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Abstract

Rationale—Reductions in cue-induced craving and subjective response to drugs of abuse are
commonly used as initial outcome measures when testing novel medications for the treatment of
addiction. Yet neither the relationship between these two measures at the individual level nor the
moderating effects of pharmacotherapies on this relationship has been examined.

Objective—This secondary data analysis sought to examine 1) the predictive relationship
between cue-induced craving and subsequent acute subjective response to methamphetamine
(MA) and 2) whether the opioid-receptor antagonist naltrexone moderated this association in a
sample of non-treatment-seeking individuals who met DSM-1V criteria for MA use disorder
(abuse or dependence).

Methods—~Participants (N = 30) completed two four-day medication regimens (oral naltrexone
50-mg or placebo, in a randomized, counterbalanced, and double-blind fashion). On day four of
each medication regimen, participants completed a cue-reactivity paradigm followed by
intravenous MA administration. Methamphetamine craving was assessed after the cue-reactivity
paradigm, and subjective response to MA was assessed during MA infusion.

Results—Cue-induced craving for MA was positively associated with post-infusion subjective
MA effects, including positive (i.e., stimulation, good effects, feel drug, high), negative (i.e.,
anxious and depressed), and craving-related (i.e., want more, would like access to drug, crave)
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responses. Naltrexone, vs. placebo, significantly reduced the association between cue-induced
craving and positive subjective response to MA.

Conclusions—The findings indicate that naltrexone moderates the predictive relationship
between cue-induced craving and positive subjective effects of MA, thereby suggesting a
behavioral mechanism by which naltrexone may be efficacious in treating MA use disorder.
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Introduction

Recent studies have indicated that naltrexone, an opioid receptor antagonist that is approved
for heroin and alcohol use disorders, may be a promising pharmacotherapy for stimulant use
disorders, including methamphetamine (MA) use disorder. In a clinical trial, naltrexone
treatment reduced amphetamine use and produced greater abstinence rates compared with
placebo in a sample of amphetamine-dependent individuals (Jayaram-Lindstrom et al.
2008a), although a smaller combined pharmacotherapy study did not replicate these results
in MA users (Grant et al. 2010). Laboratory studies have identified potential behavioral
mechanisms for the observed treatment efficacy of naltrexone. For example, naltrexone
reduces tonic amphetamine craving and subjective response in amphetamine-dependent
patients (Jayaram-Lindstrom et al. 2004; Jayaram-Lindstrom et al. 2008b) and decreases
cocaine craving, but not positive subjective effects, during acute cocaine administration to
stimulant users (Comer et al. 2013). We have observed that naltrexone reduces both MA
cue-induced craving and the acute subjective effects of MA, such as stimulation and craving,
during controlled MA administration (Ray et al. 2015). Taken together, these results suggest
that naltrexone may be an effective treatment for MA use disorder through its reduction in
tonic and cue-induced craving as well as by altering subjective drug effects. However, given
the limited number of studies that have investigated naltrexone specifically for MA use
disorder and the pressing need for pharmacological treatments, additional studies are
warranted to further elucidate the biobehavioral mechanisms underlying the potential
efficacy of naltrexone for MA use disorder.

Situational increases in drug craving are often proximal to drug use in the laboratory and the
real world settings and have been identified has one of the strongest predictors of lapse and
relapse during quit attempts (Shiffman et al. 1996; Shiffman and Waters 2004; Leeman et al.
2009; Epstein DH et al. 2009; Preston and Epstein 2011; for review, Sinha 2013). For
example, in cocaine- and MA-dependent individuals, the magnitude of craving and craving-
related beliefs are predictive of relapse during treatment (Hartz et al. 2001; Rohsenow et al.
2007; Paliwal et al. 2008; Galloway and Singleton 2009; Lee et al. 2010). Further, tonic
craving for MA has been observed at least five weeks into abstinence and appears to render
users particularly vulnerable to relapse within this period (Hartz et al. 2001; Galloway and
Singleton 2009; Zorick et al. 2010). Accordingly, craving has been advanced as a surrogate
marker of MA dependence (Galloway and Singleton 2009), and a reduction in drug craving
represents a common goal in addiction treatment (Pavlick et al. 2009). Although tonic MA
decreases as a function of abstinence duration (Hartz et al. 2001; Galloway and Singleton
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2009; Wang et al. 2013), cue-induced MA craving has been observed to gradually /ncrease
at least three months into abstinence (Wang et al. 2013). A prolonged and sensitized
responsivity to drug-related stimuli is critical in the etiology and maintenance of addiction,
as highlighted by the incentive sensitization theory (Robinson and Berridge 1993; Robinson
and Berridge 2001) and recent studies of individual differences in conditioned cue
responsivity in rats (Flagel et al. 2009; Robinson and Flagel 2009). Thus, as discussed
elsewhere (Sinha 2013; Courtney and Ray 2014), a reduction in cue-induced craving may be
a primary indicator of the potential efficacy of a medication for MA use disorder.

Similar to drug craving, subjective drug effects are related to subsequent patterns of use in
the laboratory and real world settings, as well as the development and maintenance of
substance use disorders (e.g., Shiffman et al. 2006; King AC et al. 2011; for review, de Wit
and Phillips 2012). Across most drugs of abuse, including stimulants, increases in positive
mood and stimulation are positively associated with drug choice and self-administration in
the laboratory (Chait 1993; de Wit and Doty 1994; Tancer and Johanson 2003; Corbin et al.
2007); conversely, greater subjective experiences of aversive drug effects (e.g., anxiety,
sedation, depression, etc.) or reduced stimulation are associated with a decrease in these
outcome measures (De Wit et al. 1989; Chutuape and De Wit 1994). Although the
relationship between subjective response to MA and subsequent drug use or abuse has not
been investigated, retrospective reports in cocaine users have indicated that initial positive
subjective effects (e.g., liking, wanting, alertness) are associated with higher frequency of
future use and development of abuse and dependence more so than negative subjective
effects (Davidson et al. 1993; Grant et al. 2005; Lambert et al. 2006). On the basis of such
findings, reductions of the pleasurable or stimulatory effects of drugs of abuse have been
advanced as markers of efficacy in medication development for addiction (Roche and Ray
2015; Ray et al. 2016).

Nonetheless, the utility of subjective response to acute drug administration as an outcome
measure in medication development studies for stimulant use disorders has been debated
(Comer et al. 2008; Haney 2009). As discussed in multiple reviews (Haney and Spealman
2008; Comer et al. 2008), the dose at which a medication effectively reduces positive
subjective responses to cocaine is not necessarily sufficient to reduce self-administration in
the laboratory or drug use in a clinical-trial setting. One possible explanation for this
incongruity is that the subjective effects of a drug of abuse show high interindividual
variability and may be affected by numerous variables (Ray et al. 2016), including stage and
severity of substance use disorder (Bujarski and Ray 2014; Bujarski et al. 2015), expectancy
of drug effects (Kirk et al. 1998; Volkow et al. 2003; Mitchell et al.), motives for use
(Wardell et al. 2016), psychological and physiological state (Chait 1993; Séderpalm and de
Wit 2002; Soderpalm et al. 2003; Childs et al. 2011; Brkic et al. 2016), or a combination of
these factors (Treloar et al. 2015). Thus, it may be more ecologically valid and clinically
informative to test the effects of medications on subjective drug response during affective
states, such as during levels of high stress or craving, that approximate naturalistic situations
in which an individual may be at high risk for relapse.

While several studies have examined the relationship between stress responses and
subjective drug effects (Soderpalm and de Wit 2002; Soderpalm et al. 2003; Childs et al.
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2011; Brkic et al. 2016), to our knowledge no studies in humans have examined how
magnitude of cue-induced craving may predict proximal and subsequent subjective response
to a drug of abuse. In addition to the variability in subjective response described above, cue-
reactivity is also thought to be highly variable between individuals and may differentially
influence drug seeking behavior, acute response to drugs of abuse, and the development of
addiction (Flagel et al. 2009; Robinson and Flagel 2009; Witteman et al. 2015). Therefore,
in order to help clarify how naltrexone may affect cue-induced craving and subjective
response, it may be necessary to characterize how naltrexone affects the relationship
between these two variables at the subject level rather than examining each variable in
isolation. The objective of this secondary data analysis of (Ray et al. 2015) was to examine
1) the predictive relationship between cue-induced craving and subsequent acute subjective
response to MA at the individual level and 2) whether naltrexone moderated this association
in a sample of 30 non-treatment-seeking individuals who meet criteria for MA use disorder.

The study protocol and all procedures were approved by the Institutional Review Board of
the University of California, Los Angeles and were conducted in accordance with the
Declaration of Helsinki. Detailed methodology of the general experimental and screening
procedures has been published elsewhere (Ray et al. 2015) and is summarized here. Non-
treatment-seeking MA users were recruited from the Los Angeles community via online and
print advertisements. Inclusion criteria were: (1) meeting current DSM-IV criteria for MA
abuse or dependence, (2) being fluent in English, (3) age between 18 and 50 years, (4) a
MA-positive urine toxicology screen, and (5) agreeing to abstain from MA during the study
as evidenced by a MA-negative urine upon each inpatient admission and every morning
during their inpatient stay. Exclusion criteria were: (1) current treatment for MA use, a
history of treatment in the 30 days before enrollment, and/or current desire for treatment for
MA use, (2) a DSM-IV diagnosis of current (last 12 months) drug dependence (other than
MA or nicatine), lifetime schizophrenia, bipolar disorder, any psychotic disorder, or current
major depressive disorder with suicidal ideation, as indicated on the Structured Clinical
Interview for DSM-IV (SCID; (First 2005), (3) current use of psychoactive drugs, other than
marijuana, MA, and nicotine, verified by a toxicology screen, (4) significant medical
problems as indicated by physical examination or laboratory tests (i.e. a blood chemistry
panel and liver profile), (5) current use of medications that are contraindicated with the use
of naltrexone (e.g., prescription opioids), (6) a positive test for pregnancy, are currently
nursing, or refusing to use a reliable method of birth control, (7) cardiovascular
abnormalities in EKG or vital signs as determined during the physical exam or inpatient
stay, and (8) reporting intranasal as the only route of MA administration.

A total of 126 individuals (74% men) completed an initial in-person screening session, and
46 individuals completed a secondary medical screening with the study physician. Of the
126 who completed the in-person screen, 80 individuals did not proceed to or complete the
medical screening for the following reasons: failure to produce a positive MA urine screen
(n =19), did not show up to physical exam (n = 18), unable to contact/no longer interested
(n = 16), failure to meet eligibility criteria from the SCID (n = 14), currently using other
psychoactive and/or contraindicated drugs (n = 9), only using MA intranasally (n = 2),
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outside of age range (n = 1), unable to successfully complete questionnaires and diagnostic
interviews (n = 1). Of the 46 individuals who completed the medical screening, 14 did not
complete an experimental session: eight were ruled ineligible for medical reasons, three
were no longer interested/unable to be contacted, two demonstrated abnormal EKG/
cardiovascular measures during the MA infusion, and one tested positive for MA during the
inpatient stay prior to the MA infusion. Thirty-two individuals (75% male, mean age = 36.47
[SD = 8.68]) completed at least one experimental session; thirty of whom (73.3% male,
mean age = 36.93 [SD = 8.77]) completed both experimental sessions: one while at
naltrexone target dose and the other on matched placebo.

Screening Procedures

Interested individuals first called the laboratory and completed a telephone-screening
interview. Eligible callers were then invited to the laboratory, where they received a full
explanation of the study procedures and provided written, informed consent. At that time,
participants were required to test positive for MA on a urine toxicology screen and have
negative test results for all other drugs (excluding marijuana). Participants then completed
questionnaires on demographics, drug use history, and psychological functioning. The
following interviews were administered by trained masters-level clinicians: (a) the 30-day
Timeline Follow-Back (TLFB) to capture daily MA use over the 30 days prior to the visit
(Sobell et al. 1988) and (b) the SCID (First 2005) to assess criteria for MA dependence and
abuse and to screen for exclusionary psychiatric diagnoses.

Participants deemed eligible following the in-person screening were invited to return to the
laboratory to complete a physical exam with the study physician. Participants were required
to provide a negative urine toxicology screen for all drugs (including MA, excluding
marijuana) at this time. The physical exam consisted of clinical laboratory testing (i.e. a
blood chemistry panel and liver profile) and an electrocardiogram (EKG).

Medication Administration and Inpatient Procedures

Participants who maintained eligibility after the physical exam were admitted to the UCLA
Clinical and Translational Research Center (CTRC) inpatient unit on that same day and were
randomized to take the first study medication (naltrexone or matched placebo). Participants
ingested the study medication under staff supervision for four days and completed the first
experimental session on medication day four, which consisted of a cue-reactivity paradigm
followed by an intravenous (IV) MA administration two hours later. Participants were
discharged from the unit on day five, and following a 7-14 day washout period, were re-
admitted to the unit for their second inpatient stay, when they received the remaining study
medication (naltrexone or placebo) in counterbalanced, randomized, and double-blind
fashion. Following completion of the second inpatient stay, but prior to discharge on day
five, participants received a motivational interview session that was delivered by a Master’s
level clinician under the supervision of a licensed psychologist targeting reduction of MA
use and promoting treatment-seeking. Naltrexone was titrated to minimize adverse events
from 25-mg on day one to 50-mg doses on days two through four. Oral naltrexone was
selected over the injectable formulation given the non-treatment-seeking nature of the
sample and the need for a timely washout period that would support the feasibility of the
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crossover design. Participants received $40 for completing the in-person screening visit, $40
per inpatient day ($400 total), and $50 for each of the two experimental sessions.
Participants who completed all parts of the study received a $100 bonus.

Cue Reactivity Paradigm & Measures

On day four of each admission, participants completed a guided cue-exposure protocol
(Monti et al. 1987) modified for relevance to MA. The protocol included the presentation of
two audio-recorded scripts (MA and water control), each approximately 5 minutes in length
and delivered in a non-counterbalanced fashion (control first) to avoid potential carryover
effects. The scripts instructed the participant to recall sensory and emotional memories
related to their use of MA (or water). At various times during the cue exposure, the
participant was instructed to handle physical cues (glass MA pipe or glass of water). All
participants reported past experience with smoking MA, lending validity to the physical
drug cue. After each standardized exposure, participants completed the MA Urge
Questionnaire (MAUQ), which is an 8-item Likert-scale questionnaire assessing MA
craving. Examples of the rated statements include: “All | want to do now is use
methamphetamine,” and “I want to use methamphetamine so bad | can almost feel it.” An
average of the items was computed. Internal reliability for this measure was high at each
assessment (Cronbach’s a’s = 0.92).

MA Administration Paradigm & Measures

Two hours after completion of the cue-exposure paradigm, participants completed a MA
challenge. Participants received an infusion of 30-mg MA, administered in two 15-mg doses,
each infused over two-minutes and separated by 30 minutes for safety monitoring. The 30-
mg MA dose was selected because it is a commonly abused quantity, and infusion of this
dosage reliably produces typical subjective MA effects (Newton et al., 2005; Johnson et al.,
2007; Fowler et al., 2008). The 1V administration method was selected over other routes
(e.g., oral, smoked, etc.) to provide greater precision over MA dosing and eliminate aspects
of inter-subject variability that may affect subjective response to MA. Further, previous
research demonstrated a similar pattern of pharmacokinetic and subjective response to MA
when comparing IV and smoking routes of administration (Cook et al, 1993), supporting the
experimental validity of using IV MA administration in individuals who commonly smoke
MA.

Assessment of subjective responses began immediately following administration of the
second 15-mg MA dose. The primary outcome measure for this study was the Drug Effects
Questionnaire (DEQ; (Morean et al. 2013), which was administered prior to MA
administration (i.e., baseline) and then again at 5, 10, 15, 20, 30, 60, 90, and 120 minutes
following the second 15-mg MA dose. The DEQ that was administered in this study was an
11-item questionnaire capturing subjective responses to drugs of abuse. The eleven items
that were analyzed from this questionnaire were: “How much do you feel any drug effects?,”
“How good are the drug effects you are feeling right now?,” “How high are you?,” “How
stimulated do you feel right now?,” “How bad are the drug effects you are feeling right
now?,” “How much would you like to access the drug right now?,” “How much would you
like more of the drug, right now?,” “How depressed do you feel right now?,” “How anxious
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do you feel right now?,” “How much do you like the effects you are feeling now?, and “How
much do you crave more of the drug right now?”. Participants were asked to rate their
current feelings on a Likert scale ranging from O (none at all) to 10 (a lot).

Medication and Methamphetamine

Naltrexone was purchased from and compounded by Bayview Pharmacy (Saunderstown, RI)
into blister packs with one oral capsule administered each day. The matched placebo was
administered in one capsule each day. Participants swallowed the study medication under the
observation of CTRC research nursing staff. Medication order was randomized and
counterbalanced. Methamphetamine Hydrochloride (HCI): MA HCI was provided by a
NIDA contractor. The UCLA Investigational Drug Pharmacy prepared two 15-mg (5-ml)
infusions in 0.9% sodium chloride solution for each MA administration session. The dose
selected and administration procedures were consistent with previous behavioral
pharmacology studies (Newton et al., 2005 Newton et al., 2008).

Statistical Analysis

The data analysis had two primary aims: 1) to test the association between cue-induced
craving and subjective response to the MA challenge, and 2) to determine if naltrexone, vs.
placebo, moderated the association between cue-induced craving and subjective response to
MA. For these analyses, we utilized hierarchical linear models (HLMs). Of note, HLM
provides several advantages over alternative models (e.g., repeated-measures ANOVA)
including a more flexible covariate structure and enhanced power, and HLM is preferred
over ANOVA when analyzing repeated measures collected at unequal time intervals
(Gueorguieva and Krystal 2004). In the HLM framework the repeated observations of DEQ
scores are nested (at Level 1) within persons (at Level 2), with all post-infusion DEQ scores
included in the model for each subjective effect. All models included random person-level
intercepts and random slopes for post-infusion time to allow individual heterogeneity in the
intercept and rate of change in DEQ scores. Analyses were conducted in Stata 13.0
(StataCorp., 2013) using restricted maximum likelihood estimation, a robust method of
estimation in HLM with small sample sizes (Hoyle and Gottfredson 2015)). Missing data
modifications were not required, as full data were obtained in this sample of study
completers.

All models controlled for study design factors including medication condition, time, and any
significant medication x time interactions. The baseline (pre-infusion) DEQ rating was a
covariate in all models, which is preferred over other methods of baseline control (e.g.,
change scores) when estimating experimental effects (Vickers and Altman 2001).
Medication sequence was also tested as a covariate but did not predict variance in subjective
effects and was dropped from further analyses. Before examining primary hypotheses,
preliminary analyses examined potential demographic predictors of post-infusion DEQ
scores, including sex, age, and ethnicity, and any statistically-significant predictors (o < .05)
were retained in further analyses. Models then tested: 1) the main effect of cue-induced
craving MAUQ score on DEQ subjective effects and 2) cue-induced craving MAUQ score
interaction with medication condition. The interaction effects were followed by tests of the
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MAUQ simple slopes to estimate the effect of cue-induced craving on DEQ scores within
each medication condition.

Replication and covariates of subjective effects

Sample characteristics are presented in Table 1. Preliminary analyses using the HLM
approach examining study design predictors replicated the primary results reported
previously in this sample using an ANOVA approach, which are reviewed briefly here.
Statistically significant (ps < 0.05) medication x time interactions were observed for “Feel”,
“High”, “Bad”, and “Anxious”, with naltrexone producing more rapid decline in these
subjective effects following MA challenge. Significant main effects of medication were
found for “Stimulated”, “Access”, “Like”, “Depressed”, “More”, and “Crave”, with
naltrexone producing lower overall ratings of these subjective effects. Baseline DEQ score
was significantly and positively associated with post-infusion DEQ scores for nearly all
subjective effects, with the exception of “High” and “Good”. Finally, the only significant
demographic predictor was ethnicity for “More” and “Access”, with lower scores for
Caucasians, which was controlled for in subsequent analyses.

Main effects of cue-induced craving on subjective response to MA

Cue-induced craving for MA, as assessed by the MAUQ, was significantly and positively
associated with post-infusion DEQ scores for nearly all of the subjective effects (Table 2).
Strong associations were observed for “Feel”, “High”, “Good”, “Stimulated”, “More”,
“Access”, and “Crave”, with somewhat weaker but statistically significant associations for
“Anxious” and “Depressed”. These significant associations were present when controlling
for the effects of medication, time, medication x time interaction, and baseline DEQ scores
on post-infusion DEQ scores. Cue-induced craving was not significantly associated with
“Like” or “Bad”. Overall, greater levels of cue-induced craving prior to the MA challenge
were associated with a larger subjective response to the MA challenge, in terms of positive
(i.e., stimulation, good drug effects, feel drug, drug high), aversive (i.e., anxious and
depressed), and craving-related (i.e., want more drug, would like access to drug, crave more
of the drug) subjective effects.

Interaction of cue-induced craving and naltrexone subjective response to MA

Given the significant association between cue-induced craving and subjective effects of MA,
final analyses examined moderation of this association by medication condition (Table 3).
Statistically significant cue-induced craving x medication interactions were observed for
“Feel” (b =-0.73, p< 0.001), “High” (6 =-0.37, p< 0.001), “Good” (6 =-0.51, p< 0.001),
and “Stimulated” (6 =-0.35, p< 0.01). These interactions revealed that the positive
association between cue-induced craving and subjective MA response was significantly
reduced when receiving active naltrexone compared to placebo (Figure 1). Simple-slopes
analyses revealed that in the placebo condition, greater cue-induced craving significantly
predicted greater ratings of “Feel”, “High”, and Good”, but in the naltrexone condition these
effects were not statistically-significant (Table 3). Greater cue-induced craving significantly
predicted greater ratings of “Stimulated” in both medication conditions, but this effect was
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significantly lower in the active naltrexone condition compared to placebo. The cue-induced
craving x medication interaction was not significant for the remaining subjective effects.

Altogether these results suggest that naltrexone moderated the association between cue-
induced craving and positive subjective effects without impacting the associations between
cue-induced craving and aversive or craving-related subjective effects. To ensure that these
moderation results were not due to a “ceiling effect,” that is, that naltrexone uniformly
blunted all positive subjective effects independent of its effects on MA craving, we visually
inspected scatterplots of subjective response to MA during naltrexone and placebo (data not
shown). We did not observe evidence that naltrexone produced a restricted subjective-
response range. These findings along with the overall pattern of the results (i.e., naltrexone
produced statistically different effects on each positive subjective response to MA) support
the interpretation that naltrexone moderates the relationship between cue-induced craving
and the positive subjective effects of MA. Finally, several covariates were also tested in the
previously described models, including past 30-day MA and alcohol use, MA dependence
severity, duration since first use of MA, and lifetime alcohol symptom count. None of these
covariates significantly predicted subjective response to MA nor did their inclusion impact
the previously reported main effects or interactions involving naltrexone.

Discussion

This study was the first to examine the predictive relationship between cue-induced MA
craving and subsequent subjective response in individuals with MA use disorder (as
measured by DSM-IV MA abuse or dependence). The findings suggested that greater levels
of cue-induced craving were associated with larger positive (i.e., stimulation, good drug
effects, feel drug, drug high), negative (i.e., anxious and depressed), and craving-related (i.e.,
want more drug, would like access to drug, crave more drug) subjective responses to acute
MA administration. Additional analyses indicated that naltrexone moderated the association
between cue-induced craving and positive subjective MA effects but not those related to
craving or negative effects. These results provide initial evidence for individual variability in
craving level predicting proximal subjective drug effects and may have also elucidated
behavioral mechanisms by which naltrexone can be efficacious in treating MA use disorder.

Behavioral responses to drug-related cues and the subjective effects of drugs of abuse have
both demonstrated high interindividual variability, which in turn is related to differences in
drug-seeking behavior and the development of addiction (Flagel et al. 2009; de Wit and
Phillips 2012; Ray et al. 2016). Additionally, prior studies have reported that
psychophysiological states that are reliably associated with craving in drug users, such as
high levels of stress and/or negative affect, may influence the subjective effects of drugs of
abuse (Soderpalm and de Wit 2002; Séderpalm et al. 2003; Childs et al. 2011; Brkic et al.
2016). For example, a psychosocial stressor was reported to dampen the positive and
negative subjective effects of MA while potentiating MA craving in healthy controls
(Soderpalm et al. 2003). The present findings show that cue-induced craving at the level of
the individual MA user is predictive of subjective response to MA, potentially suggesting
shared underlying circuitry for each process. Interestingly, animal literature has
demonstrated that rodents who are preferentially responsive to drug-conditioned stimuli (i.e.,
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“sign-trackers”), comparable to the drug cues in the current study, also demonstrate greater
psychomotor sensitization to stimulants and will work harder to obtain stimulant drugs than
those who are less responsive to conditioned stimuli (i.e., “goal-trackers”; Flagel et al. 2008;
Saunders and Robinson 2010; Saunders et al. 2013). This sensitized responsivity to drug-
conditioned cues in rodents has been linked to heightened dopaminergic activity in several
brain areas, including mesocorticolimbic and corticostriatalthalamic circuitry (Flagel et al.
2007; Flagel et al. 2009; Yager et al. 2015; Fraser et al. 2016). Further, cue-induced craving
in humans is associated with striatal dopamine release (Wong et al. 2006; Volkow et al.
2006) and with activity in frontal, limbic, and midbrain areas (Grant et al. 1996; Childress et
al. 1999; Kilts et al. 2001; Courtney et al. 2016) that are also acutely activated by drugs of
abuse and involved in the hedonic effects of drugs and natural rewards (Richard et al. 2013;
Berridge and Kringelbach 2015). Thus, we speculate that individuals who experience
intensified cue-induced craving may possess an underlying neurobiological state that primes
them to be hypersensitive to the subjective effects of the drug.

Across drugs of abuse, increases in craving have been identified as the single greatest
predictor of whether an individual will participate in drug-seeking behavior and use a drug
(Sinha 2013). While there have been no studies that have assessed the relationship between
subjective response to MA during a lapse (i.e., a “slip”) or full relapse during treatment and
future drug use, studies employing ecological momentary assessment (EMA) in tobacco
smokers trying to quit have found that the magnitude of positive subjective effects during the
first lapse after abstinence is predictive of the severity of that lapse, which in turn is highly
predictive of progression to the next lapse and, ultimately, full relapse (Shiffman et al. 2006).
When interpreted in the context of our current findings, this could suggest the subset of MA
users that experience co-occurring heightened sensitivity to both drug cues and subjective
drug effects are at high risk for continued problematic use and unsuccessful quit attempts.
The sensitized responsivity to drug-related cues could promote chronic MA use and inability
to sustain abstinence, whereas the augmented positive subjective MA effects after craving-
induced use could increase the severity of that MA use episode and the likelihood of a single
lapse turning into full relapse.

Despite the potentially problematic predictive relationship between cue-induced craving and
subjective effects of MA, we also found that naltrexone was predominantly effective in
reducing the positive subjective effects of MA in individuals who experienced high levels of
cue-induced craving. In support of this finding, brain areas involved in both cue-induced
craving and the hedonic effects of drugs are mediated in part by endogenous opioid activity
(Richard et al. 2013; Berridge and Kringelbach 2015), providing a pharmacological
mechanism by which naltrexone may dampen the relationship between craving and positive
subjective MA effects. Furthermore, this finding suggests that naltrexone may be particularly
effective in treating MA-dependent individuals who are susceptible to drug-cue-induced
craving by disrupting the link between craving level and the positive acute effects of MA.
For example, in individuals who still experience high degrees of cue-induced craving while
taking naltrexone and are at high risk for a lapse, naltrexone would block the positive
subjective effects of MA during that slip and potentially limit the severity of that MA use
episode. As MA is often used in a binge pattern, which is in turn thought to relate to its
neurotoxicity, cognitive impairment, and addiction maintenance (Cho and Melega 2001,
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Semple et al. 2003; Bujarski et al. 2014), the reduction in the severity of a lapse or use
episode may be critical in improving treatment outcomes.

This study is not without limitations that should be considered when interpreting the present
results. Although most relevant studies have found that drug preference and use are
associated with heightened positive subjective drug effects, some have suggested that an
attenuated positive subjective response may lead to increased use because individuals require
more drug to experience the desired mood changes (for review, see de Wit and Phillips
2012). The latter interpretation, if proven valid, suggests patients who experience high levels
of cue-induced craving could increase their MA use while on naltrexone, which would not
support its use as a treatment for MA use disorder. An additional caveat is that naltrexone
only attenuated the relationship between cue-induced MA craving and positive subjective
MA effects. Although most findings indicate that positive effects are most closely related to
future drug use and abuse, there is some evidence in cocaine users that initial aversive effects
may also be related to future development of stimulant use disorders (Grant et al., 2005).
Our results do not suggest that naltrexone is effective in reducing the positive relationship
between cue-induced craving level and craving-related (i.e., want more drug, would like
access to drug) or negative (i.e., anxious and depressed) MA subjective effects. Additional
limitations include the single dose of naltrexone and the MA administration schedule. The
MA infusion schedule (two 15-mg MA doses infused over two minutes and separated by 30
minutes) was selected to produce a gradual increase in cardiovascular parameters but may
not be generalizable to real-world patterns of self-administration. Finally, although it is of
interest to speculate on how the present results may be related to treatment outcomes with
naltrexone, the participants in this study could have met criteria for either MA abuse or
dependence and were not seeking treatment. Therefore, our interpretation of the findings
should be viewed with some caution.

In summary, the present study found that level of cue-induced MA craving was predictive of
subsequent subjective MA response in individuals with MA use disorder. Additional
analyses revealed that naltrexone attenuated the relationship between craving and positive
subjective effects, potentially suggesting a behavioral mechanism by which naltrexone may
be an effective treatment for MA use disorder. Several lines of future research may
productively extend the current results. First, as discussed in detail elsewhere (Ray et al.
2015), it is essential to determine whether the ability of a medication to affect subjective
response to drugs of abuse in the laboratory is predictive of clinical outcomes. Second, these
results point to the need of more EMA studies in individuals with stimulant use disorders. At
present, only a handful of EMA studies in cocaine users have been conducted, and, to our
knowledge, no EMA studies have been performed in MA users. An EMA study could
replicate the present results in a naturalistic setting, ideally in treatment seekers, as well as
examine how the relationship between craving level and subjective response relates to future
MA use and abuse. Finally, future studies should consider examining the association
between cue-induced craving and subjective drug response in other populations of substance
users in order to determine whether the relationship generalizes to other substances of abuse.
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Active naltrexone moderates the association between cue-induced craving and subjective
response following MA challenge. Figures display model-adjusted Drug Effect
Questionnaire scores (estimated at 10 minutes post-infusion for display purposes) as a
function of MAUQ cue-induced craving scores, with separate plots for the naltrexone and

placebo conditions.
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Table 1

Variable

Percentage or mean (SD)  Range

Education (years)
Age
Sex (% men)
Ethnicity (% Caucasian)
Age of first MA use
Years of MA use
DSM-IV MA abuse/dependence symptom count
Number of MA use days (past 30 days)
Primary route of MA use (n = 28)
Smoke
Snort
Inject
Cigarette smokers (%)
Alcohol drinkers (%)
Number of alcohol-drinking days (past 30 days)
Alcohol drinks per drinking day (past 30 days)

12.19 (3.41) 4-21
36.93 (8.78) 23-50
73%
3%

24 (9.83) 13-47
12.48 (8.46) <1-32
6.00 (2.26) 2-11
21.26 (8.15) 9-30

93%

3.5%

3.5%

63%

70%
556 (8.63) 0-30
4.07 (3.67) <1-14

Abbreviations. DSM-1V, Diagnostic and Statistical Manual of Mental Disorders, 4th Edition; MA, methamphetamine.
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Table 3
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Interaction of medication condition and cue-induced craving on subjective effects following methamphetamine

challenge (N = 30).

Interaction Effect: Medication x Cue-Induced Craving

Simple slope: Cue-induced craving

b z Placebo Naltrexone

Feel -0.73 kil -6.71 0.79 FAK 0.05
High 037 -3.27 051 0.14
Good -0.51 felelal -4.48 0.61 FHEE 0.10
Stimulated —0.357% -3.00 096" 0.627°*
Like -0.06 -0.50 0.15 0.09
Bad -0.11 -1.16 0.07 -0.04
More 0.14 0.78 0.81°%* 0.99***
Depressed 0.08 1.10 0197 0.287%*
Anxious -0.04 -0.33 0.24* 0.20
Access 0.32 1.74 0.82 A 1.06 ol
Crave 0.01 0.10 0.70*** 071

*

p<.05,

HAA
p< 0L

AAA

p<.001.
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