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Abstract

Opioid antagonists (e.g., naltrexone) and positive modulators of γ-aminobutyric acid type A 

(GABAA) receptors (e.g., alprazolam) each modestly attenuate the abuse-related effects of 

stimulants. A previous study demonstrated that acute pretreatment with the combination of 

naltrexone and alprazolam attenuated a greater number of the subject-rated effects of d-

amphetamine than the constituent drugs alone. This study tested the hypothesis that maintenance 

on the combination of naltrexone and alprazolam XR would attenuate the reinforcing and 

“positive” subject-rated effects of methamphetamine to a greater extent than the constituent drugs 

alone.

Eight non-treatment-seeking, stimulant-using individuals completed a placebo-controlled, 

crossover, double-blind inpatient protocol. Participants were maintained on naltrexone (0 and 50 

mg), alprazolam XR (0 and 1 mg), and the combination of naltrexone and alprazolam XR (50 mg 

and 1 mg, respectively) for 6–7 days. Under each maintenance condition, participants sampled 
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intranasal doses of methamphetamine (0, 10, and 30 mg), and were then offered the opportunity to 

work for the sampled dose on a modified progressive-ratio procedure. Subject-rated drug effect 

questionnaires, psychomotor, and physiology assessments were collected.

Intranasal methamphetamine functioned as a reinforcer and produced prototypical stimulant-like 

“positive” subject-rated and physiological effects. Maintenance on naltrexone significantly 

decreased the reinforcing, but not subject-rated drug effects of 10 mg methamphetamine. 

Alprazolam XR and the combination of naltrexone and alprazolam XR did not impact 

methamphetamine self-administration or subject-rated drug effects. The results support the 

continued evaluation of naltrexone for methamphetamine dependence, as well as the identification 

of other drugs that enhance its ability to reduce drug-taking behavior.
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INTRODUCTION

Methamphetamine use is a significant public-health concern. The number of individuals 

reporting current methamphetamine use in the United States increased by 30% from 2011 to 

2014.1 In addition, methamphetamine abuse and dependence in the United States accounted 

for 7% of drug treatment admissions.2 Estimates from the most recently available data 

indicate that the total cost for methamphetamine abuse in the United States was over $23 

billion in 2005.3 Despite intense research efforts, a widely effective monotherapy has not yet 

been identified for methamphetamine use disorders.4–7

Combination therapy could address some limitations of monotherapy by targeting a more 

diverse range of neurotransmitters involved in methamphetamine use disorder, and also 

because lower doses of the constituent drugs can be used. Combining medications with 

modest efficacy could result in greater reductions in stimulant self-administration while 

reducing the risk of side effects associated with higher doses of the treatment drugs.8 For 

example, a series of preclinical experiments demonstrated that combining low doses of two 

different drugs that each modestly attenuate the abuse-related effects of methamphetamine is 

an effective strategy to manage stimulant use disorders.8–9 More specifically, combining low 

doses of oxazepam and metyrapone that were ineffective when tested alone resulted in 

reduced cocaine self-administration in rats.9 In agreement with the preclinical data, 

oxazepam-metyrapone combinations were well tolerated and significantly reduced cocaine 

use in a small clinical trial.10

In a previous study that tested the hypothesis that a treatment drug combination might more 

effectively attenuate the abuse-related effects (e.g., reinforcing effects and “positive” 

subject-rated effects) of a stimulant drug, we evaluated the mu opioid antagonist, naltrexone, 

and the γ-aminobutyric acid type A (GABAA) receptor positive allosteric modulator, 

alprazolam in individuals with stimulant use disorder.11 Acute pretreatment with each drug 

significantly attenuated some of the “positive” subject-rated effects of d-amphetamine and 

combining naltrexone and alprazolam attenuated a greater number of subject-rated effects 
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than the constituent drugs alone. Furthermore, acute pretreatment with the combination of 

these drugs did not produce clinically problematic acute physiological effects or “negative” 

subject-rated effects.

Acute pretreatment with the combination of naltrexone and alprazolam was selected for 

testing in our previous study because neuroanatomical, neurochemical, and behavioral data 

support functional links between opioid and GABA systems with the dopamine system, a 

significant contributor to the abuse-related behavioral effects of psychostimulants.12 For 

example, mu opioid receptors are co-localized with dopamine D2 receptors on mesolimbic 

dopamine neurons and administration of mu opioid antagonists reduces amphetamine-

induced dopamine release in the striatum and nucleus accumbens.13–16 Similarly, GABAA 

receptors are co-localized on dopamine cell bodies and GABAA receptor positive 

modulators attenuate methamphetamine-induced increases in dopamine levels in the 

striatum and nucleus accumbens.17,18

Prior preclinical and clinical laboratory studies also guided the decision to test the 

combination of naltrexone and alprazolam in the earlier study. In animal models, various 

behavioral effects of amphetamines are attenuated by opioid antagonists19–22 and GABAA 

receptor positive modulators.23–25 Especially germane to the present study are results from 

experiments demonstrating that naltrexone pretreatment decreased intravenous d-

amphetamine self-administration in rhesus monkeys26 and similarly, alprazolam dose-

dependently reduced cocaine self-administration in baboons.27 In human laboratory 

experiments, acute pretreatment with naltrexone11,28,29 and alprazolam11,30 reduced the 

subject-rated effects of d-amphetamine in separate studies. Maintenance on 1 mg/day 

alprazolam XR also produced a small, but orderly attenuation of some subject-rated effects 

of methamphetamine31, and likewise, maintenance on 50 mg/day naltrexone modestly 

decreased a subset of “positive” subject-rated drug effects of intravenous 

methamphetamine32, in individuals who met criteria for stimulant-use disorders (but see33).

As noted, the attenuation of the abuse-related behavioral effects of amphetamines by 

maintenance on either naltrexone or alprazolam could generally be considered modest. 

Higher doses of these drugs might more completely attenuate the response to amphetamine, 

but untoward side effects limit their use.34–36 The promising findings that the combination 

of acutely administered naltrexone and alprazolam was well tolerated and attenuated a 

greater number of subject-rated drug effects following administration of oral d-amphetamine 

than the constituent drugs alone11 supported further investigation of this combination using 

more clinically relevant study procedures.

The present experiment therefore tested the ability of 6–7 days of maintenance on oral 

naltrexone (50 mg/day) and extended release alprazolam (i.e., alprazolam XR; 1 mg/day), 

separately and in combination, to reduce the reinforcing and positive subject-rated effects of 

intranasal methamphetamine (0, 10, and 30 mg) in eight participants who met criteria for 

stimulant-use disorder. Although alprazolam has known abuse potential,35–37 the prior 

research described above demonstrated its ability to reduce the abuse-related effects of 

stimulants,11,24,27,30,31,38 so it was selected for initial proof-of-concept testing in an attempt 
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to demonstrate the initial efficacy of maintenance on naltrexone and a potent GABAA 

positive allosteric modulator to attenuate the response to methamphetamine.

Maintenance dosing was used because it more closely models a clinical treatment scenario. 

The extended release formulation of alprazolam was selected because it permitted twice per 

day maintenance dosing, rather than (>2) daily doses of the immediate release formulation 

and because it could then be administered at the same time as naltrexone. Further, 

alprazolam XR also has less abuse potential than immediate-related alprazolam.35 The 

present study also builds on our previous results by evaluating the impact of maintenance of 

naltrexone, alprazolam XR, and the combination on intranasal methamphetamine self-

administration on a progressive-ratio procedure. Methamphetamine was tested because rates 

of methamphetamine dependence are higher and it has greater relative reinforcing strength 

compared to d-amphetamine.39,40 Self-administration procedures were used because they 

provide a direct measure of drug taking and are predictive of pharmacotherapeutic 

effectiveness.41,42 In particular, progressive-ratio schedules provide a means to assess 

changes in the relative reinforcing strength of abused drugs across different maintenance 

conditions.43–45

MATERIALS AND METHODS

Study Population, Inclusion/Exclusion Criteria, and Screening

The Institutional Review Board of the University of Kentucky Medical Center approved this 

study and the participants gave their sober, written informed consent prior to enrolling. In 

the consent process, participants were informed that during their participation they would 

receive various drugs, administered orally or intranasally, that could include placebo, 

methamphetamine, naltrexone, and alprazolam XR. Participants were instructed that these 

medications could be administered alone or in combination and potential side effects were 

described. Other than receiving this general information, participants were blind to the dose 

range and dosing schedule. Participants were told that the purpose of the study was to 

determine how different drugs affect physiology, mood, and behavior. Other than this 

general explanation, they were given no instruction of what they were “supposed” to do or of 

what outcomes might be expected. Participants were compensated for their time and effort.

Prior to enrollment, all potential participants underwent a comprehensive physical and 

mental health screening.46 A psychiatrist (L.R.H., P.E.A.G., or their designee) interviewed 

and examined each potential participant. Routine clinical laboratory blood chemistry testing, 

vital signs assessment, and electrocardiography were also conducted. Potential participants 

were excluded if they reported histories of serious physical disease or current physical 

disease, impaired cardiovascular functioning, chronic obstructive pulmonary disease, 

seizure, head trauma or central nervous system tumors, or current or past histories of serious 

psychiatric Axis I disorders according to the Diagnostic and Statistical Manual of Mental 

Disorders-IV (DSM-IV) other than substance abuse or dependence. Participants had to meet 

the following criteria: (1) self-reported recent amphetamine or cocaine use, (2) confirmation 

of recent amphetamine or cocaine use by a stimulant-positive urine screen during the initial 

screening, and (3) fulfillment of the diagnostic criteria for amphetamine or cocaine 
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dependence or abuse on a computerized version of the Structured Clinical Interview for 

DSM-IV. All participants were in good health with no contraindications to the study drugs.

General Procedures

Participants were enrolled as inpatients at the University of Kentucky Chandler Medical 

Center Clinical Services Core (CSC) for 28 days and participated in 1 practice session and 

12 experimental sessions (one session for each of the maintenance + methamphetamine dose 

combinations), with one exception. One participant was discharged from the study for 

personal reasons after completing 2 maintenance conditions and readmitted at a later date. 

This participant completed an additional practice session and spent 3 additional days on the 

inpatient unit. On the day of admission to the CSC, participants provided a urine sample 

negative for recent use of all drugs, other than cocaine, amphetamine and cannabis, as well 

as pregnancy. Participants also provided an expired air sample, which was assayed for the 

presence of alcohol using an Alco-Sensor breathalyzer (Intoximeters, St. Lous, MO, USA) 

and completed a field sobriety test to ensure that they were not currently intoxicated. 

Participants were then allowed to acclimate to the CSC for 1 day, during which they were 

observed for drug or alcohol withdrawal. No signs or symptoms of withdrawal were 

detected. The overall timeline for the experiment is presented in Figure 1.

Practice Session

Following the acclimation period, participants completed a practice session to become 

familiarized with the modified progressive-ratio procedure, subject-rated drug-effect 

questionnaires, and daily laboratory routine, as described below. Study drugs were not 

administered during these sessions.

Drug Maintenance Days

Drug maintenance began the day after the practice session and continued throughout the 

protocol. Oral doses of naltrexone (25 mg naltrexone, b.i.d.) and/or alprazolam XR (0.5 mg 

alprazolam XR, b.i.d.) were administered at 0700 and 1900 h. These doses were selected 

based on clinical dosing recommendations and concerns over the use of side effects 

associated with higher doses.

Four maintenance conditions were tested in counterbalanced order across participants, and 

included maintenance on (1) placebo (i.e., 0 mg/day naltrexone and 0 mg/day alprazolam 

XR), (2) naltrexone (i.e., 50 mg/day naltrexone and 0 mg/day alprazolam XR), (3) 

alprazolam XR (i.e., 0 mg/day naltrexone and 1 mg/day alprazolam XR), and (4) the 

combination (i.e., 50 mg/day naltrexone and 1 mg/day alprazolam XR). Each maintenance 

condition lasted for 6 to 7 days. After the first 3–4 days of each maintenance condition, 

participants completed 3 experimental sessions. The initial 3–4 day maintenance period 

prior to experimental testing permitted blood levels to reach steady state, calculated 

according to the pharmacokinetic profile for naltrexone (T1./2 = 4 h)47 and alprazolam XR 

(T1./2 =15.6 h).48

Placebo refers to the condition in which 0 mg methamphetamine, naltrexone, and 

alprazolam XR were administered. Maintenance on placebo refers to maintenance on 0 mg 
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naltrexone and 0 mg alprazolam XR. References to methamphetamine alone pertain to those 

instances in which 10 or 30 mg methamphetamine was administered during maintenance on 

placebo. References to naltrexone alone, alprazolam XR alone, and the combination of 

naltrexone and alprazolam XR alone pertain to those instances in which 0 mg 

methamphetamine was administered during each respective maintenance condition. Each 

combination of maintenance dose + methamphetamine dose was tested in a single session, 

with 12 total dose conditions administered.

Experimental Sessions

Three experimental sessions, conducted on consecutive days, were completed during each 

maintenance condition to test each methamphetamine dose (i.e., 0, 10, and 30 mg). 

Experimental sessions started at 0830 h and lasted approximately 7.5 h. The intranasal 

methamphetamine dose available for self-administration later that day was sampled at 0930 

h. Participants completed all physiological and subject-rated drug-effect questionnaires, as 

well as the Digit Symbol Substitution Test (DSST),49 1 h prior to drug administration and 0, 

15, 30, 45, 60, 90, and 120 min after drug sampling. Participants completed a modified 

progressive-ratio procedure at 1330 h and then self-administered the earned dose (see 

below).

Urine and expired breath samples were collected prior to each session to confirm drug and 

alcohol abstinence, respectively. Participants occasionally tested positive for amphetamine 

and benzodiazepines, which coincided with experimental administration. Participants tested 

negative for all other drug and alcohol use. The female participant received daily urine 

pregnancy tests, which were negative throughout her enrollment.

Sampling Procedure—Sampling sessions were conducted in the morning to acquaint 

participants with the effects of the drug dose (i.e., 0, 10, and 30 mg methamphetamine) that 

would be available for self-administration in the afternoon session. Following the pre-drug 

assessments, participants insufflated the appropriate methamphetamine dose at 0930 h and 

were instructed to pay attention to the effects of the drug, because they would be offered the 

opportunity to work to receive that drug later that day. Participants then completed post-drug 

assessments as described above.

Self-Administration Procedure—Modified progressive-ratio procedures have been used 

previously to assess drug reinforcement in humans.43–45,50–52 Under the present procedure, 

participants were given 10 opportunities to respond on a computer mouse to earn all, or 

some, of the intranasal powder dose that was administered during the morning sampling 

session. Participants responded by clicking either a YES or NO presented on the computer 

screen when asked if they wanted to work for a portion (i.e., 1/10th) of the previously 

sampled dose. If the participant responded YES, they were then required to click the mouse 

a predetermined number of times to earn a portion of the sampled dose. To earn the first 

portion, participants were required to click the mouse 400 times. The number of clicks 

required to earn each additional portion increased by 100 (i.e., 500, 600, 700, 800, 900, 

1000, 1100, 1200, and 1300 responses). To receive a full dose, participants had to click the 

mouse a total of 8500 times, lasting approximately 35 minutes. If the participant responded 

Marks et al. Page 6

J Clin Psychopharmacol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NO at any time they were asked if they wanted to work for a portion of the dose, the task 

was terminated. While completing each component of the progressive-ratio schedule, 

participants were also able to terminate the task by clicking a button labeled STOP. The 

dependent measure was the number of drug choices completed.

If the participants chose drug, intranasal drug administration occurred at 1430 h. After 

insufflating the amount of drug earned on the modified progressive-ratio procedure, 

participants completed the subject-rated drug-effect questionnaires, performance task, and 

the physiological assessments at the intervals described for the sampling dose. If a 

participant did not respond for any of the dose, he/she still completed the assessments as 

scheduled.

Experimental Measures

Subject-Rated Drug-Effect Questionnaires—Subject-rated drug-effect questionnaires 

and the performance task were administered on a laptop computer in fixed order. The 

subject-rated questionnaires included the Drug-Effect Questionnaire53 and the Adjective 

Rating Scale.54 The Drug-Effect Questionnaire used a 100-unit visual analog scale and the 

Adjective Rating Scale used a five-response Likert-type scale.

Performance Measure—The DSST is widely used in human behavioral pharmacology 

research to assess changes in psychomotor performance following drug administration.49 

The dependent measure was the percent of geometric patterns entered correctly (i.e., Percent 

Trials Correct) in 90 s.

Physiological Measures—Blood pressure, heart rate, electrocardiography, and oral 

temperature were recorded with an automated monitor (Dinamap Pro 1000 Vital Signs 

monitor; Critikon Company LLC, Tampa, Fla, USA). If heart rate exceeded 100 beats per 

minute, systolic blood pressure exceeded 150 mm Hg, diastolic blood pressure exceeded 100 

mm Hg, or clinically significant electrocardiographic changes occurred after administration 

of methamphetamine during the morning sampling procedure, the afternoon self-

administration procedure was completed, but the earned dose was withheld. This occurred 

on two occasions for a single participant. A study investigator explained to the participant 

that the dose would not be administered for safety reasons, in an attempt to prevent the 

withheld dose from impacting future self-administration behavior. If heart rate exceeded 130 

beats per minute, systolic blood pressure exceeded 180 mm Hg, diastolic blood pressure 

exceeded 120 mm Hg, or clinically significant electrocardiographic changes occurred after 

administration of methamphetamine at any point during the experiment, a participant would 

have been excluded from further participation, but this did not occur.

UKU Side Effects Scale

CSC nursing staff also completed the Udvalg for Kliniske UndersØgelser (UKU) side effects 

rating scale daily prior to the administration of maintenance doses.55 Side effects reported 

on these scales were not analyzed statistically, but were monitored regularly by unit 

physicians. The most common side effect reported was a burning feeling in the nose 
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following drug administration. Although a few subjects reported insomnia after drug 

administration days, no participants were discharged due to side effects.

Cognitive and Performance Sessions

Participants also completed cognitive and performance tasks during drug maintenance days 

and experimental sessions, which included the Visual Dot Probe,56 Cued-Go/No Go,57 

Cocaine Stroop,58 N-Back,59 BART,60 and Grooved Pegboard (Layfayette, Instruments, 

Layfayette, IN, USA). No significant impact of maintenance condition was observed and 

thus will not be discussed further.

Drug Administration

All drugs were administered in a double-blind fashion. Naltrexone doses (25 mg) were 

prepared by over-encapsulating commercially available drug (Barr Laboratories INC, 

Pomona, NY, USA). Extended-release alprazolam doses (0.5 mg) were prepared by over-

encapsulating commercially available drug (Greenstone, Ltd., Peapack, NJ, USA). 

Cornstarch was used to fill the remainder of the capsules. Placebo capsules contained only 

cornstarch. Methamphetamine doses (0, 10, 30 mg) were prepared by combining the 

appropriate amount of methamphetamine HCI (National Institute on Drug Abuse, Research 

Triangle Park, NC, USA) with lactose to equal a total of 50 mg powder. None of the drugs 

tested here were used for their labeled indication.

During each methamphetamine administration, a research nurse presented the participant 

with the powder, a mirror, and a standard razor blade. The participant was then instructed to 

divide the powder into two even “lines” and to insufflate one line of powder through each 

nostril using a 65 mm plastic straw during a 2 min time period.

Data Analysis

Statistical analyses of group data were conducted to examine drug effects on the modified 

progressive-ratio procedure, subject-rated drug-effect questionnaires, performance task, and 

physiological measures. For all statistical analyses, effects were considered significant for p 

≤ 0.05.

Data from the modified progressive-ratio procedure were analyzed as the number of drug 

choices using a three-factor, repeated-measures analysis of variance (ANOVA) with 

Naltrexone (0 and 50 mg), Alprazolam XR (0 and 1 mg), and Methamphetamine (0, 10, and 

30 mg) as the factors (Statview, Cary, NC). If a statistically significant interaction (i.e., 

interaction of Methamphetamine and Naltrexone and/or Alprazolam XR) or a main effect of 

Methamphetamine and Naltrexone and/or Alprazolam XR was detected, the mean-square 

error term was used to conduct Fisher’s Least Significant Difference (LSD) post hoc test to 

compare the effects of each methamphetamine dose across maintenance conditions. Data 

from the subject-rated drug-effect questionnaires, performance measure, and physiological 

assessments collected during the sampling sessions were analyzed as peak effect (i.e., the 

maximum score observed following each methamphetamine administration) using the same 

method as the modified progressive-ratio data. Area under the curve (AUC) was also 

calculated and in cases where results diverged from the peak analysis, AUC is also reported. 
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During self-administration sessions, participants ingested varying amounts of drug, so 

subject-rated drug-effect questionnaires and cardiovascular data from the self-administration 

sessions were not analyzed statistically.

RESULTS

Demographics

Eight non-treatment seeking adult participants completed this within-subjects, placebo-

controlled study. Participants ranged in age from 25 to 53 years (mean, 41 years) and in 

weight from 63 to 101 kg (mean, 82 kg). Seven of these participants were male and one was 

female. Six participants reported their race as African American and two self reported as 

Caucasian. Participants scored between 4 and 12 (mean, 8) on the Drug Abuse Screening 

Test61 and reported using cocaine 1 to 15 days (mean, 10 days) in the month prior to 

screening. Seven participants reported consuming alcohol (range of 1–18 beverages per 

week; mean, 9), and scored between 0 and 20 (mean, 8) on the Michigan Alcoholism 

Screening Test.62 None of the participants met criteria for alcohol dependence. Seven 

participants reported using marijuana 0 to 30 days (mean, 12) in the month prior to 

screening, but none met diagnostic criteria for cannabis dependence. In addition, 4 

participants reported that they consumed between 0 and 504 mg (mean, 235 mg) caffeine per 

day and 7 participants reported smoking tobacco cigarettes daily (range, 2–20 cigarettes per 

day; mean, 8 cigarettes). Two participants reported using opiates once in the month prior to 

screening.

Modified Progressive Ratio

ANOVA revealed a significant interaction between Methamphetamine, Naltrexone, and 

Alprazolam XR (F2,14 = 5.9; p < 0.05) for the number of drug choices on the modified 

progressive-ratio procedure (Figure 2). Post hoc comparisons revealed that both active 

methamphetamine doses alone maintained significantly greater responding on the modified 

progressive-ratio procedure compared with placebo. Maintenance on naltrexone significantly 

decreased the number of drug choices for the 10 mg methamphetamine dose relative to each 

of the other three maintenance conditions. Maintenance on naltrexone also significantly 

decreased the number of drug choices for the 30 mg methamphetamine dose relative to 

maintenance on alprazolam XR.

Adjective Rating Scale

A significant interaction between Methamphetamine and Naltrexone (F2,14 = 4.4; p < 0.05) 

was observed for scores on the Sedative subscale of the Adjective Rating Scale (Figure 3). 

Post hoc comparisons revealed that active methamphetamine doses alone did not increase 

scores on the Sedative scale. Maintenance on naltrexone significantly increased scores on 

the Sedative scale following 30 mg methamphetamine relative to placebo. In contrast, the 

AUC analysis did not detect an interaction for the Sedative scale (p > 0.05). There were no 

main effects or interactions of methamphetamine and either maintenance drug on the 

Stimulant subscale (data not shown).
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Drug-Effect Questionnaire

A significant interaction of Methamphetamine and Naltrexone was observed for the item 

Performance Impaired on the Drug-Effect Questionnaire (F2,14 = 4.1; p < 0.05; Figure 3). 

Post hoc comparisons revealed that active methamphetamine doses alone did not increase 

ratings of Performance Impaired, but that ratings on this item were increased following 

administration of 30 mg methamphetamine during maintenance on naltrexone relative to 

placebo as well as all other maintenance conditions.

A main effect of Methamphetamine (F2,14 = 4.0; p < 0.05) and Alprazolam XR (F2,14 = 7.5; 

p < 0.05) was observed for the item, Talkative/Friendly. Post hoc comparisons revealed that 

active methamphetamine doses alone did not increase ratings of Talkative/Friendly, but that 

ratings on this item were increased following administration of 30 mg methamphetamine 

during maintenance on naltrexone, alprazolam XR, and the combination of naltrexone and 

alprazolam XR.

A main effect of Methamphetamine was observed for eleven items on the Drug-Effect 

Questionnaire: Active/Alert/Energetic, Any Effect, Good Effect, High, Heart Racing, Like 

Drug, Nauseated, Rush, Stimulated, Willing to Pay For, and Willing to Take Again (F2,14 

values = 4.0–10.0; p ≤ 0.05). Table 1 provides mean peak ratings for these items during 

maintenance on placebo following administration of 0, 10, and 30 mg methamphetamine. 

There were no main effects or interactions of methamphetamine and either maintenance 

drug on ratings for the items Bad Effects, Euphoric, Nervous/Anxious, Performance 

Improved, Restless, Shaky/Jittery, and Sluggish.

AUC analysis differed from the peak effects analysis in the detection of a significant 

interaction of Methamphetamine, Naltrexone, and Alprazolam XR for the item Nauseated 

(F2,14 = 4.7, p < 0.05) and an interaction of Methamphetamine and Naltrexone for the items 

Nervous/Anxious (F2,14 = 4.1, p < 0.05) and Restless (F2,14 = 4.1, p < 0.05). The AUC 

analysis did not detect effects for the item Talkative/Friendly (p > 0.05).

DSST

Statistical analysis revealed no significant main effects or interactions of Methamphetamine 

and the maintenance drugs on Percent Trials Correct on the DSST.

Physiological Measures

A significant interaction of Methamphetamine and Alprazolam XR was detected for systolic 

(F2,14 = 5.2, p < 0.05) and diastolic blood pressure (F2,14 = 4.1, p < 0.05). A main effect of 

Methamphetamine (F2,14 = 5.8, p < 0.05) and Naltrexone (F2,14 = 12.0, p < 0.05) was 

detected for heart rate. Post hoc comparisons revealed that 30 mg methamphetamine alone 

elevated systolic blood pressure and heart rate relative to placebo (Figure 3), whereas active 

doses of methamphetamine alone did not increase diastolic blood pressure. Systolic blood 

pressure following 10 mg methamphetamine was significantly decreased during 

maintenance on alprazolam XR relative to maintenance on naltrexone or the combination of 

naltrexone and alprazolam XR. Diastolic blood pressure following 10 and 30 mg 

methamphetamine was significantly increased during maintenance on naltrexone. Heart rate 
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following 30 mg methamphetamine was significantly decreased during maintenance on 

naltrexone relative to maintenance on the combination of naltrexone and alprazolam XR.

AUC analysis detected a main effect of Methamphetamine for diastolic (F2,14 = 7.4, p < 

0.05) and systolic (F2,14 = 26.4, p < 0.05) blood pressure and an interaction of 

Methamphetamine, Naltrexone, and Alprazolam XR for heart rate (F2,14 = 4.1, p < 0.05). 

There were no main effects or interactions of methamphetamine and maintenance condition 

on oral temperature (data not shown).

DISCUSSION

Our previous study demonstrated that the combination of acutely administered naltrexone 

and alprazolam was well tolerated and reduced some of the subject-rated drug effects of d–

amphetamine.11 The goal of the present experiment was to extend those findings using a 

laboratory procedure that more closely resembles clinical use of addiction 

pharmacotherapies by testing the hypothesis that maintenance on the combination of 

naltrexone and alprazolam XR would produce a greater reduction in the reinforcing and 

abuse-related effects of methamphetamine relative to the constituent compounds, and 

without significant side effects. Intranasal methamphetamine functioned as a reinforcer 

under a modified progressive-ratio procedure and produced prototypical stimulant-like 

“positive” subject-rated drug effects. The combination of naltrexone and alprazolam XR did 

not decrease the reinforcing, subject-rated, or cardiovascular effects of methamphetamine. 

Alprazolam XR did not impact methamphetamine self-administration, attenuate the subject-

rated effects of methamphetamine or produce clinically significant cardiovascular effects. 

Overall, the most promising finding from the present study was that maintenance on 

naltrexone significantly decreased the reinforcing effects of 10 mg methamphetamine, 

increased some “negative” subject-rated drug effects of 30 mg methamphetamine, and 

attenuated methamphetamine-induced elevations in heart rate.

Naltrexone alone did not produce any physiological or subject-rated drug effects, which is 

consistent with some previous laboratory studies, although others have reported mild fatigue 

or gastrointestinal disturbance.11,28,29,32,63 Maintenance on 50 mg naltrexone significantly 

decreased the number of drug choices following 10 mg methamphetamine by an average of 

49% (3.1 doses) relative to methamphetamine alone. Naltrexone did not significantly 

decrease methamphetamine self-administration in a previous human laboratory study that 

used similar methods.33 However, the present results are in agreement with larger clinical 

trials that demonstrated a reduction in amphetamine-positive urine samples during 

naltrexone treatment relative to placebo.64,65 Naltrexone did not alter self-administration of 

30 mg methamphetamine, however, indicating that the ability of naltrexone to attenuate the 

reinforcing effects of methamphetamine is surmountable by higher doses. Together, these 

results are consistent with the notion that naltrexone reduces the reinforcing effects of 

methamphetamine, and supports the identification of a drug that could be administered in 

combination with naltrexone to enhance its therapeutic efficacy.

Methamphetamine produced both “positive” and “negative” subject-rated effects that varied 

as a function of dose. In contrast to the attenuation in the reinforcing effects of 10 mg 
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methamphetamine, naltrexone maintenance did not significantly influence the “positive” 

ratings of methamphetamine. Self-administration and subject rating outcomes are not 

isomorphic, however, and the magnitude of their correlation appears weak.66 Naltrexone 

maintenance did enhance some of the “negative” (i.e., Performance Impaired and Sedative 

effects) subject-rated effects of 30 mg methamphetamine. These results are partially 

consistent with other human laboratory studies have demonstrated a modest decrease in 

“positive” subject-rated drug effects and an increase in “negative” subject-rated effects 

during naltrexone treatment relative to placebo. 11,28,29,32,67 For example, during 

maintenance on 50 mg naltrexone, 30 mg intravenous methamphetamine increased ratings of 

“Bad Drug Effects” relative to placebo maintenance.32

Maintenance on 1 mg alprazolam XR alone did not produce any performance or subject-

rated effects, and also did not alter the effects of methamphetamine on these outcomes. In 

contrast, performance impairment and modest reductions in the subject-rated effects of 

methamphetamine during maintenance on alprazolam XR were observed in a previous 

study.31 Given that both Lile et al.31 and the present study enrolled participants with a 

similar stimulant use history and tested the same range of doses of methamphetamine and 

alprazolam XR, the reason for the discrepancy in results is uncertain. In the present study, 

participants were maintained on alprazolam XR alone and the combination of alprazolam 

XR and naltrexone for approximately 12 days total whereas in the prior study, participants 

were only maintained on alprazolam XR for approximately 6 days. As such, participants in 

the present study may have developed a tolerance to the effects of benzodiazepines (e.g., 

sedation and performance impairment).

In our previous study11 the acutely administered combination of naltrexone and alprazolam 

decreased the subject-rated effects of d-amphetamine on more questionnaire items than the 

constituent compounds, suggesting that maintaining individuals on the combination of these 

drugs would be effective at reducing the reinforcing and subject-rated effects of 

methamphetamine. In the present study, however, maintenance on the combination of 

naltrexone and alprazolam XR failed to significantly reduce the number of drug choices or 

subject-rated effects of methamphetamine (see discussion below). Moreover, naltrexone 

alone suppressed methamphetamine self-administration though not when combined with 

alprazolam XR. Although alprazolam XR alone did not significantly affect 

methamphetamine self-administration, visual inspection of the data suggests that alprazolam 

XR might have counteracted the naltrexone-attenuated methamphetamine response. Previous 

studies have demonstrated the abuse potential of alprazolam XR,36,37 which might have 

contributed to the reinforcing effects of methamphetamine, thereby offsetting any reduction 

by naltrexone. Future studies should determine whether other GABAA receptor positive 

modulators with less abuse potential (e.g., oxazepam)68,69 might reduce the reinforcing and 

subject-rated effects of methamphetamine.

The inconsistent findings between the present results and our prior study11 examining the 

separate and combined effects of acute naltrexone and alprazolam on d-amphetamine might 

also be attributed to differences in experimental designs. First, the present study utilized 

maintenance dosing instead of acute pretreatment, and maintenance-dosing regimens impact 

the efficacy of a potential therapeutic.30,42 Second, although methamphetamine and d-
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amphetamine produce a similar constellation of effects,70 there are neuropharmacological 

differences between these congeners (e.g., norepinephrine and serotonin release)71, which 

might explain the differential impact of naltrexone and alprazolam XR treatment between 

the two studies. Finally, the present study administered intranasal methamphetamine 

whereas the prior study administered d-amphetamine orally. At equivalent doses, intranasal 

drug administration more rapidly penetrates the central nervous system thereby decreasing 

the time to peak drug effects as compared to oral administration, and drug effects that onset 

rapidly might be more difficult to attenuate.72,73

In summary, maintenance on naltrexone and alprazolam XR, alone and in combination, did 

not produce clinically problematic physiological effects or “negative” subject-rated drug 

effects. The combination of naltrexone and alprazolam XR did not, however, decrease the 

abuse-related effects of methamphetamine. Interestingly, maintenance on naltrexone 

significantly decreased self-administration of the 10 mg methamphetamine dose, consistent 

with previous clinical trial results. Future studies should continue to explore the treatment 

efficacy of naltrexone for methamphetamine use disorders, with particular attention to the 

identification of other drugs with less abuse potential (e.g., oxazepam) that might enhance its 

ability to reduce drug-taking behavior and alternate delivery systems (e.g., depot naltrexone) 

that would enhance patient compliance.
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Fig. 1. 
Example of the experimental timeline. The order of methamphetamine sampling doses was 

randomized and the order of maintenance drug administration (i.e., placebo, naltrexone, 

alprazolam XR, naltrexone + alprazolam XR) was counterbalanced across participants with 

the exception that the combination of naltrexone and alprazolam XR was never administered 

as the first maintenance condition.
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Fig. 2. 
Mean number of drug choices during maintenance on 1) Placebo naltrexone and placebo 

alprazolam XR (PL); 2) Naltrexone (NTX) and placebo; 3) Alprazolam XR (ALP) and 

placebo; and 4) Naltrexone and Alprazolam XR (NTX+ALP). Symbols represent the mean 

of eight (8) participants. Filled symbols indicate a significant difference from the placebo-

placebo condition (i.e., the data point above the leftmost “PL” on the x-axis). ‘P’ indicates a 

significant difference from the corresponding methamphetamine dose under the placebo 

maintenance condition. ‘A’ indicates a significant difference from the corresponding 

methamphetamine dose under the alprazolam XR maintenance condition. ‘C’ indicates a 

significant difference from the corresponding methamphetamine dose under the combination 

of naltrexone and alprazolam XR maintenance condition. Error bars indicate 1 standard error 

of the mean (SEM).
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Fig. 3. 
Subject-rated and cardiovascular measures. Mean peak participant ratings for Performance 

Impaired from the Drug-Effect Questionnaire, the Sedative scale from the Adjective Rating 

Scale (top panels) and mean peak systolic blood pressure and heart rate (bottom panels) 

following administration of methamphetamine and the four maintenance conditions. Other 

details are as in Fig. 2.
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Table 1

Mean (standard deviation) peak ratings during maintenance on placebo for items on the Drug Effect 

Questionnaire with a significant main effect of Methamphetamine only.

Methamphetamine Dose (mg)

PL 10 30 F-Value

Active/Alert/Energetic 5.9 (9.1) 17.1 (18.9) 17.6 (13.4) 5.9

Any Effect 6.5 (7.8) 18.9 (17.1) 23.9 (19.7) 10.0

Good Effects 6.9 (7.8) 19.1 (16.3) 23.4 (16.0) 7.4

High 4.9 (7.9) 19.3 (18.5) 23.9 (19.4) 9.3

Irregular/Racing Heartbeat 4.0 (6.7) 11.8 (22.8) 13.1 (11.3) 4.5

Like Drug 4.3 (4.4) 16.9 (16.1) 23.0 (17.5) 7.5

Nauseated 2.5 (2.7) 13.0 (14.2) 11.5 (12.0) 4.0

Pay For 3.8 (4.5) 15.1 (18.6) 19.5 (20.1) 4.0

Rush 4.8 (8.4) 18.0 (18.4) 19.9 (17.1) 7.8

Stimulated 6.8 (9.1) 17.1 (18.1) 22.4 (17.0) 5.3

Take Again 5.0 (5.5) 20.0 (20.4) 29.8 (30.9) 6.4

PL refers to placebo; For all items, df = 2,14; p < 0.05
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