for repeated treatment given evidence that this dose can facilitate ICSS after 

morphine exposure (Altarifi et al., 2015). However, on Day 8, after repeated treatment, NAQ 

administration did not alter ICSS frequency-rate curves (dose: F(3,15)=0.5425, ns; frequency 

× dose: F(27,135)=1.009, ns) or EF50 values. EF50 values were significantly lower for 1 and 

10 mg/kg NAQ after repeated treatment relative to before treatment, suggesting a weak trend 

for NAQ effects to change after repeated treatment.

3.3. Effects of nalbuphine and buprenorphine

Figure 2 shows the effects of nalbuphine and buprenorphine on ICSS before and after 

repeated daily treatment. Nalbuphine (0.1–10 mg/kg) on Day 1, before repeated nalbuphine, 

did not significantly alter ICSS frequency-rate curves (dose: F(3,15)=0.5242, ns; frequency × 

dose: F(27,135)=1.539, ns) or EF50 values. A dose of 10 mg/kg nalbuphine was selected for 

repeated treatment given evidence that this dose can facilitate ICSS in rats with prior 

morphine exposure (Altarifi et al., 2013). On Day 8, after repeated nalbuphine, there was a 

significant effect of nalbuphine dose (dose: F(3,15)=4.625, p=0.0175; frequency × dose: 

F(27,135)=1.493, ns) resulting in facilitation across a range of frequencies (1.9–2.0 log Hz) 

for the intermediate nalbuphine dose (1.0 mg/kg) and at one frequency (1.95 log Hz) for the 

high dose (10 mg/kg). The EF50 values for these two doses were significantly lower than the 

saline EF50 value, indicating leftward shifts of the frequency-rate curve. Additionally, the 
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EF50 value for 1.0 mg/kg nalbuphine was lower after repeated treatment than before 

treatment.

Buprenorphine on Day 1, before repeated buprenorphine, had no effect on ICSS at the low 

(0.001 mg/kg) and intermediate (0.01 mg/kg) doses; however, the high (0.1 mg/kg) dose 

resulted in nearly complete suppression of behavior (dose: F(3,15)=72.44, p<0.0001; 

frequency × dose: F(27,135)=18.93, p<0.0001). There were no differences in EF50 values for 

saline and the lower buprenorphine doses, and an EF50 value could not be determined for the 

high dose. A dose of 0.032 mg/kg/day buprenorphine was selected for repeated treatment 

because this dose was the half-log increment between a behaviorally inactive dose (0.01 

mg/kg) and a dose that essentially eliminated responding (0.1 mg/kg). On Day 8, after 

repeated buprenorphine, the low (0.001 mg/kg) and intermediate (0.01 mg/kg) 

buprenorphine doses remained ineffective; however, biphasic effects of the high (0.1 mg/kg) 

buprenorphine dose emerged (dose: F(3,15)=9.326, p=0.001; frequency × dose: 

F(27,135)=6.533, p<0.0001), with facilitation across a range of lower frequencies (1.75–2.0 

log Hz), and depression at the highest frequency (2.2 log Hz). Additionally, the EF50 value 

for 0.1 mg/kg buprenorphine was significantly less than that for saline, indicating a leftward 

shift in the frequency-rate curve. The EF50 value for 0.1 mg/kg buprenorphine was also 

lower after repeated treatment than before treatment.

3.4. Effects of fentanyl and methadone

Figure 3 shows the effects of fentanyl and methadone on ICSS before and after repeated 

daily treatment. Fentanyl (0.0032–0.032 mg/kg) on Day 1, before repeated fentanyl, 

facilitated ICSS at a single frequency (2.0 log Hz) with the intermediate (0.01 mg/kg) dose, 

but produced rate depression across a range of frequencies (2.05–2.2 log Hz) at the high 

(0.032 mg/kg) dose (dose: F(3,15)=2.846, ns; frequency × dose: F(27,135)=5.871, p<0.0001). 

The EF50 values for 0.01 and 0.032 mg/kg fentanyl were significantly less than that for 

saline, indicating a leftward shift of the frequency-rate function. A dose of 0.032 mg/kg/day 

fentanyl was selected for repeated treatment because it depressed, but did not eliminate, 

responding in ICSS. On Day 8, after repeated fentanyl, only facilitation across a range of 

frequencies for both the intermediate (0.01 mg/kg; 1.9–2.05 log Hz) and high (0.032 mg/kg; 

1.8–2.05 log Hz) doses was observed (dose: F(3,15)=2.054, ns; frequency × dose: 

F(27,135)=3.077, p<0.0001). Both 0.01 and 0.032 mg/kg fentanyl also significantly decreased 

EF50 values, indicating a dose-dependent leftward shift in the frequency-rate function. The 

EF50 values for these two fentanyl doses were also lower after repeated treatment than 

before treatment.

Methadone (0.32–3.2 mg/kg) on Day 1, before repeated methadone, dose-dependently 

decreased ICSS (dose: F(3,15)=81.69, p<0.0001; frequency × dose: F(27,135)=14.46, 

p<0.0001). The low (0.32 mg/kg) dose decreased responding at the highest frequency (2.2 

log Hz), while the intermediate (1.0 mg/kg) dose depressed responding at the two highest 

frequencies (2.15–2.2 log Hz), and the high (3.2 mg/kg) methadone dose eliminated 

responding. EF50 values for the lower methadone doses were not significantly different from 

saline, and an EF50 value after the high dose could not be determined. A dose of 1.0 

mg/kg/day methadone was selected for repeated treatment because it was the highest dose 
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that did not eliminate responding. On Day 8, after repeated methadone, significant 

facilitation was observed across a range of frequencies for both the low (0.32 mg/kg; 1.95–

2.05 log Hz) and intermediate (1.0 mg/kg; 1.85–2.05 log Hz) methadone doses (dose: 

F(3,15)=72.23, p<0.0001; frequency × dose: F(27,135)=19.16, p<0.0001), and EF50 values 

indicated dose-dependent leftward shifts in the frequency-rate curve. The EF50 value for 1.0 

mg/kg methadone was also lower after repeated treatment than before treatment. However, 

the high (3.2 mg/kg) methadone dose still eliminated responding, and an EF50 value could 

not be determined.

3.5. Effects of CP55940 and amphetamine

Figure 4 shows the effects of CP55940 and amphetamine on ICSS before and after repeated 

daily treatment. CP55940 (0.032–0.32 mg/kg) on Day 1, before repeated CP55940, dose-

dependently decreased ICSS (dose: F(3,15)=44.98, p<0.0001; frequency × dose: 

F(27,135)=7.998, p<0.0001). The EF50 value for 0.1 mg/kg CP55940 was significantly greater 

than that for saline, indicating a rightward shift of the frequency-rate function, and an EF50 

value could not be determined for 0.32 mg/kg CP55940. A dose of 0.32 mg/kg/day CP55940 

was selected for repeated treatment because it reduced but did not eliminate responding. On 

Day 8, after repeated treatment, CP55940 failed to alter ICSS frequency-rate curves (dose: 

F(3,15)=0.2567, ns; frequency × dose: F(27,135)=0.8621, ns) or EF50 values.

Amphetamine (0.032–0.32 mg/kg) on Day 1, before repeated amphetamine, dose-

dependently facilitated ICSS (dose: F(3,15)= 88.86, p<0.0001; frequency × dose: F(27,135)= 

8.184, p<0.0001). Only the EF50 value determined for the high amphetamine dose was 

significantly less than the EF50 value for saline, indicating a left shift in the frequency-rate 

function. A dose of 0.32 mg/kg/day amphetamine was selected for repeated treatment 

because it significantly increased ICSS by analysis of both frequency-rate curves and EF50 

values. On Day 8, after repeated treatment, amphetamine again produced dose-dependent 

ICSS facilitation (dose: F(3,15)= 48.75, p<0.0001; frequency × dose: F(27,135)= 6.183, 

p<0.0001), and again only the EF50 value for the high amphetamine dose was significantly 

less than the EF50 value for saline. There was no difference in EF50 values determined 

before vs. after repeated amphetamine for any amphetamine dose.

3.6. Effects of morphine after repeated treatment with other drugs

Figure 5 shows the effects of morphine (0.32–3.2 mg/kg) determined on Day 9, after 

repeated treatment with saline or each of the other drugs in each group. Following repeated 

saline treatment, morphine dose-dependently decreased ICSS (dose: F(3,15)=11.17, 

p=0.0004; frequency × dose: F(27,135)=3.444, p<0.0001). Following repeated NAQ, the low 

(0.32 mg/kg) and intermediate (1.0 mg/kg) morphine doses facilitated ICSS at a single 

frequency (1.9 log Hz), and weak but significant depression was evident at higher 

frequencies (2.05, 2.2 log Hz) for the high (3.2 mg/kg) morphine dose (dose: F(3,15)=1.887, 

ns; frequency × dose: F(27,135)=1.761, p=0.019).

Following repeated nalbuphine, the low (0.32 mg/kg) and intermediate (1.0 mg/kg) 

morphine doses facilitated ICSS at a single frequency (2.0 log Hz), whereas the high (3.2 

mg/kg) morphine dose facilitated ICSS across a range of frequencies (1.9, 2.0–2.1 log Hz) 
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and depressed ICSS at the highest frequency (2.2 log Hz) (dose: F(3,15)=4.091, p=0.0262; 

frequency × dose: F(27,135)=1.275, ns). Following repeated buprenorphine, morphine 

facilitated ICSS at a single frequency (1.9 log Hz) at the intermediate (1.0 mg/kg) dose and 

across a range of frequencies (1.85–1.95 log Hz) at the high (3.2 mg/kg) dose (dose: 

F(3,15)=9.265, p=0.001; frequency × dose: F(27,135)=2.067, p=0.0036).

Following repeated fentanyl, the low (0.032 mg/kg) morphine dose facilitated ICSS at a 

single frequency (2.0 log Hz), and the higher morphine doses facilitated ICSS across a 

broader range of frequencies (1.0 mg/kg, 1.9–2.05 log Hz; 3.2 mg/kg, 1.9–2.0 log Hz); 3.2 

mg/kg morphine also depressed ICSS at the highest frequency (2.2 log Hz) (dose: 

F(3,15)=1.834, ns; frequency × dose: F(27,135)=3.623, p<0.0001). Similarly, following 

repeated methadone, the low (0.032 mg/kg) morphine dose facilitated ICSS at a single 

frequency (1.95 log Hz), and the higher morphine doses facilitated ICSS across a broader 

range of frequencies (1.0 mg/kg, 1.9–2.05 log Hz; 3.2 mg/kg, 1.9–1.95 log Hz); 3.2 mg/kg 

morphine also depressed ICSS at the highest frequency (2.2 log Hz) (dose: F(3,15)=7.316, 

p=0.003; frequency × dose: F(27,135)=5.316, p<0.0001).

Following repeated CP55940, no morphine dose produced facilitation at any brain-

stimulation frequency, and the high (3.2 mg/kg) dose of morphine significantly depressed 

ICSS across a range of frequencies (2.05–2.2 log Hz) (dose: F(3,15)=3.962, p=0.0290; 

frequency × dose: F(27,135)=2.482, p=0.0003). Following repeated amphetamine, morphine 

facilitated ICSS at both the low and intermediate (0.32 mg/kg, 2.0–2.05 log Hz; 1.0 mg/kg, 

1.95–2.05 log Hz) doses, however, the high (3.2 mg/kg) morphine dose significantly only 

depressed ICSS across a range of frequencies (2.05–2.2 log Hz) (dose: F(3,15)= 33.91, 

p<0.0001; frequency × dose: F(27,135)= 5.172, p<0.0001).

4. Discussion

The abuse potential of opioids can change rapidly during periods of initial exposure, and 

determinants of this phenomenon can be studied using ICSS procedures. The goal of the 

present study was to evaluate the role of MOR agonist efficacy as a determinant of 

increasing reward during a regimen of repeated opioid exposure in rats that were initially 

opioid naïve. There were three main findings. First, in opioid-naïve subjects tested before 

repeated dosing, MOR agonists rarely produced ICSS facilitation suggestive of abuse 

potential, and instead produced primarily efficacy-dependent decreases in ICSS. Second, 

repeated opioid dosing produced tolerance to opioid-induced rate-decreasing effects and an 

efficacy-dependent increase in abuse-related ICSS facilitation. Notably, repeated treatment 

with even the low-efficacy MOR agonists nalbuphine and buprenorphine was sufficient to 

reveal ICSS facilitation both by the repeatedly administered opioid and by morphine. Third, 

repeated treatment with the non-opioids CP55940 and amphetamine produced constellations 

of effects distinct from those of opioids. Taken together, these results provide evidence to 

suggest that enhanced expression of opioid reward after initial opioid exposure has a low 

requirement for MOR agonist efficacy and is pharmacologically selective.
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4.1. Effects of opioids in drug-naïve rats

Results of the present study agree with previous findings that MOR agonists produce little or 

no ICSS facilitation in opioid-naïve male Sprague-Dawley rats, and instead produce 

primarily an efficacy-dependent ICSS depression (Altarifi et al., 2017; Altarifi et al., 2012; 

Altarifi et al., 2013; Altarifi et al., 2015; Miller et al., 2015; Negus and Moerke, 2019; Reid, 

1987; Wiebelhaus et al., 2016). Thus, morphine administration in rats treated with repeated 

saline produced only a dose-dependent depression of ICSS. Similarly, initial treatment with 

the other intermediate-to-high efficacy MOR agonists buprenorphine, fentanyl, and 

methadone also produced primarily only dose-dependent ICSS depression. The only 

exception was that 0.01 mg/kg fentanyl facilitated ICSS at a single brain-stimulation 

frequency and significantly decreased the EF50 value, but even here, the degree of ICSS 

facilitation was small. The production of ICSS depression with little or no ICSS facilitation 

by these compounds in opioid-naïve subjects is consistent with the largely dysphoric 

subjective effects of MOR agonists in opioid-inexperienced humans (Zacny et al., 1997) and 

contrasts with the robust ICSS facilitation in drug-naïve subjects produced by psychomotor 

stimulant drugs of abuse like amphetamine or cocaine (Bauer et al., 2013; Bonano et al., 

2014; Johnson et al., 2018) (also present study with amphetamine).

The lower efficacy MOR agonists NAQ and nalbuphine produced little or no ICSS 

facilitation or depression in opioid-naïve subjects. This agrees with previous reports that 

NAQ and nalbuphine produce little change in ICSS in opioid-naive rats (Altarifi et al., 2012; 

Altarifi et al., 2015). Moreover, NAQ and nalbuphine can antagonize the ICSS rate-

decreasing effects of higher efficacy MOR agonists (Altarifi et al., 2012; Altarifi et al., 

2015), indicating that both drugs were tested at doses sufficient to occupy MORs. The weak 

ICSS-depressing effects of NAQ and nalbuphine suggest that an intermediate degree of 

MOR efficacy is required to produce ICSS depression, just as intermediate degrees of MOR 

efficacy are required to produce some other effects, such as thermal antinociception against 

high thermal stimulus intensities (Li et al., 2009; Morgan and Picker, 1996; Negus and 

Mello, 1999; Walker et al., 1998).

4.2. Effects of repeated opioid treatment

We and others have shown previously that repeated daily treatment with morphine produces 

tolerance to its ICSS rate-decreasing effects and increased expression of abuse-related ICSS 

facilitation (Legakis and Negus, 2018; Miller et al., 2015; Reid, 1987). Similar results have 

been reported for the other intermediate-efficacy MOR agonists oxycodone (Wiebelhaus et 

al., 2016) and oliceridine (Altarifi et al., 2017). The present study extended these previous 

results by evaluating effects of repeated treatment with agonists varying from low to high 

efficacy at the MOR. Although initial treatment with nalbuphine, buprenorphine, fentanyl, 

and methadone produced little or no ICSS facilitation, all of these MOR agonists produced 

ICSS facilitation after repeated treatment, and repeated treatment with all of these MOR 

agonists also enabled ICSS facilitation by morphine. Two other nuances of these data 

warrant mention. First, for buprenorphine, fentanyl, and methadone, doses that produced 

ICSS depression in opioid-naïve rats produced ICSS facilitation after repeated treatment. 

This finding indicates that, as with morphine, repeated treatment produced both tolerance to 

ICSS depression as well as emergence of ICSS facilitation. Second, nalbuphine produced 
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neither ICSS facilitation nor depression in opioid-naïve rats, but repeated treatment 

nonetheless enabled ICSS facilitation by nalbuphine itself and by morphine. This suggests 

that opioid-induced ICSS facilitation after repeated opioid treatment (a) has a lower efficacy 

requirement than ICSS depression in naïve subjects, (b) does not require initial ICSS 

depression, and (c) may involve an agonist-induced sensitization to opioid reward in addition 

to an unmasking of reward initially obscured by rate-decreasing effects (Negus and Moerke, 

2019).

In comparison to effects of repeated treatment with the other MOR agonists, repeated 

treatment with the low-efficacy MOR agonist NAQ was less effective to reveal ICSS 

facilitation either by NAQ itself or by morphine. Intriguingly, though, we found previously 

that NAQ did produce dose-dependent ICSS facilitation in rats treated with repeated 

morphine (Altarifi et al., 2015). These results suggest that NAQ lacks sufficient efficacy 

itself to trigger adaptions leading to opioid-induced ICSS facilitation; however, NAQ does 

have sufficient efficacy to produce ICSS facilitation in subjects already exposed to higher 

efficacy MOR agonists. Figure 6 summarizes results of the present study, which suggest the 

following three conclusions. First, MOR agonists produce little or no ICSS facilitation in 

opioid-naïve subjects, but do produce efficacy-dependent ICSS depression. Second, repeated 

opioid treatment can produce tolerance to ICSS depression and promote ICSS facilitation 

both by the repeatedly administered drug and by other MOR agonists. Lastly, different 

opioid effects on ICSS require different levels of MOR efficacy. ICSS depression in opioid-

naïve rats requires intermediate to high efficacy, sensitization to opioid-induced ICSS 

facilitation after repeated opioid treatment requires lower efficacy, and ICSS facilitation in 

sensitized rats requires the lowest efficacy.

4.3. Effects of CP55940 and amphetamine

Like morphine and consistent with the literature, CP55940 in the current study depressed 

ICSS in drug-naïve subjects, and repeated treatment produced tolerance to these rate-

decreasing effects (Grim et al., 2015; Kwilasz and Negus, 2012). Unlike morphine and also 

consistent with previous literature examining the effects of repeated cannabinoid treatments, 

there was no evidence of facilitation with CP55940 despite the development of tolerance to 

rate-decreasing effects following repeated treatment (Grim et al., 2015; Kwilasz and Negus, 

2012; Mavrikaki et al., 2010). Furthermore, when morphine was administered to rats 

following repeated CP55940 treatment, it produced only rate-decreasing effects similar to 

those observed in rats that received repeated saline treatment. Thus, tolerance to the rate-

decreasing effects of CPP55940 was not sufficient to produce cross tolerance to the rate-

decreasing effects of morphine or to enhance expression of ICSS facilitation by morphine. 

As a result, these findings do not provide evidence to suggest that prior exposure to a 

cannabinoid receptor agonist is sufficient to increase abuse-related effects of an opioid. 

Although prior self-exposure to cannabis has been correlated to increased risk of opioid 

abuse in some clinical studies (Butelman et al., 2018), the present results suggest that this 

heightened risk may reflect factors other than a cannabinoid-induced increase in 

mechanisms of opioid reward (e.g. a common liability to opioid and cannabinoid abuse 

(Vanyukov et al., 2012)).
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Amphetamine was the only drug examined in the current study that produced robust 

facilitation of ICSS in drug-naïve rats, and this facilitation remained after repeated 

amphetamine administration. These results are consistent with previous studies 

demonstrating that amphetamine and other dopamine releasers produce robust ICSS 

facilitation following both initial acute administration and after repeated treatments (Bauer 

et al., 2013; Bauer et al., 2014; Johnson et al., 2018). As with CP55940, repeated 

amphetamine treatment failed to produce opioid-like tolerance to the rate-decreasing effects 

of 3.2 mg/kg morphine, and this agrees with previous findings that repeated amphetamine 

failed to produce tolerance to morphine-induced rate-decreasing effects in rats responding 

for food presentation (Brocco and McMillan, 1983). However, unlike CP55940, repeated 

amphetamine did produce an opioid-like increase in ICSS facilitation by lower morphine 

doses of 0.32 and 1.0 mg/kg. This agrees with an earlier study reporting that amphetamine 

pre-exposure increased rewarding effects of morphine in a place-conditioning procedure 

(Lett, 1989). Taken together, these results raise the possibility that prior exposure to 

amphetamine in humans may be sufficient to increase subsequent risk of opioid abuse.

Additionally, these results agree with other evidence for a dissociation between the 

mechanisms of tolerance to opioid-induced rate-decreasing effects vs. sensitization of 

opioid-induced rate-increasing effects in ICSS. For example, the results of previous studies 

have indicated that the rate-increasing and rate-decreasing effects of morphine are mediated 

by different populations of MORs in the brain (Broekkamp et al., 1976) and that, following 

chronic morphine treatment, MOR desensitization occurs selectively in brain regions 

associated with rate-decreasing and not rate-increasing effects of morphine (Sim et al., 

1996). Furthermore, repeated administration of morphine also appears to produce 

sensitization of MORs in brain regions associated with rate-increasing effects via promotion 

of signaling cascades leading to increased expression of ΔFosB (Zachariou et al., 2006). 

Amphetamine may sensitize the MORs that mediate opioid-induced ICSS facilitation 

without altering signaling by MORs that mediate ICSS depression.
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MOR agonists produce little/no abuse-related ICSS facilitation in opioid-naïve rats 

Repeated daily MOR agonist treatment increases MOR agonist-induced ICSS facilitation 

Emergence of ICSS facilitation depends on efficacy of repeatedly administered opioid 

The efficacy requirement for the switch to facilitation is relatively low
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Figure 1. 
Effects of saline (left panels) and NAQ (right panels) on ICSS frequency-rate curves in rats 

before (top panels) and after (bottom panels) seven-day treatment with saline or 10 

mg/kg/day NAQ, respectively. Abscissae: electrical brain stimulation frequency in Hertz 

(Hz, log scale). Ordinates: ICSS reinforcement rate expressed as a percentage of the 

maximum control rate (% MCR). Filled symbols indicate statistical significance (p<0.05) as 

compared to saline. All points show mean ± S.E.M. for n=6 rats.
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Figure 2. 
Effects of nalbuphine (left panels) and buprenorphine (right panels) on ICSS frequency-rate 

curves in rats before (top panels) and after (bottom panels) seven-day treatment with 10 

mg/kg/day nalbuphine or 0.032 mg/kg/day buprenorphine, respectively. Abscissae: electrical 

brain stimulation frequency in Hertz (Hz, log scale). Ordinates: ICSS reinforcement rate 

expressed as a percentage of the maximum control rate (% MCR). Filled symbols indicate 

statistical significance (p<0.05) as compared to saline. All points show mean ± S.E.M. for 

n=6 rats.
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Figure 3. 
Effects of fentanyl (left panels) and methadone (right panels) on ICSS frequency-rate curves 

in rats before (top panels) and after (bottom panels) seven-day treatment with 0.032 

mg/kg/day fentanyl or 1.0 mg/kg/day methadone, respectively. Abscissae: electrical brain 

stimulation frequency in Hertz (Hz, log scale). Ordinates: ICSS reinforcement rate expressed 

as a percentage of the maximum control rate (% MCR). Filled symbols indicate statistical 

significance (p<0.05) as compared to saline. All points show mean ± S.E.M. for n=6 rats.
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Figure 4. 
Effects of CP 55940 (left panels) and amphetamine (right panels) on ICSS frequency-rate 

curves in rats before (top panels) and after (bottom panels) seven-day treatment with 0.32 

mg/kg/day CP 55940 or 0.32 mg/kg/day amphetamine, respectively. Abscissae: electrical 

brain stimulation frequency in Hertz (Hz, log scale). Ordinates: ICSS reinforcement rate 

expressed as a percentage of the maximum control rate (% MCR). Filled symbols indicate 

statistical significance (p<0.05) as compared to saline. All points show mean ± S.E.M. for 

n=6 rats.
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Figure 5. 
Effects of morphine on ICSS frequency-rate curves in rats following the second dose-effect 

determination for a given drug after seven-day treatments as indicated in Table 1. Abscissae: 

electrical brain stimulation frequency in Hertz (Hz, log scale). Ordinates: ICSS 

reinforcement rate expressed as a percentage of the maximum control rate (% MCR). Filled 

symbols indicate statistical significance (p<0.05) as compared to saline. All points show 

mean ± S.E.M. for n=6 rats.
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Figure 6. 
Relationship between MOR agonist efficacy and effects on ICSS. MOR agonists tested in 

this study range in efficacy from methadone at the high end to NAQ at the low end of the 

efficacy continuum. A-Efficacy range to produce ICSS depression in opioid-naïve rats. B-

Efficacy range to trigger adaptations that promote opioid-induced ICSS facilitation after 

repeated treatment. C-Efficacy range to facilitate ICSS in rats already sensitized to opioid-

induced ICSS facilitation.
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Table 2.

EF50 values with 95% confidence intervals before and after seven-day treatment for each group. * Indicates 

confidence limits do not overlap with saline (Sal) within a given treatment period (before or after repeated 

treatment). # Indicates confidence limits do not overlap across treatment periods within a given drug dose.

Before Repeated Treatment After Repeated Treatment

EF50 Lower Limit Upper Limit EF50 Lower Limit Upper Limit

Saline Sal 2.053 2.032 2.074 2.068 2.033 2.113

Sal 2 2.065 2.019 2.106 2.064 2.039 2.092

Sal 3 2.069 1.988 2.112 2.086 2.052 2.130

Sal 4 2.083 1.978 2.147 2.096 2.075 2.116

NAQ Sal 2.028 1.944 2.127 1.967 1.942 1.994

0.1 2.019 1.997 2.045 1.986 1.940 2.023

1 2.046 2.013 2.078 1.968# 1.955 1.980

10 2.055 2.036 2.076 1.954# 1.938 1.972

Nalbuphine Sal 2.028 2.008 2.045 2.024 2.005 2.043

0.1 2.017 2.010 2.023 2.009 1.973 2.052

1 1.995 1.982 2.008 1.941*# 1.895 1.974

10 2.013 1.963 2.049 1.971* 1.954 1.987

Buprenorphine Sal 1.964 1.951 1.977 2.015 1.977 2.044

0.001 1.978 1.958 1.999 2.016 1.990 2.048

0.01 1.989 1.975 2.001 2.029 1.981 2.084

0.1 ND ND ND 1.869*# 1.835 1.897

Fentanyl Sal 1.994 1.982 2.006 2.002 1.985 2.020

0.0032 1.994 1.978 2.010 1.990 1.958 2.032

0.01 1.956* 1.938 1.975 1.920*# 1.913 1.926

0.032 2.056* 2.023 2.109 1.885*# 1.854 1.918

Methadone Sal 1.991 1.967 2.013 1.992 1.980 2.004

0.32 1.984 1.949 2.027 1.941* 1.913 1.966

1 1.996 1.969 2.026 1.911*# 1.906 1.916

3.2 ND ND ND ND ND ND

CP55940 Sal 1.998 1.961 2.033 2.059 2.049 2.07

0.032 2.034 1.905 2.107 2.051 −inf +inf

0.1 2.118* 2.074 2.182 2.048 2.019 2.077

0.32 ND ND ND 2.069# 2.026 2.105

Amphetamine Sal 2.003 1.991 2.014 2.026 1.976 2.077

0.032 2.009 1.988 2.026 2.01 −inf +inf

0.1 1.946 1.815 2.023 1.957 1.935 1.986

0.32 1.839* 1.791 1.917 1.876* 1.834 1.948
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