
Reinforcing effects of opioid-benzodiazepine combinations 

 

Self-administration of fentanyl-alprazolam combinations by rhesus monkeys responding under a 

progressive-ratio schedule 

Lais F. Berro, C. Austin Zamarripa, James K. Rowlett 

 

Department of Psychiatry & Human Behavior, Center for Innovation & Discovery in Addictions, University of 

Mississippi Medical Center, 2500 N State Street, Jackson, MS, 39216, USA 

 

 

 

 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


1 
 

Reinforcing effects of opioid-benzodiazepine combinations 

 

Corresponding author: 

Lais F. Berro, Ph.D. 

Department of Psychiatry and Human Behavior 

University of Mississippi Medical Center 

2500 North State Street, Jackson, MS  39216-4505 

lberro@umc.edu 

 

Number of text pages: 28 

Number of tables: 2 

Number of figures: 4 

Number of references: 49 

Number of words in the Abstract: 249 

Number of words in the Introduction: 642 

Number of words in the Discussion: 1519 

 

List of nonstandard abbreviations: 

Opioid Use Disorder – OUD 

Progressive Ratio – PR 

 

Recommended section assignment: Behavioral Pharmacology 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


2 
 

Abstract 

This study evaluated the reinforcing effects of fentanyl, alone or in combination with the benzodiazepine 

alprazolam, in rhesus monkeys (3 females, 3 males). Subjects were trained to self-administer the opioid 

remifentanil (0.3 µg/kg/injection) under a progressive-ratio schedule of reinforcement. The reinforcing effects of 

fentanyl (0.1-10 µg/kg/injection) or alprazolam (1.0-100 µg/kg/injection) alone, or in combinations of fixed 

proportions (1:1, 1:3 and 3:1 fentanyl:alprazolam, with 1:1 based on the potencies of drugs alone) were 

evaluated in single-day test sessions (with double determinations). Dose-equivalence analysis was used to 

determine the extent to which fentanyl and alprazolam combinations differed from additivity. Fentanyl 

functioned as a positive reinforcer in all monkeys, while alprazolam was a reinforcer in 3 of 6 monkeys only. 

Therefore, drug combination data were grouped as “alprazolam-taking” and “non-alprazolam-taking” monkeys. 

For alprazolam-taking monkeys, we observed additive effects for the 3:1 and 1:3 combinations, and a 

significant supra-additive interaction for the 1:1 combination of fentanyl and alprazolam. For 2 of the 3 non-

alprazolam-taking monkeys, the combination of fentanyl and alprazolam resulted in enhanced reinforcing 

effects relative to either drug alone. However, the one monkey showed primarily inhibitory, or suppressive 

effects, with the 3:1 dose combination resulting in a relatively modest rightward shift in the fentanyl dose-

response function. In summary, our findings show that combining fentanyl and alprazolam generally result in 

proportion-dependent additive or supra-additive enhancements. These data raise the possibility that the 

prevalence of opioid-benzodiazepine polydrug abuse may reflect a unique enhancement of these drugs’ 

reinforcing effects, although individual differences may exist.  

 

Keywords: fentanyl; alprazolam; self-administration; rhesus monkey; benzodiazepine; opioid 
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Significance Statement 

Addressing the critical question of the degree to which benzodiazepines can modulate the abuse-related 

effects of opioids may provide improved pathways to treatment of this common form of polydrug addiction. In 

the present study, we show that combinations of the opioid fentanyl and the benzodiazepine alprazolam can be 

more reinforcing than either drug alone in a rhesus monkey model, suggesting that enhancement of 

reinforcement processes may underlie this prevalent form of polydrug use disorder. 
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Introduction 

 The co-abuse of opioids and benzodiazepines has been recognized since the 1970’s, and recent 

studies show that use of benzodiazepines continues to be prevalent in patients with opioid use disorder (OUD; 

Brands, et al., 2008; Lavie et al., 2009; Stein et al., 2016). In the U.S., nearly 70% of patients with OUD report 

lifetime use of illicit benzodiazepines (Votaw et al., 2019), while up to 17% of patients with tranquilizer 

(predominantly benzodiazepine) misuse also report opioid co-abuse (Votaw et al., 2020). In addition, up to 

20% of individuals prescribed a benzodiazepine or benzodiazepine-type drug (e.g., zolpidem) for an extended 

period in the U.S. are co-prescribed an opioid (Moore and Mattison, 2017). Alarmingly, non-medical use of 

benzodiazepines is associated with greater negative consequences of drug use compared to sedative use as 

prescribed among heroin users (Moses et al., 2018; Moses and Greenwald, 2019). In fact, overdose deaths 

due to concurrent opioid and benzodiazepine use have increased at least two-fold since 1999 (Paulozzi et al., 

2015), and for 2015-2016, young adults were the most likely of all age groups to engage in opioid and 

benzodiazepine misuse (Schepis et al., 2018). According to the most recent data, nearly 93% of 

benzodiazepine-involved deaths between January and June 2020 also involved opioids, with close to 67% of 

those involving illicitly manufactured fentanyl-type drugs (Liu et al., 2021). 

 Many factors influence the rise in opioid-benzodiazepine co-abuse. Stein and colleagues (2016) have 

shown that among patients with OUD seeking detoxification, 40% of surveyed individuals used a 

benzodiazepine in the month prior to admission, and 25% of these met criteria for benzodiazepine use 

disorder. More importantly, the reason for benzodiazepine use was significantly associated with the 

benzodiazepine source. For example, prescription benzodiazepine use was more likely to be reported to 

manage anxiety (Stein et al., 2016), and the frequency of illicit benzodiazepine use has been associated with 

significantly higher anxiety sensitivity (McHugh et al., 2017). On the other hand, individuals reporting buying 

benzodiazepines from illicit sources are more likely to report using benzodiazepines to get or enhance feeling 

“high” (Stein et al., 2016), suggesting that benzodiazepines may enhance the abuse-related effects of opioids.  

 While animal models can address these questions, relatively few laboratory studies have investigated 

this phenomenon systematically. Weed et al. (2017) found that in a concurrent choice procedure, rhesus 

monkeys preferred intravenous (i.v.) injections of the combination of the opioid remifentanil and the 
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benzodiazepine midazolam over injections of remifentanil alone. Ator et al. (2005) also showed that chronic 

oral administration of the opioid agonist methadone enhanced the reinforcing effects of the benzodiazepine 

flunitrazepam in baboons. Together, these findings further corroborate the idea that opioids when combined 

with benzodiazepines may be more reinforcing relative to either drug alone, which may contribute to the 

prevalence of this type of polydrug abuse in patients with OUD. 

The aim of the present study was to evaluate the reinforcing effects of alprazolam, alone and in 

combination with the opioid fentanyl, in opioid-experienced rhesus monkeys. Alprazolam (Xanax®) is the most 

widely prescribed benzodiazepine in the U.S. (Moore and Mattison, 2017), and fentanyl-alprazolam 

combinations are used often by drug users (Kuczyńska et al., 2018). We used a progressive-ratio (PR) 

schedule of reinforcement, which has been employed previously to study benzodiazepine and opioid 

reinforcement (e.g., Woolverton et al., 2008a; Berro and Rowlett, 2020), and allows for the direct measurement 

of both potency and strength as a reinforcer of drugs alone, or combined as a mixture (e.g., Griffiths et al., 

1975; Rowlett et al., 1996).  We have used this approach previously to quantify the reinforcing effects of drug 

combinations from different classes (e.g, Rowlett and Woolverton, 1997; Rowlett et al., 2007; Fischer and 

Rowlett 2011). Dose equivalence analysis (Grabovsky and Tallarida, 2006; Woolverton et al., 2008b; Minervini 

et al., 2018) was used to evaluate the extent to which self-administration of fentanyl-alprazolam combinations 

were additive, supra-additive, or infra-additive.  

 

Material and Methods 

Subjects and Surgery 

 Three adult male and 3 adult female rhesus monkeys (Macaca mulatta) ranging from 8-14 kg were 

chosen as subjects for the study. The 3 females were experimentally naïve prior to the initiation of the studies, 

and the 3 males had a previous history of opioid/benzodiazepine self-administration (Berro and Rowlett, 2020). 

Subjects were housed individually with access to chew toys and a mirror in their cage, and had visual, auditory 

and olfactory contact with other monkeys throughout the duration of the study. The room was maintained on a 

12h light/12h dark cycle (lights on at 0600 h) at a temperature of 21±1°C, with water available ad libitum. 

Monkeys were weighed every other week and given physical examinations. The amount of chow for each 
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monkey was determined in consultation with veterinary staff to be that which maintains healthy weights in 

rhesus monkeys. Because sessions could last more than 10 hours, animals were fed in the morning before the 

beginning of their self-administration sessions in order to avoid any feeding influences on self-administration 

behavior. In addition to chow, monkeys were given fruit/forage twice a day, in the morning and afternoon, with 

the afternoon fruit potentially being given during the self-administration session if the session was still ongoing 

(see Self-Administration Training and Testing for further details on session duration). 

 The monkeys were prepared with a chronic indwelling venous catheter (femoral, brachial or jugular 

vein) according to the procedures described by Platt et al. (2011). The catheter was protected by a stainless 

steel tether and cloth jacket (Lomir Biomedical INC., Malone, NY, USA), and flushed daily with heparinized 

saline (100–150 U/ml). All procedures and animal maintenance was in accordance with the Guide for the Care 

and Use of Laboratory Animals (National Research Council, 2011), with review and approval via the 

Institutional Animal Care and Use Committees of the University of Mississippi Medical Center.  

 

Drugs 

 Remifentanil hydrochloride (ChemPartner Co., Ltd., Shangai, China) and fentanyl citrate (Sigma-

Aldrich, St Louis, MO) were prepared using 0.9% saline. Alprazolam (Sigma-Aldrich, St Louis, MO) was 

prepared in 100% propylene glycol and diluted using 25% propylene glycol and sterile water solutions. 

Fentanyl-alprazolam combinations were prepared from a fentanyl stock prepared in saline and an alprazolam 

stock prepared in 100% propylene glycol, and diluted using 25% propylene glycol and sterile water solutions. 

New remifentanil solutions were prepared every 7 days, and fentanyl, alprazolam and fentanyl-alprazolam 

solutions were used for up to 30 days before a new solution and stock were prepared. 

 

Self-Administration Training and Testing 

 Drug self-administration training and testing were conducted as previously described (Berro and 

Rowlett, 2020). Sessions occurred in each monkey’s home cage, which was custom-modified for these studies 

(Carter2 Systems, Beaverton, OR). In this apparatus, the self-administration panel is inserted into one side of 

the cage. Self-administration sessions (Monday through Friday) started at 0900h, and access to the room was 
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restricted to research staff. Monkeys were given the opportunity to self-administer the opioid remifentanil (0.3 

μg/kg/injection) under a PR schedule of reinforcement. Remifentanil was chosen as the training drug because 

it maintains robust i.v. self-administration in rhesus monkeys under conditions used in this study (Woolverton et 

al., 2008b; Berro et al., 2020) and has an “ultra-short” elimination half-life, which minimizes the likelihood of 

physical dependence as a potential experimental factor (Stroumpos et al. 2010). 

 At the beginning of each session, one white stimulus light above a response lever was illuminated (Med 

Associates, St. Albans, VT). Upon completion of a response requirement, the white light was extinguished, and 

a red stimulus light was illuminated for 3 s, coinciding with a 3-s infusion. All sessions consisted of 5 

components made up of 4 trials each. Each trial ended with either an injection or the expiration of a 30-min 

limited hold, and trials were separated by a 30-min timeout period. The response requirement remained 

constant for each of the 4 trials within a component and doubled during each successive component. The 

session ended when a monkey self-administered a maximum of 20 injections or when the response 

requirement was not completed for two consecutive trials. The PR schedule consisted of a sequence of 

response requirements: either 60, 120, 240, 480, 960 (subject M-98-007) or 100, 200, 400, 800, 1600 (all other 

subjects) responses per injection. Once performance was stable under these conditions (i.e., no increasing or 

decreasing trends in the number of injections per session for three consecutive sessions), remifentanil or 

vehicle (saline) was made available on alternating days. Alternating self-administration sessions for 

remifentanil and vehicle (saline) were conducted until a consistent difference between drug and saline self-

administration was obtained (number of injections during saline sessions ≤ 35% of remifentanil sessions). The 

test phase began immediately after reaching these criteria. 

 Test sessions (T) were added to the alternating sequence of remifentanil (R) and saline (S) sessions 

according to the following sequence: RTXST or STXRT, in which X represents a random R or S day or a 

physical exam day (during which experiments were not conducted). Our studies followed the general design of 

(1) determination of dose-response functions to calculate potencies (i.e., ED50 values; described below) for 

alprazolam and fentanyl alone, then (2) compare self-administration of alprazolam-fentanyl combinations to 

self-administration of the ligands alone. During test (T) sessions, a dose of fentanyl or alprazolam alone was 

made available in random order and alternating with its vehicle. Doses of fentanyl (0.1-1.0 μg/kg/injection) and 
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alprazolam (10.0-100.0 μg/kg/injection) were chosen based on their ability to maintain self-administration in 

rhesus monkeys in preliminary studies from our laboratory. Potencies (ED50 values) for fentanyl and alprazolam 

were estimated using linear regression analysis. ED50s for drugs alone were then averaged to determine 

means and 95% confidence limits. To assess the effects of combining alprazolam with fentanyl, dose-response 

functions for fentanyl were re-determined mixed with proportional doses of alprazolam (estimated fixed 

proportions of fentanyl:alprazolam for combination tests: 3:1, 1:1 and 1:3, with 1:1 being based on the ED50 

values for each drug). For instance, if the ED50 of fentanyl was X and the ED50 for alprazolam was Y, the 

“relative potency” between fentanyl and alprazolam was calculated as Y/X. A dose-range for fentanyl was then 

determined based on the fentanyl dose-response function, and each dose of alprazolam in each combination 

was determined as follows: 1:1 ratio: dose of alprazolam = dose of fentanyl * relative potency; 3:1 ratio: dose of 

alprazolam = (dose of fentanyl * relative potency)/3; 1:3 ratio: dose of alprazolam = (dose of fentanyl * relative 

potency)*3. For subjects who did not self-administer alprazolam alone (and, therefore, an ED50 for alprazolam 

could not be determined), doses determined for the other subjects from the same sex were used for drug 

combination studies. On intervening (non-test) days, sessions alternated between saline and remifentanil. 

Each test condition (each dose of fentanyl, alprazolam and combinations, plus vehicles) was determined at 

least twice, once after a saline maintenance day, and once after a remifentanil maintenance day, and results of 

the two determinations for each test condition were averaged together for analysis. 

 Determinations of dose-response functions for fentanyl and alprazolam alone were repeated after 

completion of all drug combination test conditions to control for baseline changes, as changes in baseline 

opioid self-administration have been reported in previous combination studies (Rowlett and Woolverton, 1997). 

  

Data Analysis 

 Because of individual variability in the peak dose, for fentanyl and alprazolam, when the drug was self-

administered above vehicle levels, the maximally effective unit dose of each drug (EDMax, i.e., the unit dose 

that engendered highest number of injections/session) and one-half log-step unit dose below (−0.5 EDMax) 

and above (+0.5 EDMax) the EDMax dose were identified. The injections/session data were analyzed by one-

way repeated-measures analysis of variance (ANOVA) with dose as the within-subject factor. A dose of drug 
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was determined to be self-administered significantly above vehicle levels by comparing mean 

injections/session for each dose to the corresponding vehicle control value (Bonferroni t-test, alpha level equal 

to P≤0.05). 

Potency (dose engendering 50% of the maximum effect, ED50) for fentanyl, alprazolam and each of the 

combinations was estimated using linear regression analysis for individual monkey’s dose-response functions. 

Because only N=3 subjects self-administered alprazolam above vehicle levels, drug combination data were 

grouped as alprazolam-taking (N=3, 2 males, 1 female) and non-alprazolam-taking monkeys (N=3, 1 male, 2 

females). In order to adjust for individual variability in potencies, “dose ratios” also were computed, in which the 

ED50 values for the combination were divided by the ED50 for fentanyl alone for each monkey. For those 

analyses, ED50s for drugs alone and drug combinations were compared using mixed-effects model repeated 

measures ANOVA, with Dunnett’s tests for comparing ED50s of drug combinations to the ED50s of fentanyl 

alone.  

Individually, fentanyl and alprazolam produced different maximum effects in mean number of 

injections/session across all monkeys, including the alprazolam-taking monkeys (see Fig. 2). To account for 

differences in maximum effect, the combinations of fentanyl and alprazolam were examined using dose-

equivalence analyses as described previously (Grabovsky and Tallarida 2004; Tallarida 2006; Tallarida 2011; 

Woolverton et al. 2008b). These analyses were conducted in the alprazolam-taking monkeys only, since ED50s 

and slope values were required for alprazolam alone for the analysis.  Briefly, for each alprazolam-taking 

monkey, data were converted to the percent of each individual’s maximum number of injections/session for 

fentanyl, and then a regression line was fit to the linear portion of the dose-response function which 

encompassed doses ranging from < 20% to >80% of the maximum effect for each drug.  The dose of 

alprazolam (b) in the mixture was converted to fentanyl dose (a) equivalence [represented as “beq(a)”] 

according to the following equation: 

𝑏eq(𝑎) = ED 𝐴[ E 𝐴E 𝐵 1 + ED 𝐵𝑏 − 1] /  
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where ED50A and ED50B were the potencies of fentanyl and alprazolam alone, respectively; EmaxA and EmaxB 

were maximum effect levels for fentanyl and alprazolam alone, respectively; and q was the slope derived from 

the linear regression analyses of fentanyl.  

 The total additive dose of fentanyl plus alprazolam in fentanyl equivalence was calculated using the 

following equation: 𝑎 + 𝑏eq(𝑎) = eq𝐴 

and this value, along with the slope for the respective alprazolam function (p), was used to determine the 

predicted effects for individual subjects using the following equation: 

Predicted Effect Level = [E A(eqA )]E A(eqA ) + (ED A )] 
To compare predicted effects to observed effects, we used the approach of Minervini et al. (2018), in which 

linear regressions were fit to all data (i.e., from all subjects not averaged) between the largest dose that 

produced <20% and the smallest dose that produced >80% of the predicted and observed effects. To 

determine deviations from additivity, we used a best-fit approach, in which we compared slope and y-intercept 

for a single function (i.e., additivity) to fit both data sets vs. two functions (one for predicted, one for observed) 

using an extra sum-of-squares F test, with the simpler model chosen based on P > 0.05.  If the F test was not 

significant, then a single function described the two data sets and the conclusion was an additive effect. If two 

functions achieved the best fit, supra-additive effects were concluded if the slope for the observed values was 

less than predicted values, whereas infra-additive effects were concluded if the slope for observed values was 

greater than predicted values (Grabovsky and Tallarida 2004; Minervini et al. 2018). All analyses were 

conducted using GraphPad Prism (GraphPad Software, Inc., Release 9.1.2., La Jolla, CA).  

 

Results 

Fentanyl and alprazolam dose-response functions 

 Under remifentanil maintenance conditions, the dose of 0.3 μg/kg/injection maintained an average of 

15.76 injections/session (SEM=0.77), whereas saline availability resulted in an average of 4.3 

injections/session (SEM=0.37). No substantial changes in baseline (maintenance) responding occurred during 

the ~1.5 year duration of this study. Figure 1 illustrates the average number of injections per session for 
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fentanyl and alprazolam, as a function of EDMax ± 0.5EDMax. Fentanyl was self-administered significantly 

above vehicle levels in all 6 subjects. The EDMax dose for fentanyl varied between subjects, with the dose of 

0.3 μg/kg/injection being the EDMax dose for 2 subjects, the dose of 0.56 μg/kg/injection being the EDMax for 

2 subjects, and the dose of 1.0 μg/kg/injection being the EDMax dose for 2 remaining subjects. Due to 

concerns with using high doses of fentanyl during self-administration sessions, we capped our fentanyl dose at 

1.0 μg/kg/injection. Therefore, some of the subjects were not assigned a +0.5EDMax dose. Alprazolam, on the 

other hand, was self-administered significantly above vehicle levels only in 3 subjects. The EDMax dose for 

alprazolam also varied between subjects, with the dose of 10.0 μg/kg/injection being the EDMax dose for 1 

subject and the dose of 30.0 μg/kg/injection being the EDMax for the other 2 subjects. Grouped data show that 

remifentanil, the EDMax dose of fentanyl and the EDMax dose of alprazolam maintained mean number of 

injections/session that was significantly above vehicle (Figure 1, [F (7, 23) = 25.8, p<0.0001], Bonferroni t-tests 

vs. vehicle, p<0.05). 

 

Fentanyl-alprazolam combinations 

 Individual subject data for the number of injections/session are shown in Figure 2, with data for 

fentanyl-alprazolam combinations being plotted as a function of the fentanyl dose. For the majority of the 

subjects (M-1170, M-1027, M-98-007, M-42901 and M-41252), combining alprazolam with fentanyl shifted the 

fentanyl dose-response function to the left for at least one of the fentanyl:alprazolam proportions tested (3:1, 

1:1 and 1:3, with 1:1 being based on the ED50 values for each drug alone). For one of the subjects, however, 

combining alprazolam with fentanyl shifted the fentanyl dose-response function mostly down (M-41123). 

Because only 3 subjects self-administered alprazolam above vehicle levels, for statistical analyses the data 

were grouped as alprazolam-taking (M-1170, M-1027 and M-42901) and non-alprazolam-taking monkeys (M-

98-007, M-41123 and M-41252). 

 Analysis of ED50 values for the combinations compared with fentanyl alone are shown in Table 1.  For 

both alprazolam-taking and non-alprazolam-taking monkeys, no significant effects of fentanyl alone vs. 

combinations was evident for the raw ED50 values (ANOVA, p’s> 0.05). For the dose-ratio analysis, mixed 

effects ANOVAs revealed significant effects for alprazolam-taking monkeys, consistent with the combinations 
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increasing potencies relative to fentanyl alone [F(3,6)= 19.09, p= 0.032]. Non-alprazolam-taking monkeys 

showed a mixture of an apparent increase in dose ratio (3:1) and decreases in dose-ratios similar in magnitude 

with the alprazolam-taking monkeys, but the overall analysis for non-alprazolam-taking monkeys was not 

significant [F(3,6)= 1.88, p= 0.33]. No additional analyses for non-alprazolam-taking monkeys were conducted 

due to N=2 for the 1:1 and 1:3 combinations. For the alprazolam-taking monkeys, Dunnett’s tests revealed 

significantly lower average ratios for the 1:1 and 1:3 ratios vs. fentanyl, consistent with significant increases in 

potency relative to fentanyl alone (Table 1).  

 A more in-depth analysis of changes in potency associated with combining fentanyl and alprazolam 

was conducted using dose-equivalence analysis (Grabovsky and Tallarida 2004; Woolverton et al. 2008b; 

Minervini et al. 2018).  This analysis involved calculating fentanyl dose equivalence values based on predicted 

effects of the combination, and statistically comparing predicted vs. observed values via linear regression.  As 

noted above, this requires potency and slope values for both drugs in the combination, restricting the analysis 

to the alprazolam-taking monkeys only.  The top row of Fig. 3 shows predicted (lines only) and observed (lines 

and symbols) for the three alprazolam-taking monkeys, and in the majority of cases, the observed functions 

are shifted rightward and upward, or mostly rightward, relative to predicted functions for all monkeys.  The 

bottom row of Fig. 3 plots all data for the respective conditions as a function of log fentanyl equivalent doses 

and tested whether the data were best described by a single linear function or two linear functions.  The 

equations and results of best-fit F-tests are shown in Table 2, and for the 1:1 combination, the observed values 

were statistically different from the predicted values.  Because the slope was lower for observed vs. predicted, 

the conclusion is a supra-additive interaction.  For the other two combinations, the observed and predicted 

values were not different (i.e., a single function fit both data sets), indicating additive effects for 3:1 and 1:3 

combinations (Table 2). 

 

Redetermination of fentanyl and alprazolam dose-response functions 

 In order to control for baseline changes, determinations of dose-response functions for fentanyl and 

alprazolam alone were repeated after completion of all drug combination test conditions. Dose-response 

functions before and after drug combination tests were grouped for alprazolam-taking and non-alprazolam-
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taking subjects, and are shown in Figure 4. For the 3 alprazolam-taking monkeys, the initial determination of 

fentanyl and alprazolam resulted in average ED50 values (± 95% confidence interval) for fentanyl and 

alprazolam of 0.31 μg/kg/injection (0.08 – 0.55) and 12.0 μg/kg/injection (2.1 – 22.0), respectively. The 

redetermination resulted in similar average ED50 values for fentanyl and alprazolam of 0.26 μg/kg/injection 

(0.11 – 0.37) and 7.5 μg/kg/injection (1.1 – 13.8), respectively. No significant differences were observed 

between the ED50 values for the original dose-response function vs the redetermination (fentanyl: t(2) = 

0.3705, p=0.7466; alprazolam: t(2) = 0.8248, p=0.4962) in alprazolam-taking monkeys. 

The initially-determined average ED50 value (± 95% confidence interval) of fentanyl for the 3 non-

alprazolam-taking monkeys was 0.27 μg/kg/injection (0.058 – 0.38), with the re-determined ED50 value of 0.30 

μg/kg/injection (0.11 – 0.48). Again, no significant differences were observed between the ED50 values for the 

original fentanyl dose-response function vs the redetermination (fentanyl: t(2) = 0.5032, p=0.6647) in non-

alprazolam-taking monkeys. Interestingly, while 2 of those subjects (M-41123 and M-41252) continued to not 

self-administer alprazolam during redetermination tests, 1 subject (M-98-007) did reliably self-administer 

alprazolam above vehicle levels after fentanyl-alprazolam combination tests, showing an ED50 of 5.5 

μg/kg/injection. 

 

Discussion 

 The negative consequences of opioid-benzodiazepine co-abuse are clear (Moses et al., 2018; Moses 

and Greenwald, 2019). Yet, the determining factors that give rise to this form of polydrug abuse are understood 

poorly. In the present study, we investigated the reinforcing effects of fentanyl and alprazolam, alone and in 

combination, in opioid-experienced rhesus monkeys using a PR self-administration procedure. Alprazolam was 

chosen for this study given its high degree of co-abuse with fentanyl (Kuczyńska et al., 2018) and because it is 

one of the most widely prescribed and misused benzodiazepines (Moore and Mattison, 2017; Ait-Daoud et al., 

2018).  

Alprazolam has a distinct pharmacokinetic and pharmacodynamic profile that may promote its abuse 

potential, including rapid absorption, relatively short half-life and a putatively unique potentiating action at 

dopaminergic neurons in the striatum compared to other benzodiazepines (for review, see Ait-Daoud et al., 
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2018). In the present study, however, alprazolam appeared to have lower reinforcing effectiveness than other 

benzodiazepines.  In this regard, only 3 of the 6 monkeys self-administered alprazolam above vehicle levels, 

which is in contrast to our prior findings of benzodiazepine-type positive modulators consistently self-

administered in all subjects (e.g., Fischer and Rowlett, 2011; Shinday et al., 2013; Berro and Rowlett, 2020). 

The factors underlying this finding are unknown, although alprazolam demonstrates plasma 

level/pharmacological effect hysteresis in healthy human volunteers when administered intravenously, i.e., a 

delay is observed between peak drug serum concentrations and peak drug effect (Venkatakrishnan et al., 

2005). This property of alprazolam (presumably a delay to reinforcing effects following administration) has 

been shown to influence its reinforcing effects in rats (Lau and Heatherington, 1997), and may have influenced 

alprazolam self-administration in the present study. In addition, rodent studies have shown that chronic 

treatment with morphine (Sim et al., 1996) and a history of heroin self-administration (Sim-Selley et al., 2000) 

decreased mu opioid receptor functionality. Therefore, a history of opioid self-administration also may alter 

endogenous opioid transmission in rhesus monkeys. This possibility is important to consider, since some 

studies indicate that endogenous opioid peptides modulate the rewarding and motivational effects of 

benzodiazepines. For instance, opioid antagonists reverse benzodiazepine-induced hyperphagia and 

palatability enhancement (Cooper et al., 1983; Richardson et al., 2005), anxiolysis (Billingsley and Kubena, 

1978), as well as conditioned place preference (Spyraki et al., 1985). These findings suggest that an alteration 

in endogenous opioid neurotransmission, as a consequence of a history of opioid self-administration, also may 

modify the reinforcing effects of benzodiazepines. Indirect support for this idea from the present results is the 

observation that one monkey that initially did not self-administer alprazolam did so when it was re-determined 

after exposures to the combinations, and overall there was an approximately 2-fold increase (albeit not 

significant) in the potency of alprazolam alone following re-determination in the alprazolam-taking monkeys. 

However, it is important to note that, in the present study, fentanyl dose-response functions and potency and 

remifentanil baseline responses were unchanged before vs after combination tests. These possibilities clearly 

warrant further investigation under conditions of self-administration trained and maintained by opioids in 

monkeys. 
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 Regardless of self-administration of either fentanyl or alprazolam alone, at least one combination of 

fentanyl and alprazolam was self-administered above vehicle levels in all six monkeys. In fact, for 5 out of 6 

monkeys, the dose-response functions for fentanyl were shifted to the left in an approximately parallel fashion, 

indicative of an enhancement of the reinforcing potency of fentanyl by alprazolam combination, as supported 

by analysis of potency values (ED50s). Interestingly, the monkey that was the exception (M-41123) 

demonstrated rightward, but mostly downward shifts in the fentanyl dose-response function. The converse 

effects were observed as well, with fentanyl mostly enhancing the reinforcing effects of alprazolam. However, it 

is noteworthy that for most of the monkeys, combination with fentanyl resulted in an enhancement of the 

maximum reinforcing effects of alprazolam in addition to an increase in reinforcing potency. Again, the 

exception was M-41123, in which alprazolam mostly did not function as a reinforcer, either alone or combined 

with fentanyl. Overall, these results clearly suggest that combining fentanyl and alprazolam results in an overall 

increase in reinforcing effects compared to either drug alone in the majority of subjects. 

In order to quantitatively test the hypothesis that fentanyl-alprazolam combinations were additive or 

supra-additive (i.e., synergistic), we used dose-equivalence analyses as developed by Grabovsky and 

Tallarida (2004). For the individual alprazolam-taking monkeys, the majority of observed functions for the 

combinations were shifted to the left of the predicted functions, suggesting the possibility of supra-additive 

interactions across individual subjects.  However, when analyzed as a group, we observed additive effects for 

the 3:1 (fentanyl:alprazolam) and 1:3 combinations, and a supra-additive interaction for the 1:1 combination of 

fentanyl and alprazolam. Overall, these findings clearly suggest that combining fentanyl and alprazolam can 

mutually enhance the reinforcing effects of the two drugs, with supra-additive interactions present, but likely 

restricted to a relatively narrow range of dose combinations.  

For monkeys that did not self-administer alprazolam, the results are more complicated, although for 2 of 

the 3 monkeys, the combination of fentanyl and alprazolam resulted in enhanced reinforcing effects relative to 

either drug alone. These interactions may be classified as “potentiation”, i.e., one drug of the combination lacks 

the studied effect, yet enhances the effects of the other drug when combined. However, the one outlier monkey 

(M-41123) showed primarily inhibitory, or suppressive effects, with the 3:1 dose combination resulting in a 

relatively modest rightward shift in the fentanyl dose-response function, suggesting that alprazolam in some 
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fashion inhibits responding maintained by fentanyl in this subject. When taken as a whole, our results extend 

previous studies showing that rhesus monkeys prefer an opioid-benzodiazepine combination over an opioid 

alone in a choice procedure (Weed et al., 2017) and that chronic opioid administration may enhance the 

reinforcing effects of benzodiazepines (Ator et al., 2005). Collectively, these findings align with previous studies 

showing that patients with OUD purchasing benzodiazepines for recreational purposes report using these 

drugs to enhance feelings of “high” (Stein et al., 2016). 

 Rodent studies also have demonstrated that while alprazolam did not induce conditioned place 

preference itself, treatment with alprazolam enhanced intravenous heroin-induced conditioned place 

preference (Walker and Ettenberg, 2003). The same findings were observed when heroin was administered 

directly into the ventral tegmental area (VTA; Walker and Ettenberg, 2005), corroborating evidence that the 

VTA seems to be a major site for opioid and benzodiazepine reward (Tan et al., 2011; Jones et al., 2012). 

Benzodiazepines exert their effects by binding at GABAA receptors, which are co-localized with µ opioid 

receptors on inhibitory interneurons within the VTA (Xi and Stein, 1998). Activation of both GABAA and µ opioid 

receptors leads to decreased GABA release within the VTA and, consequently, increased (or “disinhibition” of) 

dopamine neurotransmission from the VTA to the nucleus accumbens (Tan et al., 2011; Jones et al., 2012), a 

structure that has been proposed as a major modulator of drug reward and reinforcement (Volkow et al., 2016). 

Therefore, benzodiazepines and opioids could enhance each other’s effects at the dopaminergic mesolimbic 

system, which would contribute to their synergistic and additive reinforcing effects and co-abuse.  

 Although the majority of monkeys in this study demonstrated mutual enhancement of the reinforcing 

effects of fentanyl and alprazolam when combined, there were notable individual differences in magnitude of 

effect, with one monkey showing a suppression of behavior rather than enhancement. Benzodiazepines may 

induce paradoxical reactions, which happens in less than 1% of patients and may be associated with aversive 

effects (Mancuso et al., 2004). While the mechanisms underlying these reactions remain unclear, predisposing 

factors may include genetic variability leading to altered pharmacodynamic and/or pharmacokinetic responses 

to benzodiazepines (Hall and Zisook, 1981; Short et al., 1987; Weinbroum et al., 2001). The extent to which 

genotypic variance may account for the results with subject M-41123, and rhesus macaques in general, 

remains unknown. 
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 In summary, our findings show that combining fentanyl and alprazolam can result in proportion-

dependent additive or supra-additive enhancements. Most of the combined effects were additive, but a 

significant supra-additive interaction was observed between fentanyl and alprazolam for the 1:1 proportion in 

alprazolam-taking taking monkeys. For monkeys that did not self-administer alprazolam, the combined effects 

were more variable but in many cases resulted in a potentiation of the reinforcing effects of fentanyl by 

alprazolam. Together, these findings suggest that the abuse-related effects of opioids when combined with 

benzodiazepines may be more reinforcing than the single drugs, which may play an important role in the 

prevalence of this type of polydrug abuse in patients with opioid use disorders. The U.S. opioid crisis has 

occurred in conjunction with an increase in benzodiazepine use disorders, resulting in a treatment population 

with a “secondary” addictive disorder and a poorer prognosis for recovery. Given the high prevalence of co-

abuse between benzodiazepines and methadone/buprenorphine (Limandri, 2018), it is feasible that additive 

and/or supra-additive reinforcing effects of benzodiazepines combined with methadone or buprenorphine might 

occur. Considering that Ator et al. (2005) have shown that chronic treatment with methadone may increase the 

reinforcing effects of a benzodiazepine in primates, investigating whether supra-additivity also would be 

observed with methadone and/or buprenorphine combined with benzodiazepines is important, as that could 

represent a significant barrier to successful OUD treatment. 
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Figure Captions 

Figure 1. Self-administration of fentanyl and alprazolam by rhesus monkeys (N=6, 3 males, 3 females) trained 

under a progressive-ratio schedule of i.v. remifentanil (R, 0.3 μg/kg/injection) injection. Self-administration 

maintenance sessions alternating remifentanil and its vehicle (saline) were conducted until a consistent 

difference between drug and saline self-administration was obtained. Once self-administration was stable, test 

sessions with fentanyl or alprazolam and their vehicle (V) were added to an alternating sequence of 

remifentanil and saline sessions. Grouped data are expressed as the unit dose that engendered highest 

number of injections/session (EDMax) and one-half log-step unit dose below (−0.5 EDMax) and above (+0.5 

EDMax) the EDMax dose. Data are represented as mean number of injections/session ± SEM, out of a total of 

20 injections available in a daily session. Note that symbols obscure error bars in some instances. *p<0.05 vs 

vehicle (V) (Bonferroni t-tests). 

 

Figure 2. Individual subject data (top panel: males; bottom panel: females) showing self-administration of 

fentanyl, alprazolam and 3 different ratios of fentanyl-alprazolam combinations (1:1, 1:3 and 3:1 

fentanyl:alprazolam, with 1:1 being based on the ED50s of drugs alone). Monkeys were trained under a 

progressive-ratio schedule of i.v. remifentanil (R, 0.3 μg/kg/injection) injection, and self-administration sessions 

alternating remifentanil and its vehicle (saline) were conducted until a consistent difference between drug and 

saline self-administration was obtained. Once self-administration was stable, test sessions with fentanyl, 

alprazolam or fentanyl-alprazolam combinations and their vehicle (V) were added to an alternating sequence of 

remifentanil and saline sessions. For drug combination tests, data are plotted as a function of the fentanyl dose 

included in each combination. Data are represented as mean number of injections/session ± SEM, out of a 

total of 20 injections available in a daily session. Note that symbols obscure error bars in some instances. 

Figure 3. The predicted additive effects and the observed (empirically determined) effects for self-

administration of fentanyl:alprazolam combinations in rhesus monkeys that self-administered alprazolam alone 

under a progressive-ratio procedure. Top graphs:  Individual subject graphs with monkey identification (and 

sex in parentheses) at the top of each panel.  Bottom graphs:  Regression analyses for the 3:1, 1:1, and 1:3 

combinations, shown in individual panels.  Data are individual observed and predicted points for each monkey, 
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not averaged.  Regression lines represent the best-fit analysis for either 2 linear functions for observed vs. 

predicted, or a single function as the default if 2 functions did not fit significantly (see Table 2 for statistics). 

 

Figure 4. Grouped dose-response functions before and after drug combination tests for alprazolam-taking 

subjects (A) and non-alprazolam-taking subjects (B). Data are mean number of injections/session ± SEM, from 

at least 2 determinations. Note that symbols obscure error bars in some instances. R = remifentanil 

maintenance sessions; V = vehicle maintenance sessions.  
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Table 1.  Potencies, expressed as dose engendering 50% of maximal fentanyl effect (ED50) or dose ratio (ED50 of combination of 

fentanyl and alprazolam/ED50 of fentanyl alone), in rhesus monkeys responding under a progressive-ratio schedule (N=6). 

 
ED50 (μg/kg/injection) Dose ratio (Combination ED50/Fentanyl alone ED50) 

 Alprazolam-Taking (N= 3)1 

 M-1170 M-1027 M-42901 mean SEM  M-1170 M-1027 M-42901 mean SEM 
Fentanyl 

alone 0.17 0.22 0.55 0.31 0.12  1.00 1.00 1.00 1.00 0.00 

3:1 0.13 0.14 0.28 0.18 0.05  0.76 0.64 0.51 0.64 0.07 
1:1 0.071 0.036 0.25 0.12 0.07  0.42 0.16 0.45 0.35*,3 0.09 
1:3 0.044 0.012 0.25 0.10 0.07  0.26 0.05 0.45 0.26* 0.12 

 Non-Alprazolam-Taking (N= 3)  

 M-98-007 M-41123 M-42901 mean SEM  M-98-007 M-41123 M-42901 mean SEM 
Fentanyl 

alone 0.20 0.092 0.38 0.22 0.08  1.00 1.00 1.00 1.00 0.00 

3:1 0.12 0.22 0.28 0.21 0.05  0.60 2.39 0.74 1.24 0.58 
1:1 0.026 --4 0.13 0.08 0.05  0.13 -- 0.13 0.13 0.00 
1:3 0.072 -- 0.38 0.23 0.15  0.36 -- 0.38 0.37 0.01 

1.  Potencies are grouped into monkeys that self-administered alprazolam alone above vehicle levels (“Alprazolam-Taking”) and 

those that did not (“Non-Alprazolam-Taking”). 

2.  Monkey identification numbers. 

3.  Note that *p<0.05 vs. Fentanyl alone, Dunnett’s test. 

4.  Dashes indicate potency could not be calculated due to no significant self-administration above vehicle levels. 
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Table 2. Dose equivalence analysis of predicted versus observed effects of fentanyl-alprazolam combinations in 

rhesus monkeys that self-administered alprazolam (“alprazolam-taking subjects”, N= 3).  

 Parameters  Test of Fit for 2 Linear Functions 

Ratio Best Fit Model  Equation  F (df) p Goodness-of-fit 
(R2) 

3:1 One Function  y= 67.2x + 107.5  2.08 (2, 13) 0.16 0.31 

1:1 Two Functions 
Observed y= 45.3x + 105.5  

3.72 (2, 16) 0.047 
0.30 

Predicted y= 87.9x + 104.7  0.62 

1:3 One Function  y= 62.3x + 113.1  1.51 (2, 14) 0.26 0.50 

Ratio refers to proportions of fentanyl:alprazolam. 

Equation refers to linear regression in the form of y= slope * x + y-intercept, where y= % of each monkey’s 

maximum number of injections/session and x= log10(fentanyl dose equivalent).  Note that the y-intercept is the 

value of y when log(x) = 0. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 24, 2022 as DOI: 10.1124/jpet.122.001191

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

	Revised Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4

