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Abstract 

Increased abuse of opioids is contributing to an escalation in overdose deaths. 

Benzodiazepines are frequently abused with opioids, possibly because they increase the 

potency and/or effectiveness of opioids to produce reinforcing effects. This study used a 

concurrent-choice procedure to determine whether monkeys would choose to self-administer a 

mixture of the opioid remifentanil and the benzodiazepine midazolam over remifentanil alone. 

Initially, three monkeys could respond on one lever for saline and on a second lever for either 

remifentanil alone or midazolam alone. Thereafter, monkeys chose between a dose of 

remifentanil (0.32 µg/kg/infusion) that did not change and a dose of remifentanil that varied 

across sessions; for some sessions, midazolam was combined with varying doses of 

remifentanil. All monkeys received more infusions of remifentanil (0.0032-0.32 µg/kg/infusion) 

than saline whereas only two monkeys responded more for midazolam than for saline. When 

0.32 µg/kg/infusion remifentanil was available on one lever and a dose of remifentanil that 

varied across sessions (0.1-1 µg/kg/infusion) was available on the other lever, monkeys chose 

the larger dose. Combining 3.2 µg/kg/infusion midazolam with 0.32 µg/kg/infusion remifentanil 

increased responding for the mixture over 0.32 µg/kg/infusion remifentanil alone, although 

monkeys chose remifentanil alone over mixtures containing smaller doses of remifentanil. When 

10 µg/kg/infusion midazolam was combined with 0.1 µg/kg/infusion remifentanil, monkeys chose 

the mixture over 0.32 µg/kg/infusion remifentanil alone. Thus, monkeys prefer some 

opioid/benzodiazepine mixtures to larger doses of the opioid alone, suggesting that 

opioid/benzodiazepine coabuse might be due to increased potency (and possibly effectiveness) 

of opioids to produce reinforcing effects. 
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Introduction 

Opioid abuse is considered an epidemic with more than 10 million Americans reporting 

nonmedical use of prescription opioids; abuse of heroin is also increasing presumably because 

it is less expensive or easier to obtain than other opioids (Compton et al. 2016; Skolnick and 

Volkow 2016). The recent escalation in opioid abuse has contributed to a dramatic increase in 

overdose deaths, which have nearly tripled since 2000 (Rudd et al. 2016). One factor that might 

play a role in both the abuse and overdose epidemics is the concomitant use of 

benzodiazepines. Many opioid abusers, including those in treatment programs, also abuse 

benzodiazepines, and coabuse predicts continued drug use, poorer treatment outcomes, and 

increased likelihood of overdose (Bleich et al. 1999; Darke et al. 2010; Eiroa-Orosa et al. 2010; 

Ghitza et al. 2008; Kerr et al. 2007; Lavie et al. 2009; Peles et al. 2006; San et al. 1993; Stitzer 

et al. 1981; Woody et al. 1975). Despite the well-documented coabuse of opioids and 

benzodiazepines (Gelkopf et al.1999; Gossop et al. 1999; Lavie et al. 2009; San et al. 1993; 

Stitzer et al. 1981; Woody et al. 1975), it is unclear why these mixtures are preferred and few 

laboratory studies have systematically investigated this phenomenon. 

Abuse liability of drugs is often assessed in the preclinical laboratory using single-

response, self-administration procedures, which determine if a drug serves as positive reinforcer 

and therefore can predict whether the drug is likely to be abused by humans. This approach has 

identified positive reinforcing effects of opioids alone and benzodiazepines alone in humans and 

nonhuman primates (e.g., Gerak et al. 2009; Griffiths and Weerts 1997; Haney 2009) and has 

been used to examine self-administration of mixtures of opioids and other abused drugs (e.g., 

cocaine; Woolverton et al. 2008). A few studies have compared self-administration of a 

benzodiazepine alone after noncontingent administration of an opioid or of an opioid alone after 

noncontingent administration of a benzodiazepine. For example, in baboons, responding for the 

benzodiazepine flunitrazepam increased during chronic treatment with methadone, as 

compared with responding for flunitrazepam before treatment began; however, that effect did 
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not change when methadone treatment was discontinued, suggesting that either the change 

was permanent or it was not related to methadone dependence (Ator et al. 2005). Another study 

in humans found that responding for methadone decreased after acute administration of the 

benzodiazepine diazepam (Spiga et al. 2001). Although those findings provide some insight into 

the combined effects of opioids and benzodiazepines, there is no information on self-

administration of mixtures in laboratory studies. 

One possible reason for the absence of data on the reinforcing effects of mixtures of 

opioids and benzodiazepines is that the procedures which are most commonly used (i.e., single-

response, self-administration procedures) are not sensitive to the reinforcing effects of these 

drug mixtures, and a different procedure might be more useful for studying 

opioid/benzodiazepine mixtures. Therefore, in the current study, a two-response self-

administration procedure (i.e. choice) was established to test preference of monkeys for an 

opioid/benzodiazepine mixture over the opioid alone. Choice procedures have several 

advantages over single-response, self-administration procedures. First, they can be more 

sensitive than traditional procedures to reinforcing effects of drug mixtures (Freeman and 

Woolverton 2011; Ward et al. 2005). Second, because choice procedures use the proportion of 

responses on each response alternative or proportion of reinforcers delivered as a measure of 

reinforcement, reinforcing effects can be assessed relatively independently of response rate, 

which makes these procedures especially useful for examining reinforcing effects under 

conditions where response rates are reduced. For the current study, rhesus monkeys were 

trained to respond on levers to receive infusions; the solution available for self-administration 

could be the same or different across the two response alternatives. Once the choice procedure 

was established, the solutions available for self-administration were changed systematically to 

determine whether monkeys prefer a mixture of an opioid and benzodiazepine to an opioid 

alone. The opioid remifentanil and the benzodiazepine midazolam are often used in self-
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administration studies due to their relatively fast onset of action and short duration of action 

(Broadbear et al. 2005; Ko et al. 2002). 
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Methods 

Subjects. One adult female (JA) and two adult male (HU and KI) rhesus monkeys 

participated in this study. These monkeys had histories of responding under fixed-ratio 

schedules and had received a variety of drugs (e.g. Collins et al., 2016; Koek et al., 2015). Body 

weights (6.5 – 10.7 kg) were maintained by providing primate chow (High Protein Monkey Diet; 

Harlan Teklad, Madison, WI), fresh fruit, and peanuts daily. Monkeys were housed individually 

under a 14-/10-hour light/dark cycle with fresh water continuously available in the home cage. 

Monkeys were maintained in accordance with the Institutional Animal Care and Use Committee, 

The University of Texas Health Science Center at San Antonio, and the 2011 Guide for the Care 

and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, 

National Research Council, National Academy of Sciences). 

Surgery. Indwelling venous catheters were surgically implanted according to methods 

described elsewhere (Gerak et al. 2016). Monkeys received 10 mg/kg ketamine (s.c.; Henry 

Schein Animal Health, Dublin, OH) with anesthesia maintained by isoflurane (Butler Animal 

Health Supply, Grand Prairie, TX) and oxygen delivered at a rate of 2 l/min. A silicone double-

lumen catheter (model SIL-C50-HSC1; Instech Solomon, San Antonio, TX) was placed in a vein 

(e.g., femoral or jugular) and tunneled subcutaneously to the midscapular region where each 

lumen was connected to a subcutaneous access port (model MID-C50; Access Technologies, 

Skokie, IL). 

Apparatus. Subjects were seated in commercially available chairs (model R001; Primate 

Products, Miami, FL) and placed in custom-made operant conditioning chambers that were 

ventilated and sound attenuating. Each chamber contained a response panel with two response 

levers; stimulus lights located above each lever could be illuminated either green or red. Before 

sessions, each port was connected to a separate syringe using a 20-g Huber-point needle 

(Access Technologies) and a 183-cm mini-volume catheter extension set (model 2C5687; 

Baxter Healthcare, Deerfield, IL). The size of the syringe varied depending on the size of the 
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monkey (JA and KI: 30 ml syringe; HU: 60 ml syringe). Each syringe was placed in a syringe 

driver (model PHM-100; Med Associates, Inc.) such that completion of the response 

requirement on a lever resulted in the delivery of the appropriate solution. The infusion rate was 

2.3 ml/min (for a 30 ml syringe) or 3.4 ml/min (for a 60 ml syringe). Experimental events were 

controlled and data were recorded by a computer that was connected to an interface and 

operating MedPC IV software (Med Associates, Inc., St. Albans, VT). Extraneous noise was 

masked by white noise in each chamber. 

Procedure. Monkeys responded under a fixed-ratio 30 schedule for i.v. infusions. Daily 

sessions began with two forced trials followed by up to 24 choice trials. The beginning of trials 

was signaled by illuminating the green stimulus light above one (forced trials) or both (choice 

trials) levers; 30 consecutive responses on a lever below an illuminated stimulus light 

extinguished green lights, illuminated the red light above the lever on which the response 

requirement was completed, and activated the infusion pump to deliver the solution that was 

associated with responding on that lever for the session. The red light remained illuminated for 5 

sec. The infusion duration varied depending on the weight of the monkey, ranging from 17-24 

sec, and the concentration of drug in the syringe changed to obtain different unit doses. During 

the intertrial interval, which began upon completion of the response requirement and lasted 180 

sec, responses were recorded but had no programmed consequence; once the red light was 

extinguished, the chamber was dark for the remaining 175 sec of the intertrial interval. The first 

two trials of the session were forced trials with one stimulus light illuminated and responding on 

one lever resulting in the delivery of an infusion; the order in which the two forced trials were 

presented varied randomly across sessions. During choice trials, which began only after 

completion of both forced trials, both stimulus lights were illuminated green and the response 

requirement could be completed on either lever. Sessions continued until 24 choice trials were 

completed or 100 minutes elapsed, whichever occurred first.  
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Monkeys initially responded for 0.32 µg/kg/infusion remifentanil on one lever and saline 

on the other lever. This dose maintains reliable responding in single-response, self-

administration procedures (e.g., Woolverton et al. 2008) and is the smallest dose of remifentanil 

that is preferred over a food pellet in a concurrent-choice procedure (Maguire et al. 2013). To 

distinguish between the lever associated with drug and the one associated with saline, one of 

the two stimulus lights blinked green while the other light was solid green. The blinking green 

light signaled availability of drug for monkeys JA and HU and availability of saline for monkey KI. 

Once subjects chose infusions of remifentanil over saline during at least 80% of choice trials for 

at least one day, the lever designations were switched such that the lever that was previously 

associated with delivery of remifentanil was associated with delivery of saline and vice versa. At 

least four lever switches occurred for each subject prior to generating the current data set. 

With saline available on one lever, dose-effect curves for remifentanil alone were 

determined beginning with 0.32 µg/kg/infusion remifentanil available for responding on the other 

lever. Each unit dose of remifentanil was available for a minimum of 3 sessions and decreased 

when one of the following criteria was satisfied: 1) the number of remifentanil infusions delivered 

during choice trials in each of three consecutive sessions did not differ by more than 20% from 

the mean of those sessions, and there was no upward or downward trend in the total number of 

infusions or response rates during choice trials across those three sessions; 2) fewer than five 

infusions of remifentanil were self-administered during each of three consecutive sessions; or 3) 

seven sessions were conducted under those particular conditions. When one of these criteria 

was satisfied, the unit dose of remifentanil was decreased by ½ log unit with saline still available 

on the other lever; this process of decreasing the unit dose and satisfying the criteria continued 

until no more than six infusions of remifentanil were delivered in any of the last three sessions or 

0.0032 µg/kg/infusion, whichever occurred first. Thereafter, the dose of remifentanil was 

increased to 0.32 µg/kg/infusion, the lever designation was switched, the visual stimulus 

associated with drug remained the same, and the remifentanil dose-effect curve was 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 24, 2017 as DOI: 10.1124/jpet.117.240200

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #240200 
 

10 
 

redetermined. Midazolam then replaced remifentanil, with saline available for responding on the 

other lever, beginning with a dose of 32 µg/kg/infusion. The midazolam dose was decreased as 

described above to generate the midazolam dose-effect curve once. 

Upon completion of the dose-effect curves for remifentanil and midazolam, the blinking 

green stimulus light was replaced with a solid green light, thereby removing the distinct visual 

stimuli associated with different solutions. In addition, saline was replaced with a drug solution. 

Initially, monkeys could respond 30 times on either lever to receive 0.32 µg/kg/infusion 

remifentanil, which was available on both levers until the percentage of infusions received on a 

lever in each of three consecutive sessions did not vary by more than 10% of the mean of those 

three sessions. Once this criterion was satisfied, demonstrating that responding was stable, a 

mixture of 0.32 µg/kg/infusion remifentanil and 10 µg/kg/infusion midazolam replaced 

remifentanil alone on one lever with 0.32 µg/kg/infusion remifentanil still available for responding 

on the other lever; this dose of remifentanil alone remained fixed throughout the experiment. 

Monkeys responded for these solutions until the criterion for stable responding was satisfied or 

for seven sessions, whichever occurred first, after which the dose of remifentanil in the mixture 

with 10 µg/kg/infusion midazolam was decreased by ½ log unit with 0.32 µg/kg/infusion 

remifentanil available for responding on the other lever. The variable dose of remifentanil in the 

mixture continued to decrease in ½ log unit increments every three to seven sessions, 

depending on the number of sessions needed to satisfy the criterion for stable responding, until 

infusions of the mixture accounted for less than 20% of the total number of infusions received 

during a session. Once this remifentanil dose-effect curve was generated, lever designations 

were switched and the dose of remifentanil in the mixture returned to 0.32 µg/kg/infusion, such 

that the variable dose of remifentanil available in the mixture with 10 µg/kg/infusion midazolam 

was the same as the fixed dose of remifentanil available alone. The dose-effect curve for 

remifentanil in the mixture was then redetermined.  
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Next, with the fixed dose of 0.32 µg/kg/infusion remifentanil still available on one lever, a 

dose-effect curve for remifentanil alone was determined on the other lever beginning with a 

dose of 1 µg/kg/infusion. Once the criteria for stable responding was satisfied, the variable dose 

of remifentanil was decreased from 1 µg/kg/infusion in ½ log unit increments until monkeys 

responded for the fixed dose of 0.32 µg/kg/infusion remifentanil over the variable dose, such 

that the number of infusions of the variable dose of remifentanil was less than 20% of the total 

number of infusions received. Thereafter, the lever designation was switched, and the dose-

effect curve for remifentanil alone was redetermined. Different doses of midazolam (3.2 or 32 

µg/kg/infusion) were then combined with the variable dose of remifentanil, with the fixed dose of 

0.32 µg/kg/infusion remifentanil available on other lever, using the procedure described above 

for 10 µg/kg/infusion, and dose-effect curves for the variable dose of remifentanil mixed with 

each dose of midazolam were determined twice. 

Drugs. Remifentanil hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 

sterile saline. Midazolam hydrochloride (Hospira, Inc., Austin, TX, USA; West-Ward 

Pharmaceuticals Corp., Eaton, NJ, USA) was purchased as a solution and diluted in sterile 

saline. All drugs and drug mixtures were filtered through a 0.2 µm syringe filter before sessions. 

Catheter patency was maintained by flushing and locking each lumen with 2.5 ml of saline 

containing heparin (100 U/ml; Hospira Inc., Lake Forest, IL, USA) after sessions. 

Data Analyses. When drug was available on one lever and saline was available on the 

other lever, the number of infusions of each solution received during choice trials, overall 

response rate during choice trials, and cumulative drug intake were plotted as a function of unit 

dose of remifentanil or midazolam. To calculate rate, the number of responses emitted while the 

green stimulus lights were illuminated were added across levers and across choice trials (i.e., 

responding during forced trials was not included), and that total number of responses was 

divided by the total time that the green lights were illuminated during choice trials. Cumulative 

drug intake was obtained by multiplying the unit dose of drug available during the session by the 
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number of drug infusions delivered during the entire session (i.e., including the forced trial). 

When drug solutions were available on both levers, the percentage choice of the variable dose 

of remifentanil, either alone or with midazolam, response rate during choice trials, and total 

number of infusions during choice trials were plotted as a function of the variable dose of 

remifentanil. Percentage choice of the variable dose of remifentanil was calculated by dividing 

the number of infusions received of the variable dose by the total number of infusions received 

during choice trials. With the exception of midazolam alone (Figure 2), each dose-effect curve 

was determined twice. To obtain the data points shown in figures, values were averaged across 

the last three sessions of each experimental condition. For the midazolam dose-effect curve, 

which was determined once, that mean was plotted in the figure; for the remaining conditions, 

the 3-session means were averaged across the two determinations, and those means (± 1 

SEM) were plotted in the figures.  

The effective dose of remifentanil that resulted in 50% of infusions earned for the 

variable dose of remifentanil was calculated by fitting a line to the linear portion of the curve and 

estimating the dose that would produce a 50% effect. Potency ratios were then determined by 

dividing the ED50 value of remifentanil alone by the ED50 value of remifentanil obtained when it 

was combined with midazolam. The potency of remifentanil was considered to be significantly 

increased when the 95% confidence intervals of the potency ratios averaged across monkeys 

did not include 1. Data analyses were performed using GraphPad Prism (version 6.07 

GraphPad, La Jolla, California, USA). 
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Results 

When remifentanil was available on one lever and saline was available on the other 

lever, monkeys always received more infusions of drug than saline. There was a dose-

dependent increase in the number of infusions of remifentanil delivered with monkeys receiving 

at least 23 infusions of remifentanil and no infusions of saline when the unit dose was 0.32 

µg/kg/infusion (top panels, Figure 1). Response rates (middle panels, Figure 1) and intake of 

remifentanil (bottom panels, Figure 1) also increased dose dependently and were highest when 

0.32 µg/kg/infusion remifentanil was available. In contrast to the large number of infusions of 

remifentanil, two of the three monkeys were less likely to self-administer midazolam when it was 

available on one lever and saline was available on the other lever. For example, monkey JA 

received no more than two infusions of any dose of midazolam (3.2-32 µg/kg/infusion), and 

when the largest unit dose of midazolam was available, she received more infusions of saline 

than of midazolam (top left panel, Figure 2). Monkey HU responded for, on average, 4-7 

infusions of midazolam, depending on the unit dose, and no more than 3 infusions of saline (top 

center panel, Figure 2). In contrast, monkey KI responded for midazolam, receiving an average 

of 21 infusions of 10 µg/kg/infusion midazolam; the number of infusions of midazolam 

decreased and the number of infusions of saline increased when a unit dose of 32 

µg/kg/infusion was available (top right panel, Figure 2). Response rates for midazolam were 

much lower than those maintained by remifentanil in all monkeys, including KI (middle panels, 

Figure 2). Total intake of midazolam increased with unit dose in all monkeys even for monkey 

JA who received very few infusions (bottom panels, Figure 2). 

For the remaining studies, responding on either lever resulted in the delivery of drug(s); 

responding on one lever delivered a fixed dose of 0.32 µg/kg/infusion remifentanil and 

responding on the second lever delivered a dose of remifentanil that varied across sessions and 

was sometimes combined with midazolam. When remifentanil alone was available on both 

levers, subjects chose the larger dose (diamonds, top panels, Figure 3). For example, monkeys 
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chose 0.32 µg/kg/infusion remifentanil (fixed dose) when the alternative was 0.1 µg/kg/infusion 

remifentanil and they chose 1 µg/kg/infusion remifentanil over 0.32 µg/kg/infusion remifentanil. 

When 0.32 µg/kg/infusion was available on both levers, KI responded exclusively on one lever 

whereas JA and HU responded on both levers (66.0% and 55.6% variable-lever choice, 

respectively). As the variable dose of remifentanil increased, with 0.32 µg/kg/infusion 

remifentanil available on the other lever, response rates increased in monkey HU and were not 

markedly changed in monkeys JA and KI (diamonds, middle panels, Figure 3); monkeys 

received, on average, no fewer than 23 of the 24 available infusions (diamonds, bottom panels, 

Figure 3).  

When midazolam was combined with the variable dose of remifentanil, monkeys chose 

the mixture over the same dose of remifentanil alone, and for some combinations of midazolam 

and remifentanil, they responded for the mixture over a larger dose of remifentanil alone. With a 

small unit dose of midazolam (3.2 µg/kg/infusion) in the mixture, all three monkeys chose the 

combination of midazolam and 0.32 µg/kg/infusion remifentanil over the fixed dose of 0.32 

µg/kg/infusion remifentanil alone (squares, top panels, Figure 3). When a smaller unit dose of 

remifentanil (0.1 µg/kg/infusion) was combined with 3.2 µg/kg/infusion midazolam, two of the 

three monkeys (HU and KI) chose the larger dose of remifentanil available alone, although 

monkey JA continued to respond predominantly for the mixture. Increasing the unit dose of 

midazolam to 10 µg/kg/infusion increased responding for the mixture. In fact, monkeys chose 

the mixture containing 0.1 µg/kg/infusion remifentanil over the larger, fixed dose of remifentanil 

(0.32 µg/kg/infusion) available alone, resulting in a decrease in total intake of remifentanil. 

Monkeys could have received a total dose of 7.68 µg/kg remifentanil if they had responded 

exclusively for the fixed dose; however, when 10 µg/kg/infusion midazolam was combined with 

0.1 µg/kg/infusion remifentanil, total intake of remifentanil was considerably less, ranging from 

2.9 (monkey KI) to 5.3 µg/kg (monkey HU). There was no decrease in total infusions until 32 

µg/kg/infusion midazolam was combined with remifentanil (bottom panels, Figure 3), indicating 
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that the smaller total dose of remifentanil was due to preference for the smaller dose and not a 

suppression of responding. Response rates were not altered when 3.2 µg/kg/infusion 

midazolam was combined with remifentanil; however, rate-decreasing effects were evident 

when 10 (monkey KI only) or 32 (all three monkeys) µg/kg/infusion midazolam was combined 

with remifentanil (middle panels, Figure 3).  

The overall effect of combining midazolam and remifentanil was to increase the potency 

of remifentanil, as evidenced by leftward shifts in the remifentanil dose-effect curve in all 

monkeys (top panels, Figure 3; Table 2). When monkeys chose between variable doses of 

remifentanil alone and the fixed dose of 0.32 µg/kg/infusion remifentanil, the ED50 values for JA, 

HU, and KI were 0.27, 0.26, and 0.17 µg/kg/infusion remifentanil, respectively. Combining 3.2 

µg/kg/infusion midazolam with remifentanil decreased ED50 values to 0.09 and 0.16 

µg/kg/infusion remifentanil for JA and HU, although the ED50 value (0.18 µg/kg/infusion) was not 

changed for monkey KI. Increasing the midazolam dose to 10 µg/kg/infusion and then to 32 

µg/kg/infusion reduced the ED50 values in all three monkeys and increased the potency ratios. 

Adding 10 µg/kg/infusion midazolam to remifentanil significantly shifted the remifentanil dose-

effect curve leftward, as evidenced by a potency ratio (95% confidence interval) of 4.4 (2.2, 6.6) 

with a 95% confidence interval that did not include 1.  
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Discussion 

Opioid overdose has become a public health crisis that is being driven primarily by 

abuse of prescription opioids and heroin. One factor that appears to contribute to both overdose 

and abuse is concurrent use of benzodiazepines; however, relatively few laboratory studies 

have investigated self-administration of opioid/benzodiazepine mixtures. The current study 

established a concurrent-choice procedure in which monkeys could choose between 

remifentanil alone and a mixture of remifentanil and midazolam. Monkeys generally chose the 

mixture over the same dose of remifentanil alone, and for some dose combinations (10 

μg/kg/infusion midazolam and 0.1 μg/kg/infusion remifentanil), they chose the mixture over a 

larger dose of remifentanil alone. Thus, under these laboratory conditions, monkeys avidly self-

administered an opioid when it was mixed with a benzodiazepine. 

Most abusers take multiple drugs concurrently, and they often combine opioids and 

benzodiazepines. Abusers often report that they use these drugs together because 

benzodiazepines enhance the effects of opioids (Iguchi et al. 1993; Stitzer et al. 1981), and 

these findings are supported by human laboratory studies reporting increased subjective effects 

of opioids when combined with benzodiazepines (Farré et al. 1998; Lintzeris et al. 2006; 

Preston et al. 1984; Spiga et al. 2001). The current study was not designed to examine 

increases in reinforcing effectiveness, although these results suggest that by taking 

benzodiazepines with opioids, abusers might experience effects that would normally require 

larger doses of the opioid alone. That is, they might need a smaller dose of opioid (with a 

benzodiazepine) to achieve a particular effect. Future studies will compare other doses of 

remifentanil and other opioids to opioid/benzodiazepine mixtures to determine whether 

benzodiazepines change the reinforcing effectiveness as well as the potency of opioids. 

In addition to increasing the potency or effectiveness of opioids, benzodiazepines might 

have other important effects that cause people to use them with opioids. For example, the use 

of prescription opioids for chronic pain has increased over the last 20 years, and one 
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consequence of increased use is that these drugs are readily available for diversion and 

misuse. In addition to increasing the prevalence of opioid abuse, more people are physically 

dependent on opioids due to long-term abuse or clinical use for treating chronic pain. Anxiety 

and sleep disturbances often occur in opioid abusers and pain patients. Consequently, people 

who use opioids might also take benzodiazepines to self-medicate for anxiety or insomnia 

(Chen et al. 2011; Gelkopf et al. 1999). While humans might coabuse opioids and 

benzodiazepines for purposes of self-medication, it is unlikely that monkeys chose to self-

administer mixtures for therapeutic purposes. Thus, data from monkeys suggest that treating 

underlying anxiety or sleep disorders does not entirely account for opioid/benzodiazepine 

coabuse. 

Although it is well established that humans take opioids and benzodiazepines 

concurrently, this phenomenon had not previously been reported in laboratory studies. Other 

drugs are also abused with opioids and some mixtures are particularly popular; the current 

study used an approach that was previously shown to be sensitive to drugs that are commonly 

abused together. For example, polydrug abusers often combine opioids with cocaine, and 

several strategies have been used in the laboratory to compare the reinforcing effects of 

opioid/cocaine mixtures to those of each drug alone, including the use of progressive ratio 

schedules of reinforcement (e.g., Woolverton et al. 2008) and behavioral economics (e.g., 

Winger et al. 2006). Among all of the procedures that have been used to study drug 

combinations, concurrent choice procedures seem to be particularly sensitive to opioid/cocaine 

mixtures (Freeman and Woolverton 2011). In the current study, monkeys responded at high 

rates and received the maximum number of infusions of remifentanil; however, while 

benzodiazepines, including midazolam, can function as positive reinforcers under some 

conditions (e.g., oral self-administration: Gomez et al. 2002; i.v. self-administration: Ator et al. 

2005; Broadbear et al. 2005; Fischer et al. 2016; Gerak et al. 2001), responding for 

benzodiazepines is generally much less than responding for other drugs of abuse, including 
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other drugs with sedative/hypnotic effects (methohexital and ethanol; e.g., Broadbear et al. 

2005; Griffiths and Weerts 1997). In the current study, rates of responding for midazolam alone 

were low for all monkeys. Despite the reduced rates, monkey KI received nearly as many 

infusions of midazolam as remifentanil; however, the number of infusions for the other two 

monkeys was considerably lower for midazolam, compared with remifentanil. Thus, although 

midazolam can function as a positive reinforcer, responding for remifentanil alone was greater 

than responding for midazolam alone, which is consistent with previous studies.   

Although two-response, self-administration procedures have been used to examine 

preference for mixtures, those studies generally investigated two drugs that alone maintain high 

rates of responding, such as opioids and cocaine. Fewer studies have examined combinations 

of drugs that differ markedly in reinforcing effectiveness, as was the case with remifentanil and 

midazolam in the current study. Nevertheless, this procedure was sensitive enough to detect 

preference for these mixtures. When remifentanil alone was concurrently available on two levers 

and the only difference was unit dose, monkeys responded for the larger dose. Adding 

midazolam to remifentanil increased preference for the mixture. With a fixed unit dose of 0.32 

µg/kg/infusion remifentanil alone available on the other lever, monkeys chose some mixtures 

nearly exclusively. This preference did not seem to depend on the reinforcing effects of 

midazolam alone in the individual monkeys because choice of the mixture was similar in 

monkey JA, who did not respond for midazolam alone (left panels, Figure 2), and monkey KI, 

who responded to receive almost as many infusions of midazolam alone as of remifentanil alone 

(right panels, Figure 2). One advantage of the concurrent choice procedure is that preference is 

independent of response rate. In the current study, 10 μg/kg/infusion (one monkey) and 32 

μg/kg/infusion midazolam (all monkeys) markedly decreased response rates, perhaps due to 

accumulation of midazolam during sessions. Overall, these results demonstrate the utility of 

concurrent-choice procedures for studying self-administration of drug mixtures and provide a 

reliable and sensitive model of opioid/benzodiazepine coabuse in monkeys.  
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These studies accomplished a number of important goals, including establishing a 

procedure to examine self-administration of opioid/benzodiazepine mixtures and showing that 

all monkeys chose mixtures of remifentanil and midazolam over larger doses of remifentanil 

alone. As a result, remifentanil intake decreased as the dose of remifentanil in the mixture 

decreased. Monkeys could receive more remifentanil by responding for the larger unit dose 

alone; instead, they reliably responded for the mixture and began responding exclusively for 

remifentanil alone only when the remifentanil dose in the mixture was very small. Thus, when 

combined with midazolam, the remifentanil dose-effect curve was shifted to the left, indicating 

an increased potency of remifentanil.  

In summary, preference for mixtures of opioids and benzodiazepines is evident using a 

two-response choice procedure. For some dose combinations, monkeys prefer the mixture to 

larger unit doses of remifentanil alone; under these conditions, monkeys could receive a larger 

total dose of remifentanil by shifting responding away from the mixture. That they continue to 

respond for the mixture suggests that midazolam increases the potency of remifentanil. Further 

studies are needed to determine whether midazolam also increases the reinforcing 

effectiveness of remifentanil.  
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Figure legends 

Figure 1. The number of infusions (top panels), response rates (middle panels) and total intake 

(bottom panels) in three monkeys (JA, HU, and KI) responding on one lever for delivery of 

remifentanil (circles) and on a second lever for delivery of saline (squares). Dose-effect curves 

were determined twice and data points represent the mean (± 1 SEM) for two determinations of 

the dose-effect curve. Abscissae indicate the unit dose of remifentanil available for self-

administration.  

 

Figure 2. The number of infusions (top panels), response rates (middle panels) and total intake 

(bottom panels) in three monkeys (JA, HU, and KI) responding on one lever for delivery of 

midazolam (triangles) and on a second lever for delivery of saline (squares). Dose-effect curves 

were determined once. Abscissae indicate the unit dose of midazolam available for self-

administration.  

 

Figure 3. Percentage choice of the variable dose of remifentanil (top panels), response rate 

during choice trials (middle panels), and total infusions (bottom panels) in three monkeys (JA, 

HU, and KI) responding on one lever for delivery of a fixed dose of 0.32 µg/kg/infusion 

remifentanil and on a second lever for delivery of a variable dose of remifentanil alone 

(diamonds) or combined with midazolam (open symbols). Dose-effect curves were determined 

twice and data points represent the mean (± 1 SEM) for two determinations of the dose-effect 

curve. Abscissae indicate the unit dose of remifentanil. Missing error bars indicate the variance 

is encompassed by the point or there was only a single determination for a given dose 

(monkeys JA and KI: 0.01 µg/kg/infusion remifentanil + 10 µg/kg/infusion midazolam). 
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Table 1. ED50 values and potency ratios for percent choice of variable remifentanil dose 

(μg/kg/infusion).  

 

 

 

remifentanil 

alone 

+ 3.2 μg/kg/infusion 

midazolam 

+ 10 μg/kg/infusion 

midazolam 

+ 32 μg/kg/infusion 

midazolam 

Subject ED50 ED50 Potency ratio ED50 Potency ratio ED50 Potency ratio 

JA 0.27 0.09 3.0 0.05 5.4 0.02 13.5 

HU 0.26 0.16 1.6 0.12 2.2 0.11 2.4 

KI 0.17 0.18 0.9 0.03 5.7 0.05 3.4 

Mean 

(95% CI) 

  1.8 (0.6, 3.0)  4.4 (2.2, 6.6)*  6.4 (-0.5, 13.4) 

*remifentanil dose-effect curve is significantly changed because 95% confidence interval (CI) 

does not include 1. 
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