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Abstract

Background—Preclinical studies into drug vs. nondrug choice have emerged to better model and 

investigate the neurobehavioral mechanisms underlying drug preference. Current literature has 

suggested that drugs of abuse have inherently low value, thus promoting food preference. Herein, 

we examined remifentanil vs. food choice to test both the relative value hypothesis and the ‘direct 

effects’ (pharmacological effects of drugs on alternative reinforcers) hypothesis of opioid 

preference.

Methods—Adult male rats were trained under two choice procedures (controlled vs. uncontrolled 

reinforcer frequency) for remifentanil vs. food choice. Furthermore, a series of procedural 

manipulations known to affect drug reinforcement were tested under both choice procedures. 

Using remifentanil self-administration data, pharmacokinetic profiles were calculated and 

analyzed to determine if opioid intake was related to opioid preference.

Results—Both choice procedures produced dose-dependent preference. Moreover, procedural 

manipulations produced comparable changes in remifentanil preference under both choice 

procedures. In addition, calculated pharmacokinetic data revealed that preference was dissociable 

from intake under the controlled reinforcer frequency choice procedure.

Conclusions—When compared to the ‘direct effects’ hypothesis, remifentanil preference was 

better predicted by the relative value hypothesis, formalized in generalized matching. Use of a 

controlled reinforcer frequency schedule successfully removed the drug preference-intake 

confound found in most drug-choice procedures. Importantly, drug preference under the controlled 

reinforcer frequency schedule remained sensitive to procedural manipulations known to affect 

drug reinforcement. Thus, given that differential drug intake itself affects neurobiological 
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measurements, future use of controlled reinforcer frequency schedules may help to better isolate 

the neurobehavioral mechanisms that mediate opioid preference.
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1. Introduction

Substance-use disorder is, at least partially, characterized as an increased amount of time 

allocated towards drug-related behavior, relative to nondrug alternatives (Heyman, 2013). 

Hence, an increase in preclinical drug vs. nondrug choice studies have emerged to better 

model and investigate this human problem (Ahmed et al., 2013; Banks and Negus, 2012). 

Although preclinical research into drug choice has provided results that are in concordance 

with human research (Banks and Negus, 2017; Beckmann et al., 2019; Bickel et al., 2010; 

Cantin et al., 2010; Higgins et al., 2004; Lenoir et al., 2007; Petry et al., 2005; Thomsen et 

al., 2013), the determinants of drug choice, including opioids, are largely unknown.

According to a relative-value hypothesis, like that formalized within the generalized 

matching framework (Davison and McCarthy, 1988), preference is determined by the 

relative differences in reinforcer dimensions (e.g., magnitude, probability, delay, etc.) across 

all concurrently-available alternatives. For example, consistent with matching predictions, 

preclinical research into drug vs. nondrug choice has demonstrated that relative reinforcer 

magnitude, price, delay, and frequency are reinforcer dimensions that determine preference 

(Anderson et al., 2002; Beckmann et al., 2019; Negus, 2003; Panlilio et al., 2017; Secci et 

al., 2016; Thomsen et al., 2013), and these results also parallel reported choice studies using 

only nondrug reinforcers (e.g., Alsop and Elliffe, 1988; Heyman and Monaghan, 1994; 

Landon et al., 2003) or only drug reinforcers (e.g., Anderson and Woolverton, 2000; 

Koffarnus and Woods, 2008; Woolverton, 1996).

Contrary to matching predictions, the ‘direct effects’ hypothesis states that drug preference 

is determined by the pharmacological presence of a drug of abuse, such that intake of said 

drug directly modulates the nondrug alternative (Vandaele et al., 2016). Specifically, the 

‘direct effects’ hypothesis suggests that psychostimulants (e.g., cocaine) that have noted 

anorectic effects (Woolverton et al., 1978) ‘directly’ modulate food reinforcement, 

consequently increasing psychostimulant preference. Likewise, the ‘direct effects’ 

hypothesis suggests that opioids (e.g., heroin) that have noted orexigenic effects (Rideout 

and Parker, 1996) directly modulate food reinforcement, consequently increasing preference 

for food.

To tease apart the two hypotheses above, the current study investigated remifentanil, a fast-

acting synthetic opioid (Haidar et al., 1997; Panlilio and Schindler, 2000), vs. food choice. 

Because remifentanil has a very rapid half-life (~0.7 min; Haidar et al., 1997), ‘direct 

effects’ are minimized. Moreover, the ‘direct effects’ hypothesis suggests that, absent of any 

‘direct’ effects, the value of drugs of abuse is inherently low (Ahmed, 2018; Lenoir et al., 

2013; Vandaele et al., 2016); thus, remifentanil preference should be minimal, even 

nonexistent. Further, as the dose of remifentanil increases, the likelihood of ‘direct’ effects 
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increases; consequently, the ‘direct effects’ hypothesis predicts that animals should be more 

likely to choose food when under the influence of remifentanil (per orexigenic ‘direct’ 

effects associated with opioids). Therefore, dose-dependent opioid preference should not be 

observed. On the contrary, if opioid preference is determined by relative subjective 

remifentanil-food value, as formalized in generalized matching, then changes to remifentanil 

dose (i.e., magnitude) should influence remifentanil preference independent of overall 

remifentanil intake.

To address the above, we examined remifentanil vs. food choice under two choice 

procedures: uncontrolled and controlled reinforcer frequency. Most drug-choice studies rely 

on procedures where drug preference is determined by the number of drug reinforcers 

earned (i.e., intake), which consequently results in the confounding of drug preference and 

drug intake (i.e., uncontrolled reinforcer frequency). To dissociate drug preference from 

intake, we employed the use of a controlled reinforcer frequency procedure to control for 

differences in the frequency of reinforcement across available reinforcers, which 

subsequently controls for relative differences in reinforcer intake. Furthermore, under an 

uncontrolled reinforcer frequency schedule, subjects determine the relative ratio of 

drug:food reinforcers earned. Importantly, the difference in reinforcer frequency/rate across 

given alternatives is an important determinant of choice (Anderson et al., 2002; Beckmann et 

al., 2019; McCarthy and Davison, 1984), and under the controlled reinforcer frequency 

schedule ,differences in drug:food reinforcer ratio are experimentally controlled. Finally, 

several procedural manipulations were conducted to determine if remifentanil vs. food 

choice was sensitive to factors known to influence drug reinforcement. If remifentanil vs. 

food choice is solely driven by ‘direct’ effects, then these manipulations should not 

influence remifentanil preference, as remifentanil intake is constant within the controlled 

reinforcer frequency schedule. However, if remifentanil preference follows the predictions of 

relative subjective value, then choice should be affected systematically by the procedural 

manipulations.

2. Methods

2.1 Subjects

Twenty-four adult male (data was collected prior to current NIH standards) Sprague Dawley 

rats (PND 60; ~250-275 g) from Harlan Inc. (Indianapolis, IN) were individually housed 

(12:12 hr light:dark cycle) upon arrival with ad libitum access to water. Food was 

unrestricted for the majority of the experiment; however, during periods of food restriction, 

rats were maintained at ~85% of their free-feeding body weights. Rats were given a week to 

acclimate upon arrival and handled daily prior to experimentation. All experiments were 

conducted according to the 2010 NIH Guide for the Care and Use of Laboratory Animals 
(8th edition) and were approved by the Institutional Animal Care and Use Committee at the 

University of Kentucky.

2.2 Apparatus

Experiments were conducted in operant chambers (ENV-008, MED Associates, St. Albans, 

VT) enclosed within sound-attenuating boxes (ENV-018M). Each chamber was connected to 
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a personal computer (SG-502), and all chambers were operated using MED-PC IV. Within 

each chamber, a recessed food receptacle (ENV-200R2MA) outfitted with a head-entry 

detector (ENV-254-CB) was located on the front intelligence panel of the chamber, two 

retractable response levers were mounted on either side of the food receptacle 

(ENV-122CM), and a white cue-light (ENV-221M) was mounted above each response lever. 

The back-intelligence panel was outfitted with two nosepoke response ports (ENV-114BM) 

directly opposite to front response levers, a house-light (ENV-227M) was located at the top 

of the back panel between the two nosepoke response receptacles with Sonalert© tones 

(ENV-223 AM and ENV223-HAM) located on either side of the house-light. Food pellets 

(45-mg Bio-Serv Precision Pellets; Flemington, NJ) were delivered via a dispenser 

(ENV-203M-45). Drug infusions were delivered via a syringe pump (PHM-100), located 

outside of the sound-attenuating boxes, through tubing strung through a leash (PHM-120) 

that attached to a swivel (PHM-115) above the chamber.

2.3 Drugs

Remifentanil hydrochloride, purchased from Sigma-Aldrich (St. Louis, MO), was mixed in 

sterile saline (0.9% NaCl).

2.4 Establishing Procedures

All rats were trained on a series of establishing procedures to prepare for remifentanil vs. 

food choice. See supplementary materials for detailed description regarding food-training, 

catheterization, drug self-administration, and food and remifentanil lever training.

2.5 Experiment Proper

Following establishing procedures, rats were randomly assigned to either the controlled 

reinforcer frequency or uncontrolled reinforcer frequency schedule for remifentanil versus 

food choice; choice procedures were identical to those used in Beckmann et al (2019). 

Briefly, each session was divided into 5 distinct blocks separated by a dark 2-min inter-

block-interval. In each block, a distinct cycling-tone pattern (49 kHz and 20 kHz at 1.8/0, 

1.5/0.3, 0.9/0.9, 0.3/1.5, and 0/1.8 seconds, respectively) was used as a discriminative 

stimulus. In all 5 blocks, the nondrug alternative was kept constant, such that upon delivery 

of a single 45-mg food pellet, lever(s) retracted and the cue-light above the corresponding 

food-lever would turn on for 5.9s. The dose of remifentanil increased as a function of block 

(0, 0.32, 1.0, 3.2, and 10 μg/kg/infusion), such that upon remifentanil infusion, lever(s) 

would retract and the cue-light above the corresponding remifentanil-lever would turn on for 

a varying duration (0, 0.189, 0.59, 1.89, and 5.9s) which matched the pump duration needed 

to achieve the dose for the given block (see Supplementary Table 1). Within each block, 

each trial began with the illumination of the house-light where an orienting response into the 

magazine would turn off the house-light and extend the response lever(s). All response 

requirements were scheduled on a fixed ratio (FR) and required consecutive responding; a 

changeover (i.e., switch) in responding would reset the FR count. Upon completion of the 

FR requirement, lever(s) would retract and reward delivery, signaled by a corresponding cue-

light, would occur. Rats were initially trained on a FR1 and were incrementally progressed 

up to an FR5. All trials were separated by a 10-s intertrial-interval (ITI) blackout (i.e., not 

stimuli present). Sessions ended upon completion of all 5 blocks.
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2.5.1 Controlled Reinforcer Frequency—The controlled reinforcer frequency choice 

procedure consisted of a total of 3-drug and 3-food trials per block, totaling 6 trials. Both 

levers were extended during each trial. During each trial only one of the two reinforcers 

(remifentanil or food) was randomly scheduled for reinforcement. Regardless of which lever 

the rat responded on, the reinforcer that was scheduled had to be earned to advance onto the 

next trial. Responses on the lever that was scheduled for reinforcement were recorded as 

forced responses since responding on the scheduled lever was required, while responses on 

the lever that was not scheduled for reinforcement were also recorded. Forced responses 

were then subtracted from total responses made for a given trial to determine preference 

(total responses – forced responses = choice responses). Importantly, the randomization of 

reinforcer (i.e., remifentanil vs. food) on each trial ensured that the availability for a given 

reinforcer was unpredictable, thus rats initiate responding on the preferred option 

(Beckmann et al., 2019). After all 6 trials were completed, the block ended and entered the 

inter-block-interval blackout. An example session structure is available in the supplementary 

files (Figure S1).

2.5.2 Uncontrolled Reinforcer Frequency—The uncontrolled reinforcer frequency 

choice procedure consisted of a sample-phase and choice-phase in each block. Sample-

phases consisted of two trials, where a single lever corresponding with food or remifentanil 

was randomly presented; the subsequent trial was the opposite lever. Rats were required to 

complete each sample-trial to advance. After completion of the sample-trials, the choice-

phase started where both levers were extended on trial start. With both levers extended, rats 

had the opportunity to distribute 6 total choices across the two options within 30 minutes. 

After 6 total reinforcers within a block were earned or 30 minutes had elapsed, the block 

would end and enter the inter-block-interval blackout. Example session structure available in 

supplementary files (Figure S2).

2.5.3 Manipulations—Following stability (no linear trends in choice performance 

parameters for four consecutive days under baseline conditions for either choice procedure, 

controlled or uncontrolled reinforcer frequency), rats were assigned, via partial Latin square 

design, to different procedural manipulations (see below). Each condition was in effect for a 

minimum of ten days. Following stability on a given manipulation, rats were returned to 

baseline for seven days prior to advancement of the next condition. After completing 

procedural manipulations under the initially-assigned choice procedure, rats were switched 

to the other choice procedure, where they completed baseline training and then underwent 

the procedural manipulations. The selected procedural manipulations have previously been 

shown to shift drug preference systematically (e.g., Beckmann et al., 2019; Thomsen et al., 

2013), and were utilized to shift preferences under choice procedures where corresponding 

intake was controlled and uncontrolled to determine if opioid preference and intake are 

dissociable.

2.5.3.1 Food restriction: To determine the effects of food motivation on remifentanil 

choice, rats were food restricted and maintained at ~85% of their free-feeding body weights 

during the testing period.
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2.5.3.2 Infusion cue removal: To determine the effects of remifentanil-associated 

conditioned reinforcement on choice, the cue-light signaling remifentanil infusion was 

removed; thus, remifentanil delivery went unsignaled across all blocks.

2.5.3.3 Orienting-response removal: To determine the effects of subject-determined trial 

initiation on choice, the orienting response was removed. All trials were no longer initiated 

by a head-entry into the magazine; thus, the house-light was not used, and all trials began 

immediately with the extension of the response lever(s).

The resulting n-sizes for each conditions is as follows: n=17 for both controlled and 

uncontrolled reinforcer frequency under baseline; n=9 for controlled and n=8 for 

uncontrolled under food restriction; n=13 for controlled and n=12 for uncontrolled under 

removal of remifentanil cue; n=10 for controlled and n=9 for uncontrolled under removal of 

orienting response (i.e., head-entry). See Supplementary Table 2 for an example timeline. 

All attrition was due solely to catheter failure.

2.6 Analysis

Percent remifentanil choice was calculated as the number of remifentanil choice responses 

made divided by total choice responses made for the controlled reinforcer frequency, while 

percent remifentanil choice was calculated as the number of remifentanil reinforcers earned 

divided by the total number of reinforcers earned for the uncontrolled reinforcer frequency 

for each block. Given that the scale used to calculate preference under an uncontrolled 

reinforcer frequency choice procedure is binary (i.e., drug vs. nondrug) and the scale used to 

calculate preference under the controlled reinforcer frequency choice procedure is 

continuous, we examined if preference (calculated as the very-first response emitted on each 

trial, i.e., the number of first responses for remifentanil on each trial over the total number of 

trials to create a binary scale akin to the uncontrolled reinforcer frequency schedule) was 

different depending on the scale used. We found that both preference measures (choice 

responses vs. first response) were nearly identical (r = 0.99), consistent with previous 

research using the controlled reinforcer frequency schedule in cocaine choice (Beckmann et 

al., 2019).

Since remifentanil and food are qualitatively different reinforcers, the following form of the 

generalized matching equation (Beckmann et al., 2019; Hutsell et al., 2015) was applied:

Br
Br + Bf

= 100

1 + a
Mr

sM (1)

where Br represents behavior for remifentanil, Bf represents behavior for food, and Mr 

represents the magnitude of remifentanil. The free parameter sM represents the sensitivity to 

relative magnitude differences for remifentanil:food reinforcement, while a represents the 

remifentanil-food exchange rate, which can be conceptualized as a scaling constant such that 

a single 45-mg food pellet is scaled in unit dose of remifentanil. For example, low exchange 

values would suggest less effective substitutability of remifentanil by food, while large 

exchange values would suggest more effective substitutability. Best-fit model parameters (a 
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and sM) were determined via nonlinear mixed-effects modeling (NLME; Pinheiro et al., 

2006), with schedule (nominal), condition (nominal), and dose (continuous) as within-

subject factors, and subject as a random factor. See Figure 1 for theoretical graphs based on 

parameter changes in remifentanil-food exchange rate (a) and sensitivity to relative 

magnitude differences (sM).

Using data from the same sessions used to calculate preference, whole-body remifentanil 

levels at choice were estimated based on an elimination half-life of 0.7 min (Haidar et al., 

1997; Panlilio et al., 2003) according to the following equation:

Bn = (Bn − 1 + D)e−KT (2)

where Bn represents the amount of remifentanil in the body at the current time, Bn-1 

represents the amount of drug in the body at the time of previous calculation, D represents 

the dose of remifentanil for the given block, K represents the elimination constant (1.0043; 

Panlilio et al., 2003), and T represents minutes since last infusion. Importantly, 

pharmacokinetic data was estimated from recorded self-administration data used to calculate 

choice. Averaged whole-body remifentanil concentration at choice was analyzed using linear 

mixed-effects modeling (LME; Gelman and Hill, 2006) with schedule (nominal), condition 

(nominal) and dose (continuous) as within-subject factors, and subject as a random factor. 

Correlations between remifentanil-food exchange (a) and averaged estimated whole-body 

remifentanil concentrations at choice during the last block (i.e., 10 μg/kg/infusion) was 

calculated using Pearson’s r.

Since remifentanil is short-acting, an additional estimation of whole-body levels at choice on 

a trial-by-trial basis was examined. Trial-by-trial whole-body remifentanil concentrations 

was analyzed via LME with schedule (nominal), condition (nominal) and trial (continuous) 

as within-subject factors, and subject as a random factor. Correlations between remifentanil-

food exchange (a) and an aggregated-estimate (i.e., averaged levels per block summed) of 

whole-body remifentanil concentrations at choice was calculated using Pearson’s r. For all 

tests, α was set to 0.05.

3. Results

Figure 2A illustrates percent remifentanil choice under controlled and uncontrolled 

reinforcer frequency procedures at baseline. NLME analysis of baseline preference revealed 

differences in remifentanil-food exchange (a) [F(1,166) = 6.28, p < 0.05], while there were 

no significant differences in sensitivity to reinforcer magnitude. Thus, while both choice 

procedures produced similar dose-dependent preference, food functioned as a more effective 

substitute under the uncontrolled reinforcer frequency schedule (i.e., greater a value; 

rightward shift).

Figure 2B and 2C illustrates percent remifentanil choice across different procedural 

manipulations under the controlled and uncontrolled choice procedures, along with 

parameter estimates for (2D) remifentanil-food exchange (a) and (2E) sensitivity to 

magnitude via generalized matching fits. NLME analysis revealed a significant main effect 

of schedule [F(1,441) = 16.17, p < 0.05], a significant main effect of condition [F(3,441) = 

Chow and Beckmann Page 7

Drug Alcohol Depend. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28.17, p < 0.05], and a significant schedule by condition interaction [F(3,441) = 6.18, p < 

0.05] on remifentanil-food exchange (a), indicating that remifentanil-food substitution was 

affected by the different procedural manipulations, and these differences were schedule 

dependent. Post hoc comparisons indicated that food restriction and removal of remifentanil 

cue increased remifentanil-food exchange (a) under both choice procedures indicating that 

food functioned as a more effective substitute under each manipulation. Additionally, post 

hoc comparisons indicated that removal of the head entry response decreased remifentanil-

food exchange (a) under both procedures indicating food functioned as a less effective 

substitute. NLME analysis revealed no significant effects on sensitivity to magnitude (sM) 

under either choice procedure.

Figure 3 represents averaged whole-body remifentanil levels at choice under both (3A & 3C) 

procedures during different manipulations. LME analysis revealed a significant main effect 

of schedule [F(1,18.68) = 15.50, p < 0.05], condition [F(3,33.76) = 11.53, p < 0.05], and 

dose [F(1,17.55) = 160.85, p < 0.05]. LME analysis also revealed a significant condition x 

dose interaction [F(3,35.28) = 5.58, p < 0.05]. Altogether, these results indicate that 

averaged whole-body levels increased with dose, but the rate of increase was differentially 

affected by the procedural manipulations. Furthermore, (3B & 3D) correlations between 

remifentanil-food exchange (a) and whole-body remifentanil levels during the last block 

were calculated, and the results revealed that whole-body remifentanil levels were 

independent of preference for both controlled (Pearson’s r = 0.096, NS) and uncontrolled 

(Pearson’s r = 0.21, NS) schedules.

Figure 4 represents trial-by-trial whole-body remifentanil levels under both (4A & 4C) 

choice procedures during different manipulations. LME analysis revealed a significant main 

effect of schedule [F(1,18.33) = 109.47, p < 0.05], condition [F(3,35.08) = 13.18, p < 0.05], 

and trial [F(1,17.99) = 220.00, p < 0.05]. LME analysis also revealed a significant condition 

x trial interaction [F(3,38.74) = 12.38, p < 0.05], and a significant schedule x trial interaction 

[F(1,38.74) = 12.38, p < 0.05]. Altogether, these results indicate that whole-body levels 

increased as a function of trial, where the increase was affected by the procedural 

manipulation and schedule used. Furthermore, (4B & 4D) correlations between remifentanil-

food exchange (a) and the aggregated whole-body levels (since remifentanil levels were 

eliminated during the inter-block-intervals) revealed that that whole-body remifentanil levels 

were independent of preference under the controlled reinforcer frequency schedule 

(Pearson’s r = 0.082, NS); however, under the uncontrolled reinforcer frequency schedule 

(Pearson’s r = 0.40, p < 0.05) a significant correlation was observed.

4. Discussion

The experiments herein utilized controlled and uncontrolled reinforcer frequency choice 

procedures to examine remifentanil vs. food choice. First, dose-dependent remifentanil 

preference was observed under both choice procedures. Second, when whole-body 

remifentanil level at choice was estimated, it was revealed that preference was independent 

of drug intake. Finally, when remifentanil vs. food choice was examined under different 

procedural manipulations, both choice procedures produced similar shifts in remifentanil 

preference. Altogether, these results indicate that remifentanil preference was determined by 
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differences in relative subjective reinforcer (remifentanil and food) value, as formalized by 

the generalized matching framework.

4.1 The role of ‘direct’ effects on remifentanil vs. food choice

According to the ‘direct effects’ hypothesis (Vandaele et al., 2016), drug intake should 

directly modulate choice of a nondrug alternative. Within the context of the present 

experiment, when remifentanil is pharmacologically-present, food preference should 

increase due to the ‘direct’ orexigenic effects of opioids (Rideout and Parker, 1996). 

However, there are several results that fail to support the ‘direct effects hypothesis’. First, 

dose-dependent increases in remifentanil choice was observed in both choice procedures, 

including all procedural conditions tested within each procedure. Importantly, rats under the 

controlled reinforcer frequency procedure experienced the same relative remifentanil-food 

reinforcement across all procedural manipulations that resulted in comparable patterns of 

whole-body remifentanil levels, yet choice for remifentanil varied systematically, indicating 

a dissociation between whole-body levels of remifentanil and remifentanil preference. 

Second, correlations between remifentanil-food exchange (a) and whole-body levels during 

the last block (reflective of block-by-block intake), or an aggregated whole-body level for 

the session (more reflective of trial-by-trial intake), revealed that remifentanil preference 

was independent from remifentanil intake under a controlled reinforcer frequency schedule. 

Finally, the ‘direct effects’ hypothesis postulates that drugs of abuse inherently have low 

value, in general, and should not be preferred over nondrug reinforcers absent of direct 

effects (Vandaele et al., 2016). Importantly, when whole-body trial-by-trial remifentanil 

levels were examined, estimated levels at the start of each choice block (i.e., after the 2-min 

inter-block-interval) were nearly 3 half-lives out from the previous infusion. Thus, despite 

the absence of ‘direct’ effects, rats still chose remifentanil over food at the highest dose.

While the ‘direct effects’ hypothesis may help explain the results for opioid vs. nondrug 

choice within specific contexts (e.g., Lenoir et al., 2013; Vandaele et al., 2016), it has trouble 

accounting for the results of many other opioid studies in the literature, including the present 

results. If ‘direct’ orexigenic effects determined preference between opioids and food, then 

at higher doses where the likelihood of an opioid being pharmacologically active at the time 

of choice should consequently increase food preference, eliminating dose-dependent 

preference. However, previous studies have examined heroin or fentanyl vs. food choice and 

have demonstrated dose-dependent opioid preference repeatedly, with no preference 

reversals toward food at high opioid doses (Negus, 2006, 2005; Townsend et al., 2019b, 

2019a). The results reported herein also demonstrate opioid preference at the highest 

remifentanil dose, without any indication of preference reversal towards food at higher 

doses. Importantly, dose-dependent effects are also observed consistently in human clinical 

opioid vs. nondrug choice studies (Comer et al., 2013, 1997; Jones and Comer, 2013). Thus, 

most existing results do not support the ‘direct effects’ hypothesis. Rather, most existing 

results collectively are consistent with predictions from the generalized matching framework 

that suggest opioid preference is determined by relative subjective value, such that 

differences in reinforcer dimensions, like magnitude and reinforcer substitutability, 

determine choice between alternatives.
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4.2 Controlled and uncontrolled reinforcer frequency choice procedures

While most drug choice studies to date employ uncontrolled reinforcer frequency schedules, 

there are some inherent issues with the design. Under uncontrolled reinforcer frequency 

choice procedures, preference is calculated as the number of drug reinforcers earned divided 

by the total reinforcers earned. While this measure is widely used (e.g., Lenoir et al., 2007; 

Negus, 2003; Thomsen et al., 2013), the measure for preference covaries directly with 

reinforcer intake. That is, the number of drug reinforcers chosen, and the number of drug 

reinforcers consumed are the same measure, making preference and intake synonymous. 

Additionally, rate or frequency of reinforcement is subject determined within uncontrolled 

reinforcer frequency procedures. Importantly, frequency or rate of reinforcement is a 

significant, well-known determinant of drug preference (Anderson et al., 2002; Beckmann et 

al., 2019); thus, in procedures where reinforcer frequency is uncontrolled, the impact of this 

reinforcer dimension on preference cannot be determined appropriately. Furthermore, 

differences in reinforcer intake are known to directly influence neurobiological adaptions 

(Hyman et al., 2006; Kalivas and O’Brien, 2008; Nestler, 2001), including within drug-

choice procedures (Chow et al. under review). Thus, in studies investigating the 

neurobehavioral mechanisms of choice where a given subject experienced greater overall 

drug intake, the neurobiological changes observed may be interpreted to be adaptations 

associated with preference via increased drug choices; however, these changes may instead 

be reflective of increased drug intake. Importantly, by using a controlled reinforcer 

frequency schedule, these reinforcer frequency and intake issues are controlled. As seen 

herein and elsewhere (Beckmann et al., 2019), under a controlled reinforcer frequency 

schedule, the relative drug:food ratio of reinforcers earned is experimentally controlled, such 

that the effects of frequency of reinforcement on preference and associated neurobiology can 

be estimated, without covarying effects due to intake differences.

Prior research using controlled reinforcer frequency schedules to investigate drug vs. food 

choice was completed using cocaine vs. food choice (Beckmann et al., 2019). First, like 

cocaine, remifentanil preference under a controlled reinforcer frequency schedule was dose-

dependent and dissociable from overall drug intake. Second, the results reported herein with 

remifentanil mirror those seen in cocaine vs. food choice, where procedural manipulations 

known to affect drug reinforcement (i.e., food restriction, removal of drug cue, and removal 

of orienting response) produced comparable changes in drug-food preference. Specifically, 

food restriction and removal of the drug cue increased the substitutability of food for 

remifentanil, while removal of the head-entry response decreased food substitutability for 

remifentanil. Also mirroring previous cocaine vs. food studies (Beckmann et al., 2019; 

Hutsell et al., 2015), sensitivity to relative remifentanil-food magnitude (sM) differences was 

not significantly affected by procedural manipulations. Additionally, response patterns (i.e., 

dose-dependent increases in latency to first choice and overall drug/food response rates) 

observed herein (see supplemental files; Figure S3 and S4) were similar to those reported in 

previous drug-choice studies (e.g., Beckmann et al., 2019; Iglauer and Woods, 1974; 

Llewellyn et al., 1976; Negus, 2003; Thomsen et al., 2013). Finally, the results obtained 

under the controlled reinforce frequency choice procedure are in line with results seen in 

uncontrolled reinforcer frequency choice procedures from our lab and others (e.g., Negus, 

2006, 2003; Thomsen et al., 2013; Townsend et al., 2019b, 2019a), providing further 
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evidence that the controlled reinforcer frequency schedule is measuring the same preference 

process as uncontrolled procedures, with the added benefit of removing the reinforcer 

frequency/intake confound.

It should be noted that this study examined remifentanil choice in male rats only. Previous 

investigation into sex differences in opioid vs. food choice using uncontrolled reinforcer 

frequency schedules have revealed mixed results (Townsend et al., 2019b; Venniro et al., 

2019, 2017). Thus, future studies using controlled reinforcer frequency schedules need to 

investigate the possibility of sex differences. Moreover, use of a controlled reinforcer 

frequency choice procedure may also help elucidate if sex differences are a byproduct of 

differential drug intake or a sex-dependent predisposition to differential subjective drug 

value.

5. Conclusions

While controlled reinforcer frequency procedures have yet to be utilized in clinical 

substance-abuse research, these procedures have been utilized successfully in other human 

clinical research and have revealed insight into the reinforcement and decision-making 

processes associated with other behavioral disorders (Alsop et al., 2016; Pizzagalli et al., 

2005), providing an impetus for adaptation of this type of schedule into substance-use 

research. Additionally, the majority of drug-choice results, both clinical and preclinical, 

from our lab and others follow the predictions formalized by generalized matching, such that 

drug preference is determined by differences in relative subjective value defined by the 

current choice context. The consistency between matching predictions and a large collection 

of data from multiple drug classes, clinical and preclinical studies, and various procedures, 

suggests relative subjective value as a possible unifying process mediating drug choice. 

Coupling quantitative models that formalize relative subjective value with neurobiological 

measurements in future drug-choice research may help to better isolate the neurobehavioral 

mechanisms that underlie substance-use disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dose-dependent remifentanil preference was observed under all procedures 

tested

• Remifentanil preference was predicted by a relative value model

• Quantitative models of relative value may help to unify drug preference 

results
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Figure 1. 
Simulated remifentanil vs. food choice functions from Equation 1. (A) The effects of 

changing remifentanil-food exchange rate (a) with sensitivity to relative magnitude 

differences held constant (sM = 4). Changes in exchange rate shifts the choice curve while 

maintaining the shape. (B) The effects of changing sensitivity to relative magnitude 

differences (sM) with remifentanil-food exchange rate (a = 2) held constant. Changes in 

sensitivity to relative magnitude differences shifts the shape of the choice curves while 

maintaining the exchange rate (i.e., 50% mark).
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Figure 2. 
Effects of procedural manipulations on remifentanil preference. (A) Mean (± SEM) percent 

choice for remifentanil under the controlled and uncontrolled reinforcer frequency choice 

procedure at baseline; n = 17/procedure. (B) Mean (± SEM) percent choice for remifentanil 

under controlled reinforcer frequency at baseline (BL), food restriction (FoodRes; n = 9), no 

remifentanil cue (NRC; n = 13), and no head-entry (NHE; n = 10) conditions. (C) Mean (± 

SEM) percent choice for remifentanil under uncontrolled reinforcer frequency at baseline 

(BL), food restriction (FoodRes; n = 8), no remifentanil cue (NRC; n = 12), and no head-

entry (NHE; n = 19) conditions. Best-fit parameter estimates from NLME generalized 

matching fits (Eqn 1) for (D) remifentanil-food exchange (a) and (E) sensitivity to relative 
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remifentanil-food magnitude under the different schedules and conditions. Lines are best fits 

of Equation 1.
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Figure 3. 
Estimated remifentanil levels as a function of block. Mean (± SEM) whole-body 

remifentanil levels at choice, averaged during choice for each block, under the (A) 

controlled and (C) uncontrolled reinforcer frequency schedules. Correlations between 

individual remifentanil-food exchange (a) and whole-body levels reached during the last 

block under the (B) controlled and (D) uncontrolled reinforcer frequency procedures for the 

different conditions.
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Figure 4. 
Estimated remifentanil levels on a trial-by-trial basis. Mean (± SEM) whole-body 

remifentanil levels at choice for each trial under the (A) controlled and (C) uncontrolled 

reinforcer frequency schedules. Correlations between individual remifentanil-food exchange 

(a) and aggregated whole-body levels under the (B) controlled and (D) uncontrolled 

reinforcer frequency procedures for the different conditions. * indicates p < 0.05.
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