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Abstract
Rationale Contextual stimuli present during drug experiences
become associated with the drug through Pavlovian condi-
tioning and are thought to sustain drug-seeking behavior.
Thus, extinction of conditioned responses is an important
target for treatment. To date, acquisition and extinction to
drug-paired cues have been studied in animal models or
drug-dependent individuals, but rarely in non-drug users.
Objective We have recently developed a procedure to study
acquisition of conditioned responses after single doses of
methamphetamine (MA) in healthy volunteers. Here, we ex-
amined extinction of these responses and their persistence
after conditioning.
Methods Healthy adults (18–35 years; N=20) received two
pairings of audio-visual stimuli with MA (20 mg oral) or
placebo. Responses to stimuli were assessed before and
after conditioning, using three tasks: behavioral prefer-
ence, attentional bias, and subjective Bliking.^
Results Subjects exhibited behavioral preference for the drug-
paired stimuli at the first post-conditioning test, but this de-
clined rapidly on subsequent extinction tests. They also exhib-
ited a bias to initially look towards the drug-paired stimuli at
the first post-test session, but not thereafter. Subjects who
experienced more positive subjective drug effects during con-
ditioning exhibited a smaller decline in preference during the
extinction phase. Further, longer inter-session intervals during

the extinction phase were associated with less extinction of the
behavioral preference measure.
Conclusions Conditioned responses after two pairings with
MA extinguish quickly, and are influenced by both subjective
drug effects and the extinction interval. Characterizing and
refining this conditioning procedure will aid in understanding
the acquisition and extinction processes of drug-related
conditioned responses in humans.

Keywords Extinction . Pavlovian conditioning . Human .

Methamphetamine . Cue . Preference . Attention bias .

Associative learning

Introduction

Conditioned drug cues are widely believed to facilitate and
reinstate drug seeking, and therefore extinction of these con-
ditioned responses is considered a key target for drug abuse
treatment. In substance users, drug-associated cues are
thought to initiate drug seeking, maintain continued consump-
tion, and predict relapse (Powell et al. 2010) by eliciting con-
ditioned responses that include drug craving (Ferguson and
Shiffman 2009; Drummond 2001; Bedi et al. 2011), physio-
logical arousal (Ehrman et al. 1992), heightened emotional
reactivity (Geier et al. 2000; Drobes and Tiffany 1997), and
increased attention towards cues (i.e., Battentional bias;^
Waters et al. 2009; Robinson and Berridge 1993). Despite a
large preclinical literature on both acquisition and extinction
of conditioned drug effects in laboratory animals (de Wit and
Stewart 1981; See 2002), few studies have examined the ac-
quisition and extinction of conditioned drug cue responses
under controlled conditions in humans (Winkler et al. 2011;
Flaten and Blumenthal 1999; Martin-Soelch et al. 2007).
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There is an extensive literature investigating responses to
drug-related cues in drug-dependent individuals, using gener-
ic cues such as pictures of drugs and drug use paraphernalia
(Volkow et al. 2006; Sinha 2009; O’Brien et al. 1992; Sell
et al. 2000; MacKillop and Lisman 2008; Collins and
Brandon 2002; Kamboj et al. 2011; LaRowe et al. 2007;
Price et al. 2010). In addition, a small handful of studies have
examined acquisition of novel associations between previous-
ly neutral cues and drugs of abuse, including nicotine (Mucha
et al. 1998; Lazev et al. 1999) and cocaine (Foltin and Haney
2000) in drug-dependent individuals, and one study has re-
ported the extinction of newly conditioned drug cue responses
in daily nicotine users (Thewissen et al. 2006). However, it is
difficult to study basic processes of conditioning in
established drug users because of their complex and often
unknown drug use histories, making it impossible to control
for both exposures to the drugs and the cues associated with
them, as well as other memories associated with the drug-
taking event (Kilts et al. 2001). To avoid these issues, we have
developed a paradigm to study drug cue associations de novo
in healthy young adults (Mayo et al. 2013; Mayo and de Wit
2015). In the procedure, participants receive two pairings of a
neutral audio-visual stimulus (nature image and correspond-
ing sounds) with a single dose of methamphetamine (MA),
and two pairings of a different stimulus with placebo (PBO).
After these pairings, participants showed cue-elicited condi-
tioned responses, including increases in behavioral preference
(Mayo et al. 2013;Mayo and deWit 2015) and attentional bias
(Mayo and de Wit 2015) for the MA-paired stimuli, as com-
pared to the PBO-paired stimuli. Mayo and deWit (2015) also
found that subjective drug Bliking^ during the acquisition
phase was correlated with greater attentional bias towards
the drug-paired cue. Importantly, these studies indicated that
after only two pairings, healthy, non-dependent participants
exhibited conditioned drug cue reactivity, consistent with
findings using laboratory animals (see Shaham et al. 2003
and See 2005 for reviews).

A major target for substance abuse treatment is the extinc-
tion of drug-paired conditioned responses (Conklin and
Tiffany 2002) through repeated presentation of the drug cue
in the absence of the drug. Because the efficacy of cue expo-
sure therapies have been limited (Havermans and Jansen
2003), the goal of the present study was to further develop
our laboratory conditioning procedure by investigating the
extinction phase of conditioning. As in the earlier studies,
participants underwent four conditioning sessions (two MA,
two PBO) each with distinctive stimuli. We studied their re-
sponses during repeated extinction test sessions (without drug
administration) to assess the durability of the conditioned re-
sponse. We hypothesized that the MA-paired cue would elicit
conditioned responses, such as increased behavioral prefer-
ence and greater attentional bias compared to the PBO-
paired cue, and that these responses would attenuate with

repeated, unpaired exposures to the MA-paired cue. We also
expected that subjective drug effects, especially drug Bliking^
would be positively correlated with the strength of the condi-
tioned responses, as indicated by more resistance to extinction
(Annau and Kamin 1961; Rutten et al. 2011). Finally, on an
exploratory basis, we also examined other parameters
(e.g., inter-session intervals) that might predict the rate
of extinction.

Materials and methods

Design

This study used a within-subjects design consisting of three
phases: (i) a pre-test assessing responses to the cues before
conditioning, (ii) four conditioning trials with methamphet-
amine (MA, 20 mg oral) or placebo paired with distinctive
stimuli (counterbalanced across participants), and (iii) post-
conditioning extinction tests. The primary outcome measures
were three indices of conditioning of the MA-paired stimuli,
behavioral preference, attentional bias, and Bliking^ of the
stimuli. The primary goal was to examine the persistence
of these conditioned responses during extinction.

Participants

Healthy volunteers (N=20) aged 18–35 were recruited from
the university and surrounding community (Table 1).
Participants underwent an in-person screening interview
consisting of a psychiatric evaluation, electrocardiogram,
physical examination, and reports of current and lifetime non-
medical drug use history. Participants were eligible regardless
of whether they had previously used stimulants or other drugs.
Inclusion criteria were BMI of 19–26 kg/m, a high school
education, fluency in English, resting blood pressure less than
140/90 mmHg, resting heart rate less than 90 bpm, and con-
sumption of fewer than four standard caffeinated or alcoholic
beverages a day. Exclusion criteria included current medica-
tions (except hormonal birth control for women), current or
past year substance dependence, history of cardiovascular ill-
ness, abnormal EKG (as determined by a medical doctor),
current or last 5-year diagnosis of attention deficit hyperactiv-
ity disorder, current or past year major Axis I DSM-IV-TR
disorder (American Psychiatric 2000), mood disorders, or
psychotic symptoms within the past year. Shift workers, preg-
nant women, and nursing mothers were also excluded.
Women who were not on hormonal birth control completed
all conditioning sessions during the follicular phase of their
menstrual cycle (White et al. 2002). This study was approved
by the University of Chicago Biological Science Division
Institutional Review Board.
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Drug

Methamphetamine (MA; 20 mg; Desoxyn, Lundbeck) was
used because of its reliable subjective effects and quick onset
(Martin et al. 1971; Cook et al. 1992).MA tablets were crushed
and mixed into 10 ml of equal parts OraSweet and OraPlus
syrup (Paddock Laboratories, Minneapolis, MN). The placebo
(PBO) consisted of 5 ml of OraSweet and OraPlus alone.

Session procedures

Orientation session During an initial orientation visit, study
procedures were explained to participants and informed con-
sent was obtained. Participants practiced the study tasks and
questionnaires. To minimize expectancy effects, participants
were told that they could be given a placebo, stimulant, seda-
tive, or alcohol. Participants were asked to abstain from rec-
reational drug use for 48 h before any session (7 days for
marijuana). They were allowed to consume their normal
amounts of caffeine and nicotine before all sessions.
Compliance was assessed at each session using breathalyzers
(measuring blood-alcohol levels; Alco-SensorIII,
Intoximeters, St. Louis, MO), urine drug tests (ToxCup,
BrananMedical Corporation, Irvine, CA), and pregnancy tests

for women (AimStickPBD, hCG professional, Craig Medical
Distribution, Vista, CA). Participants were informed that test-
ing positive for alcohol, drugs, or pregnancy would result in
their exclusion from the study. No one tested positive for drug
use or pregnancy.

Pre-conditioning session (session 1) In this 1-h session, par-
ticipants completed three tasks that assessed responses to the
to-be-conditioned visual/auditory stimuli (as in Mayo and de
Wit 2015). These tasks were (1) a forced choice task measur-
ing behavioral preference, (2) a modified visual-probe task
used to track eye gazes via electrooculography (EOG), and
(3) a visual analog scale (VAS) that assessed subjective
Bliking^ of the two stimuli. Each stimulus consisted of a visual
image of either an ocean or mountain scene, accompanied
with appropriate sounds (waves or birds chirping, respective-
ly). The stimuli were presented with E-Prime 2.0 (PST,
Pittsburgh, PA), as the background image on the computer
screen. Smaller images of the specific tasks were
superimposed on the background image.

Conditioning sessions (sessions 2–5) The four conditioning
sessions were conducted from 0900 to 1300 hours, 2–10 days
apart. Sessions were conducted in comfortably furnished
rooms that contained a television, VHS player, and computer.
When not performing experimental tasks, participants were
allowed to watch selected movies, read, or relax. At each
session, participants first completed drug screening and preg-
nancy tests, pre-drug mood ratings (Profile of Mood States
(POMS), Addiction Research Center Inventory (ARCI), and
Drug Effects Questionnaire (DEQ)), and physiological mea-
sures (blood pressure (BP) and heart rate (HR)). The mood
ratings and physiological measures were taken periodically
throughout the session (15 min before and 15, 30, 70, 115,
and 210 min after drug administration). At 0930 hours, MA or
PBO was administered orally under double blind conditions.
Subjects received MA and PBO on alternating sessions, and
with the order (MA or PBO first) counterbalanced between
subjects. Thirty minutes after MA/PBO administration (timed
to coincide with peak drug effects, see Mayo and de Wit
2015), participants performed four simple computer tasks,
the Balloon Analog Risk Taking (BART) task (Lejuez et al.
2007), a simple Reaction Time (RT) task (Leth-Steensen et al.
2000), the Go/No-go (GNG) task (adapted from Braver et al.
2001), and the Gluck task (Sheynin et al. 2013). These tasks
served to maintain subjects’ attention on the computer screen,
where the conditioning stimuli were presented as the back-
ground. One compound stimulus (ocean or mountain image/
sound) was consistently present when subjects received MA,
while the other was present during PBO sessions. Cue assign-
ments were randomized and drug orders counterbalanced be-
tween subjects. The tasks occupied about 1/3 of the screen,
with the appropriate conditioning stimulus (ocean or

Table 1 Participant demographics and current and lifetime drug use
(N = 20)

Percent (N) or
mean (SEM)

Gender

Male/Female 14/6

Race % (N)

Caucasian 55 (11)

African-American 15 (3)

Asian 20 (4)

Other 10 (2)

Age 19.95 (0.42)

Education 13.70 (0.22)

BMI 23.00 (0.49)

Current drug use

Servings of caffeine per day 0.83 (0.20)

Cigarettes per week 4.20 (2.00)

Alcohol beverages per week 6.86 (1.59)

Marijuana uses in last 30 days 4.70 (1.57)

Lifetime drug use % of sample (N)

Marijuana 95.0 (19)

Opiates 25.0 (5)

Stimulants 50.0 (10)

Hallucinogens 45.0 (9)

MDMA 40.0 (8)

Sedatives 25.0 (5)
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mountain) clearly visible in the background. The Bdistractor
tasks^ were not used as outcome measures. Participants were
allowed to leave at 1300 hours if they no longer felt drug
effects and their BP/HR measurements had returned to within
20 % of baseline values.

The four tasks presented during stimulus viewing lasted
about 38 min, and they were presented in a counterbalanced
order using E-Prime 2.0 software. The BART is a measure of
risk-taking behavior in which subjects inflate virtual balloons
to earn points. The RT task is a simple reaction time task in
which participants press a button as quickly as possible when
a stimulus appears on the screen. The Go/No-go task is a
measure of impulsive action in which subjects respond when
given a Bgo^ signal, but inhibit responses when a Bno-go^
signal is given. The Gluck is a probabilistic classification task
in which participants win or lose points as they learn to clas-
sify arbitrary stimuli. Subjects received extra money for
performing the tasks.

Post-conditioning and extinction sessions (sessions 6–8)
Participants attended three 1-h sessions, conducted at the same
time of day as session 1, 2–10 days after the last conditioning
session. Subjects completed the same three tasks they com-
pleted during the pre-test, assessing their responses to the con-
ditioning stimuli: forced choice, visual probe, and VAS.
During each of the three post-conditioning visits, subjects
completed the tasks twice, in succession. Thus, we obtained
two extinction assessments within each session, during the
three extinction sessions.

Outcome measures

Behavioral preference (forced choice task) A forced choice
task assessed behavioral preference for the two cues.
Participants viewed composite images of the background
scenes with distractor task images superimposed (e.g., ocean
+ distractor task 1; mountain + distractor task 1), first individ-
ually and then in pairs. In each trial, two composite pictures
were first presented individually for 3 s (with audio corre-
sponding to the presented background image), and then the
two images were presented side by side (no audio) for the
preference test. Participants indicated their preference by
pressing the correspondingmouse button (left or right). A total
of 28 pairs of background (two types) plus task images (four
types) were presented using a full-factorial design and order
presentation was randomized.

The primary outcome measure was choice preference for
the drug-paired image, which was calculated as the number of
trials on which subjects chose the drug-paired background on
trials when both backgrounds were present on-screen, minus
the number of choices for the PBO-paired backgrounds. This
left a total of 16 comparisons of interest. Individual choice
behavior was then used to calculate the change in preference

for the drug-paired cue across sessions. Preferences for task
images were also assessed by analyzing choices between tasks
with the same background to rule out preference biases
between tasks before and after conditioning.

Attentional bias (modified visual-probe task) Bias in atten-
tion towards the two conditioned stimuli was examined using
a modified visual-probe task in combination with EOG
(Wardle et al. 2012; Mayo and de Wit 2015). The task
consisted of 40 trials, each beginning with the presentation
of a white fixation cross (1000 ms duration) followed by the
simultaneous presentation of the two study cues on the left and
right side of the screen (2000 ms). After cue offset, a small
brown rectangle appeared behind one of the images with ei-
ther a white circle or square visual probe. Participants were
told to identify the shape (circle or square) as quickly as pos-
sible by pressing one of two keyboard keys. After a response
(or 10-s timeout without response), a variable inter-trial inter-
val began (750–1250 ms) followed by the next trial. Within
each trial, cue type/location (ocean/mountain, left/right),
probe type (square/circle), and probe location (left/right) was
counterbalanced across trials and each combination was pre-
sented randomly. EOG recordings were obtained by first
cleaning and exfoliating the skin, followed by placement of
4 mm Ag/AgC1 electrode pairs (filled with electrolyte gel)
1.5 cm from the outer canthus of each eye. For the ground
electrode, an 8 mm Ag/AgC1 electrode was attached to the
forehead. Impedance values were measured using a
Checktrode (Model 1089 MK III, UFI, Morro Bay, CA) and
electrodes with impedance values above 20 kΩ were
reapplied. EOG signals were amplified, digitized, and sam-
pled at 1000 Hz using an EOG100C amplifier (Biopac
MP150 system) and AcqKnowledge software (Biopac,
Goleta, CA). Trained raters excluded trials using the following
criteria: (1) eye gazes were not centrally fixated prior to the
trial, (2) initial eye gazes were <100 ms after cue onset
(indicating anticipatory eye movements), and (3) noise
obscured direction of eye movements.

Two primary outcome measures from this task were quan-
tified using EOG-based eye tracking: (1) first-gaze proportion,
which was calculated as the direction of first gaze for each trial
(towards the ocean or mountain image) when the cues
appeared, as a fraction of total valid gazes, and (2) mean
gaze time spent looking at each cue.

Self-reported liking (VAS) AVAS scale was used to assess
subjective, self-reported Bliking^ for each cue, during the pre-
test and twice during each post-test session. In this task, the
compound stimuli (background image and sound) were pre-
sented individually two times each for 5 s. Participants rated
howmuch they Bliked^ each image on a scale of 0 (Bdislike very
much^) to 100 (Blike very much^) by moving a vertical bar on a
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horizontal line to indicate their rating. The two ratings of each
stimulus were averaged for each post-test session.

Subjective drug effect measures

Subjective drug effects were assessed during conditioning ses-
sions using three measures. The Drug Effects Questionnaire
(DEQ; Johanson and Uhlenhuth 1980) measures subjective
drug effects and consists of five questions which asked partic-
ipants to rate drug effects in terms of Blike,^ Bfeel,^ Bdislike,^
feeling Bhigh,^ and Bwant more^ of the drug on a 100-mm
visual analog scale. The Profile of Mood States (POMS;
McNair et al. 1971) measures subjective mood effects and is
a 72-adjective list that asked participants to rate how much an
adjective applies to them on a 5-point Likert scale, from 0
(Bnot at all^) to 4 (Bextremely^). The primary outcome mea-
sures are eight clusters of items (i.e., Anxiety, Depression,
Anger, Vigor, Fatigue, Confusion, Friendliness, And
Elation). From these eight clusters, two composite scales of
positive mood and arousal were calculated. The Addiction
Research Center Inventory (ARCI; Chait et al. 1985; Martin
et al. 1971) was used to assess general subjective drug effects
and is a 52-item true/false scale with two subscales of interest,
arousal (A) and euphoria (MBG).

Cardiovascular drug effect measures

HR and BP were monitored during the conditioning sessions
at six regular time points (TPs) during the 4-h sessions. Mean
arterial pressure (MAP) was calculated using the formula:
[systolic BP+2×diastolic BP]/3.

Statistical analysis

Subjective and physiological drug effects experienced during
the conditioning sessions were analyzed using a repeatedmea-
sures analysis of variance (rmANOVA) with time (baseline,
five TPs after drug administration) and condition (MA, PBO)
as within-subject factors. Differences at individual TPs were
evaluated using post hoc pairwise comparisons with the
Bonferroni correction. Similar rmANOVA tests with time
and session (first vs second) were used to assess differences
between the twoMA sessions and the two PBO sessions. Peak
change scores (PCS) were calculated using the maximum
change score compared to the baseline TP 1 over the course
of the six TPs during conditioning sessions, and were ana-
lyzed using a group by treatment by session rmANOVA.
Correlations between subjective drug effects and outcome
measures were explored by comparing PCS from baseline
for MA and PBO sessions (average of two MA sessions,
two PBO sessions).

The primary outcome measures were change in response to
conditioned cues from before to after conditioning, as well as

changes within- and between-post-test sessions for the out-
come measures of behavioral preference, attentional bias,
and subjective liking (VAS ratings). A paired t test was used
to analyze changes in behavioral preference (number of MA-
paired cue choices before vs after conditioning, both within-
and between-post-test sessions). Subjective Bliking^ and at-
tention (initial and sustained) measures were analyzed using
a rmANOVAwith phase (pre- and post-conditioning) and cue
(MA- and PBO-paired) as within-subject factors. Violation of
sphericity was tested using Mauchly’s procedure and vio-
lations were corrected using the Greenhouse-Geisser
adjustment.

Results

Subject characteristics

The demographic and drug use characteristics of the partici-
pants are summarized in Table 1. Most participants were male,
Caucasian, and about 20 years of age, with 13 years of edu-
cation. Most of the participants had used marijuana and some
other drugs in their lifetime. Half reported any lifetime use of
stimulant drugs but none reported prior use of methamphet-
amine (not shown).

Subjective and cardiovascular effects
of methamphetamine

Methamphetamine (MA; 20 mg, oral) produced robust sub-
jective effects (mood, ratings of drug effects) and physiolog-
ical changes (HR, blood pressure), consistent with prior stud-
ies (Mayo et al. 2013; Mayo and de Wit 2015) (Table 2).
Effects of MA did not differ from the first to the second ad-
ministration for any subjective and physiological measures.
Therefore, we averaged the two MA and two PBO sessions
for all further comparisons. All post hoc analyses used the
Bonferroni correction.

Cardiovascular measuresMA increased HR and mean arte-
rial blood pressure (MAP) from TPs 2 or 3 until the end of the
session (see Supplemental Fig. 1) (N=20). MA increased HR
over time compared to PBO [rmANOVA treatment × time
interaction, F(2.82, 53.64) = 15.44, p<0.001, corrected for sphe-
ricity]. MA also increased MAP over time compared to PBO
[rmANOVA treatment × time interaction, F(5, 95) = 13.13,
p<0.001]. Analysis of peak change scores (PCS) between
treatments using paired t tests yielded similar findings
(Table 2).

Subjective measures MA increased measures of stimulation
and decreased fatigue, peaking at TP 4. MA increased scores
on ARCI A and MBG scales [treatment × time interactions
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F(5, 95) = 17.03, p< 0.001; F(3.14, 59.65) = 20.98, p< 0.001;
corrected for sphericity] (see Supplemental Fig. 2) at TPs
3–6 (all p’s ≤0.003). For the POMS, MA increased
scores on Friendliness [treatment × time interaction,
F(3.05, 54.82) = 10.73, p< 0.001], Elation [treatment × time
interaction, F(2.74, 49.36) = 12.63, p < 0.001], and Vigor
[treatment × time interaction, F(2.09, 37.58) = 13.30,
p< 0.001] and decreased Fatigue [treatment × time interac-
tion, F(2.65, 47.77) = 3.20, p = 0.037] (see Supplemental
Fig. 3) at TPs 3–6 (all p’s ≤0.031). PCS analyses for both
the ARCI and POMS found similar differences between
MA and PBO treatments (Table 2).

For the DEQ, MA increased ratings on Bfeel^, Blike^,
Bhigh^, and wanting Bmore^ drug, (see Supplemental
Fig. 4) at TPs 3–6. Data from two participants were ex-
cluded because of missing values. MA effects did not
differ across the two sessions so MA and PBO sessions
were averaged for further analyses.

MA increased ratings of Bfeel^, Blike^, feeling Bhigh^, and
wanting Bmore^ drug, compared to PBO [treatment × time
interactions F(3.20, 57.66) = 13.673, p<0.001; F (5, 90) = 22.10,
p<0.001; F (2.32, 41.76) =11.55, p<0.001; F (3.37, 60.73) =18.84,
p< 0.001, corrected for sphericity, except Blike.^], at TPs
3–6 (all p’s ≤0.033). PCS analyses for all DEQ measures
found similar differences between MA and PBO treatments
(Table 2).

Conditioned response measures

Responses to cues were assessed before conditioning (session
1) and twice during each of the three extinction sessions (ses-
sions 6–8). Because no differences in outcome measures were
found between the within-session extinction presentations, the
values from the two tests within each extinction session were
averaged. All data were tested for violation of normality using
the Shapiro-Wilk test. In cases where normality was violated,
Wilcoxon signed-ranks tests were used instead of paired t
tests. One outlier was removed from data analysis.
Responses were unrelated to current and prior drug use
(Table 1).

1. Behavioral preference. Behavioral preference choice
scores for the MA-paired cue increased from before (ses-
sion 1) to the first session after conditioning (session 6)
[t(18) = 2.67, p=0.016] (Fig. 1, Table 3). This increase in
preference was no longer evident during sessions 7 or 8
(vs session 1). Possible task bias was assessed using a
one-way ANOVA, before and after conditioning, by ana-
lyzing task choices when the background cue was the
same. These analyses found no systematic differences in
choice behavior towards any of the tasks.

2. Attentional bias. After conditioning, there was an increase
in initial gaze towards the MA-associated cue on session
6, but this was no longer evident during sessions 7 or 8
(Fig. 2). The proportion of first gaze towards the MA cue
increased from before (session 1) to after (session 6) con-
ditioning [t(18) = 2.69, p= 0.015], but returned to near
baseline levels during sessions 7 and 8 (vs session 1).
Before conditioning (session 1), mean initial gaze scores
were not different from 0.5 (neutral indifference point)
(p=0.971), but after conditioning (session 6), values were
significantly different from 0.5 [t(18)=2.92, p=0.009].
Mean gaze time (i.e., sustained attention) did not change
after conditioning (Table 3).

3. Self-reported liking. Ratings of MA cue Bliking^ did not
increase after conditioning. Indeed, ratings of both the
MA and PBO cues declined following conditioning, an
effect that persisted through sessions 7 and 8 (vs session
1) (Table 3). Wilcoxon signed-ranks tests indicated that
ratings of MA and PBO cues showed significant de-
creases from before to after conditioning (Z’s = 3.68,

Table 2 Mean (SEM) scores for subjective ratings and cardiovascular
measures averaged across the conditioning sessions with placebo or
methamphetamine

Placebo MA
Mean (SEM) Mean (SEM) T value

Subjective Effect

DEQ (N= 19)

Feel 18.35 (4.11) 49.24 (4.60) 6.37***

Like 17.98 (4.18) 71.36 (4.56) 11.47***

Dislike 31.59 (6.91) 25.73 (5.61) −0.87
High 10.48 (2.79) 40.62 (5.27) 6.54***

More 19.42 (5.60) 61.48 (6.40) 8.20***

POMS (N = 20)

Friendliness −3.10 (0.72) 2.75 (0.86) 5.21***

Anxiety 0.08 (0.45) 1.53 (0.78) 1.92

Elation −2.50 (0.77) 3.18 (0.84) 4.86***

Anger 0.15 (0.51) 0.33 (0.36) 1.5

Fatigue 0.18 (1.03) −0.73 (0.78) 1.02

Depression 0.30 (0.47) 0.33 (0.54) 0.04

Confusion 0.63 (0.49) 0.13 (0.61) 0.99

Vigor −3.48 (1.19) 4.43 (1.35) 4.04**

ARCI (N= 20)

A 0.15 (0.40) 3.83 (0.62) 5.12***

MBG −0.83 (0.6) 5.55 (0.92) 6.01***

Cardiovascular (N= 20)

Blood pressure −4.58 (2.09) 15.03 (2.43) 6.20***

Heart rate −6.25 (2.71) 18.28 (3.35) 7.21***

Blood pressure is represented as mean arterial pressure

DEQ Drug Effects Questionnaire, POMS Profile of Mood States, ARCI
Addiction Research Center Inventory

**p< 0.01; ***p< 0.0001
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3.68, p’s <0.001), and at sessions 7 (Z’s=3.72, 3.72, p’s
<0.001) and 8 (Z’s=3.64, 3.42 and p’s≤0.001).

4. Relationships among outcome measures. We examined
relationships between our three outcomemeasures, before
and after conditioning (i.e., during the acquisition phase)
(N=19). Increases in initial attentional bias towards the
MA-paired cue (i.e. proportional first gazes) from

sessions 1 to 6 were significantly negatively correlated
with changes in sustained attentional bias (mean gaze time
towards the MA-cue minus the change towards the PBO-
paired cue) (Pearson’s r=−0.502, p=0.028). That is, in-
dividuals with greater changes in first gaze proportions
towards the MA-paired cue showed the smallest changes
in mean gaze time bias towards the drug cue, suggesting

Fig. 1 Behavioral preference
scores towards methamphetamine
(MA)-paired stimuli before
(session 1) and after conditioning
at three extinction tests (sessions
6–8). Choice preference (mean
± SEM) for the MA-paired cue
(MA choices minus placebo,
PBO, choices) increased from
before (session 1) to after
conditioning at the first post-test
extinction session (session 6).
This increased preference
attenuated over the next two
extinction sessions (sessions 7
and 8), and were not significantly
elevated compared to baseline
pre-test values. *p values ≤0.016

Table 3 Outcome measure scores for methamphetamine (MA)-, or placebo (PBO)-paired stimuli across four test sessions, before (session 1) and after
(sessions 6–8) conditioning

Session 1 Session 6 Session 7 Session 8 Sig.
Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)

Outcome measure

Behavioral preference (N= 19) 0.32 (1.40) 2.84 (1.49) 1.74 (1.81) 1.37 (1.95) S1vs6*

Attention (N= 19)

Initial MA first-gaze 0.50 (0.03) 0.55 (0.02) 0.52 (0.02) 0.51 (0.01) S1vs6*

MA gaze time, in ms 607.84 (49.73) 603.17 (61.25) 600.24 (47.32) 618.66 (67.46)

PBO gaze time, in ms 521.93 (61.30) 558.46 (61.92) 615.25 (70.35) 634.05 (80.17)

Subjective rating (N = 19)

MA cue 86.80 (2.7) 76.78 (3.21) 72.64 (4.06) 73.22 (4.07)

[Median] [89.50] [75.50] [69.75] [75.25] S1vs6***

S1vs7***

S1vs8***

PBO cue 85.08 (3.27) 70.24 (4.05) 69.87 (4.36) 70.01 (3.72) S1vs6***

[Median] [87.50] [72.75] [71.50] [69.50] S1vs7***

S1vs8***

Behavioral preference is given by MA cue choices minus PBO cue choices in forced choice task. Initial MA first gaze is given as a proportion of first
gazes towards the MA image divided by total number of valid gazes. MA and PBO gaze time are listed as average gaze time per stimulus. Subjective
ratings scores are from a 100-mm VAS. For subjective rating scores, non-normal distributions necessitated the use of non-parametric tests, which
compared median values across sessions

*p ≤ 0.016; ***p ≤ 0.001
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that these attention measures are inversely related. No
significant correlations were observed for the changes in
behavioral choice (i.e., forced choice task).

5. Relationship between subjective drug response and con-
ditioned responses. We examined individual differences
in subjective responses to MA, using the DEQ (average
PCS), in relation to the measures of conditioning. No
significant relationships were identified between subjec-
tive drug effects and any of the outcome measures during
the acquisition phase (i.e., sessions 1 to 6). Later at the

extinction phase (i.e., sessions 6 to 7), greater feel drug
scores were related to less extinction of behavior prefer-
ence scores, and were significantly positively correlated
with changes in choice behavior scores from sessions 6 to
7 (r=0.715, p=0.009) (Fig. 3). No other significant rela-
tionships were identified. Extinction analyses were con-
ducted only using subjects who displayed conditioning
effects, i.e., showed increases in outcome measures from
sessions 1 to 6. One additional subject was excluded due
to not following instructions on the questionnaire (N=12).

Fig. 2 Proportion of first-gazes
towards the MA-paired image
before (session 1) and after
conditioning at three extinction
tests (sessions 6–8). First-gaze
proportions (mean ± SEM) for the
MA-associated cue (index of
initial attention) increased from
pre- (session 1) to post-
conditioning (first post-test
extinction session, session 6). The
greater proportion of MA
first-gazes declined thereafter,
during sessions 7 and 8, to levels
not significantly different than
pre-test values. *p values ≤0.016

Fig. 3 Correlation between DEQ
Bfeel^ scores and changes in
behavioral preference (choice
scores) during the extinction
phase. Average peak change
scores (PCS) for the DEQ Bfeel^
category, during the MA sessions,
were significantly positively
correlated with changes in forced
choice behavior scores from
session 6 to 7 (Pearson’s
r= 0.715, p= 0.009). Positive
changes indicate increases in
choices for the MA cue from
session 6 to 7, while negative
changes indicate a reduction in
MA-cue choices, i.e., extinction.
Note that choice behavior scores
were only included for
individuals that displayed a
conditioned response after
conditioning, e.g., increased
choice behavior from session 1 to
6 (N= 12)
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6. Relationship between inter-session interval and condi-
tioned responses. For the acquisition phase, no system-
atic relationships were found between conditioned re-
sponses and mean inter-session intervals (ISIs, in days)
for conditioning sessions (overall mean ± SEM, 5.62
± 0.31). Differences in conditioned responses were also
unrelated to mean session intervals between the last day
of conditioning and first day of extinction (i.e., first
post-test; 3.05 ± 0.30). During the extinction phase,
shorter mean ISIs for the three sessions were associated
with greater extinction of choice behavior (Fig. 4).
Mean extinction ISIs for all extinction sessions (1.68
± 0.20) were significantly positively correlated with
choice behavior score changes from sessions 6 to 7
(Spearman’s rho = 0.798, p = 0.001). Similar positive
correlations were observed when comparing mean ex-
tinction ISIs for all extinction sessions with choice be-
havior score changes from sessions 6 to 8 (Spearman’s
rho = 0.781, p = 0.002) (data not shown). Additional
analyses found that mean ISIs for extinction sessions
6 to 7 were positively correlated with choice behavior
score changes from sessions 6 to 7 (Spearman’s
rho = 0.823, p = 0.001), and that sessions 7 to 8 ISIs
were positively correlated with score changes from ses-
sions 6 to 7 (Spearman’s rho = 0.601, p= 0.03) (data not
shown). Note that these analyses were only conducted
for participants who showed acquisition of the condi-
tioned response (i.e., increased choice behavior from
sessions 1 to 6, N= 13).

Discussion

The purpose of this study was to extend our previous demon-
stration of the acquisition of de novo drug cue associations in
healthy adults (Mayo et al. 2013; Mayo and de Wit 2015), to
characterize the extinction of the conditioned drug cue re-
sponses over three extinction sessions. Two pairings of meth-
amphetamine (MA) and neutral visual/auditory stimuli pro-
duced increases in behavioral preference and initial attentional
bias towards the drug-associated cue, but these responses at-
tenuated rapidly and were not observable by the second of
three post-conditioning test sessions. Counter to our predic-
tion, we did not find any relationship between subjective drug
effects (e.g., drug Bliking^) and conditioned response magni-
tude for behavioral preference or attentional bias.
Interestingly, greater subjective drug effects (e.g., Bfeel^ drug)
were related to smaller declines in the conditioned behavioral
preference during the extinction phase. This suggests that the
conditioned responses are more persistent in those who expe-
rience stronger drug effects. Finally, we found that longer
inter-session intervals (ISIs) during the extinction phase were
correlated with less extinction of the behavioral preference
measure, suggesting that intermittent, or spaced, presentations
of conditioned stimuli may contribute to persistence of drug-
seeking behavior. Together, these results indicate that novel,
non-drug-related stimuli can acquire conditioned properties
after being presented during a drug-taking experience.
Further, these conditioned drug cue responses diminish with
repeated presentations of the drug-associated cues in the

Fig. 4 Correlation between
extinction inter-session interval
(ISI) values and changes in
behavioral preference choice
scores during the extinction
phase. Mean ISI values for the
three extinction sessions were
significantly positively correlated
with changes in forced choice
behavior scores from sessions 6 to
7 (Spearman’s rho = 0.798,
p= 0.001). Positive changes in
choice behavior indicate greater
choices for the MA-cue from
sessions 6 to 7, while negative
changes indicate fewer MA cue
choices, i.e., extinction. Note that
analysis was only conducted for
individuals that showed increased
choice behavior from session 1 to
6 (N= 13). Note that double
diamond symbols indicate
overlapping data points
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absence of drug, both as a function of subjective drug re-
sponse and the timing between extinction sessions.

To our knowledge, this study is the first to demonstrate
apparent extinction of conditioned behavioral preference for
de novo drug-paired cues, and to show extinction of attention-
al bias towards novel conditioned drug cues in healthy young
adults. Understanding how these conditioned drug cue re-
sponses are extinguished could facilitate new avenues of treat-
ment. Both behavioral preference (O’Brien et al. 1992;
Bozarth 1987) and attentional bias (Garland et al. 2012;
Field and Eastwood 2005; Waters et al. 2003a, b; see Field
and Cox 2008; Robbins and Ehrman 2004 for reviews) are
indices of conditioned appetitive responses that are thought to
drive continued drug use. Despite their putative importance,
this is the first study to measure the extinction of behavioral
preference towards conditioned drug cues, and few studies
have examined extinction of attentional bias. Kamboj et al.
(2011) found that in heavy alcohol drinkers, conditioned at-
tentional bias towards alcohol-related cues was attenuated af-
ter two extinction sessions, compared to only one session in
our study. It is difficult to compare our results with those
reported in Kamboj et al. (2011) because they studied extinc-
tion using individualized, in vivo cue exposure (e.g., handling
and smelling drink of choice) in established drug users. It is
similarly difficult to compare our results to the broad extinc-
tion literature because most of these studies employed natu-
ralistic drug-related stimuli (e.g., drug paraphernalia, favorite
alcoholic beverage, drug images, etc.) in drug-dependent pop-
ulations, and used outcomemeasures (e.g., craving, Price et al.
2010) that are not easily assessed in healthy adults.

An interesting finding in this study was that shorter extinc-
tion ISIs were correlated with greater reductions of condi-
tioned behavioral preference measure, suggesting that massed
extinction trials reduced the conditioned drug cue response
more effectively than spaced trials. Although these results
should be viewed with caution because of the small sample
(N=13), they are generally consistent with animal research on
conditioned fear, showing that massed extinction training
using short ISIs produces greater conditioned response decre-
ments (Cain et al. 2003; Oler and Baum 1968). In the animal
literature, short ISIs (i.e., massed extinction) typically occur
on the scale of minutes, while long ISIs (i.e., spaced training)
proceed over intervals of hours to days (Cain et al. 2003; Li
and Westbrook 2008). Therefore, the Bshort^ and Blong^ ISI
intervals reported here may not be analogous to massed and
spaced extinction, respectively. Regardless of these definition-
al differences, the literature concerning massed vs spaced ex-
tinction is mixed (see Li and Westbrook 2008; Rescorla and
Durlach 1987; Westbrook, et al. 1985). For example, a human
study examining extinction of cue-induced drug craving in
MA-dependent individuals (Price et al. 2010) found that short
extinction ISIs (e.g., ≤4 days) produced slightly less extinction
than longer ISI (e.g., ≥4 days). Although it is tempting to

attribute these differences to the state of drug dependence of
the participants, it is difficult to compare the Price et al. (2010)
results to the present study because of differences in study
parameters, subject sample, and outcome measures.
Regardless, the presence of this relationship helps to bolster
our interpretation that the observed reduction in conditioned
responses is due to extinction rather than general decrements
produced by processes unrelated to associative learning,
e.g., habituation.

A second notable finding was that greater reports of
Bfeeling^ the drug effect during the acquisition phase were
correlated with a smaller decline in behavioral preference,
possibly indicating a greater resistance to extinction.
Because resistance to extinction is often taken to represent
the associative strength between cue and reward (Annau and
Kamin 1961), the present findings suggest that those individ-
uals who experienced more robust drug effects also developed
stronger drug cue learning. To our knowledge, these findings
have not been shown before in healthy adults. However, evi-
dence from the animal literature, using conditioned place pref-
erence as a proxy for the rewarding effects of drugs of abuse,
indicates that higher doses of opiates are more resistant to
extinction (Rutten et al. 2011). It is not clear why the magni-
tude of subjective drug effects in the current study was related
to resistance to extinction but not to the strength of the condi-
tioned response. Future parametric studies, with larger sam-
ples, may reveal the relationships between magnitude of the
unconditioned stimulus (the drug effect in this case) and the
magnitude of the acquired conditioned response, relative to
the persistence of the conditioned response during extinction
conditions.

The present results can be considered relative to previous
findings from our laboratory (Mayo et al. 2013; Mayo and de
Wit 2015). Despite some minor methodological differences in
the present study (e.g., lower compensation, different
distractor tasks during conditioning, and more choices during
the preference task), conditioning readily occurred to the neu-
tral background cues, and subjects developed both behavioral
preference (Mayo et al. 2013) and attentional bias towards the
MA-paired stimulus (Mayo and de Wit 2015), although not
with subjective evaluation of conditioned drug cues (Mayo
and de Wit 2015). In this study, participants rated their liking
of both the MA- and PBO-paired cues as lower after condi-
tioning, compared to before conditioning. This decline in
Bliking^ was observed previously both in our laboratory
(Mayo et al. 2013; Mayo and de Wit 2015) and in a study
with conditioning in cigarette smokers, in which cues in-
creased emotional activity, but not Bliking^ of the cues
(Winkler et al. 2011). One possible explanation is that the
images were initially positive but repeated exposure reduced
their attractiveness due to boredom or habituation. It is inter-
esting that choice behavior and attentional bias increased with
conditioning despite the decline in Bliking.^ This suggests
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simple subjective ratings of Bliking^ of an image may play a
secondary role to more implicit conditioned responses such as
attentional bias. Quantitatively, our results were very similar
to, and even more robust than, the results observed in Mayo
and de Wit (2015), who found that 55.5 and 64.7 % of partic-
ipants exhibited conditioned responses for the choice and at-
tentional bias measures, respectively, compared to the present
findings of 68.4 % (13/19 subjects) and 78.9 % (15/19) for
choice and attentional bias measures, respectively. In contrast
with our study, Mayo and deWit (2015) observed conditioned
increases in sustained attentional bias (measured using mean
gaze time), whereas in our study we only detected a change in
initial attention (first gazes) towards the MA-paired cue.
Although initial gaze and sustained attention may measure dif-
ferent underlying processes (see LaBerge 1995; Robbins and
Ehrman 2004 for discussion), the reasons for the differential
findings are unclear. The younger age of our participants
(mean age 19.95 vs 24.6 years reported in Mayo and de Wit
2015) might have been a factor, as brain areas involved in reg-
ulating attention develop late in adolescence (Fuster 2002), and
reward processing is also known to change during development
(Fareri et al. 2008). Because adolescents are also sensitive to
disturbances in attention (Yurgelun-Todd 2007), these factors
make it possible that the ∼5-year age difference between our
studies might have contributed to the attentional bias findings.

This conditioning procedure has both advantages and dis-
advantages as a model for studying extinction of drug-related
responses. First, it is noteworthy that not all participants ex-
hibited conditioned responses towards the drug-paired cue.
Conditioning did not appear to be related to demographic
characteristics of the participants or to their responses to the
drug. It is possible that this variation across individuals reveals
inter-subject variability in susceptibility to conditioning. It is
also possible that some individuals would develop condi-
tioned responses only with higher doses of a drug, or with
more pairings. Alternatively, it is possible that these partici-
pants also formed associations, but that we did not detect them
with our dependent measures. The existence of inter-
individual variability provides a unique opportunity to explore
what factors confer resistance to the rewarding properties of
drugs of abuse, or conversely, which factors predispose indi-
viduals to greater drug cue reactivity, such as impulsivity
(Field and Cox 2008). This will be a goal of future analyses,
as we test sufficient numbers of subjects to draw conclusions.

Another interesting observation in this study is that the
conditioned responses assessed with different outcome mea-
sures are not highly correlated. That is, individuals differ in the
extent to which they exhibit conditioned responses, but these
vary with the outcome measures. This raises several possibil-
ities. First, some individuals may acquire conditioning more
readily with different aspects of the pairings (e.g., attention to
the stimuli, Bliking^ of the stimuli). Second, individuals may
acquire the underlying association in the same way, but

express this differentially, with different dependent measures.
In either case, the observation that the conditioned responses
are not unitary highlights the complex and multifaceted nature
of conditioned drug cue responses. We speculate that implicit
behavioral choice and/or attentional bias towards the drug-
paired cue might contribute to drug-seeking behaviors, but
the precise mechanism of these processes, and their individual
contribution, remain to be explored.

The use of healthy, non-dependent participants removes the
possible confound of long, unknown histories of drug use and
drug conditioning. For instance, although some of the partic-
ipants reported some lifetime use of stimulant drugs, none
reported prior use of methamphetamine. This feature permits
the use of rigorous Pavlovian conditioning procedures such as
those used in animal studies. Furthermore, the procedure pro-
vides good control over the processes of acquisition and ex-
tinction, which helps with cross species comparisons, and
with investigating the basic learning processes underlying
conditioned drug cues. On the other hand, the conditioned
responses extinguished rapidly, making it difficult to develop
interventions that would slow the extinction process.
Although it is notable that acquisition occurred after only
two pairings, with a low dose of the drug, administered by a
route that has a slow onset of effect, it would be useful to
develop a procedure in which extinction responding persisted
for a longer period. The extinction of naturalistic drug cues in
populations with a history of drug dependence proceeds grad-
ually, and is sometimes incomplete by the end of extinction
training (O’Brien et al. 1990; Price et al. 2010; Foltin and
Haney 2000; MacKillop and Lisman 2008; Collins and
Brandon 2002; Kamboj et al. 2011). Thus, a laboratory pro-
cedure with robust conditioning, and more persistent cue-
induced responses, might enable researchers to test novel
pharmacological or behavioral treatments that might speed
the extinction process. We continue to explore ways to refine
this procedure, within the limits of ethical and practical
constraints related to human subjects testing.

There were several limitations to this study. First, we used
healthy, non-dependent adults with only moderate drug expe-
rience to avoid confounds of extended drug use history. If we
develop a successful method for studying extinction, it is not
certain that extinction would proceed similarly in established
drug users after years of drug use. The procedure described
here examines conditioned responses after only a handful of
pairings of drug and stimuli, whereas experienced drug users
are exposed to hundreds or thousands of pairings, so that their
conditioned responses are likely to be far more robust. This
aspect of the procedure may limit its clinical relevance. Yet,
investigating the early acquisition of stimulus-drug associa-
tions in healthy individuals is important for at least two rea-
sons. First, studying early acquisition of de novo-conditioned
associations may help to identify individuals who condition
most rapidly, and thus may be at higher risk for developing
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dependence with repeated pairings. Second, this type of study
with human volunteers provides an important bridge to pre-
clinical studies with Pavlovian drug conditioning in animal
models, and thus is a critical link in generalizing across spe-
cies. Another limitation stems from a methodological problem
with the attentional measure: Some participants failed to look
at either neutral image during the pre-conditioning test, mak-
ing their results unusable. By limiting our analysis to individ-
uals who showed some attention towards the neutral stimuli at
baseline, we may have biased our subject selection. A third
limitation concerns the narrow conditions that are of necessity
part of any laboratory model. To characterize the temporal
kinetics of extinction, we repeatedly assessed the conditioned
responses using the tasks with each cue presentation. It is
possible that repeated exposure to the tasks influenced our
measure of extinction, and so a future variation might be to
expose subjects to the cues without the outcome measures.
Another issue is that the simple learning paradigm modeled
here may not replicate the naturalistic drug-taking situation, in
terms of the environmental stimuli and the drug itself. In the
natural situation, drug use occurs in complex contexts com-
prised of numerous multimodal cues, any of which might
acquire conditioned value. Our use of a single discrete
audio-visual cue might not reflect the learning between drugs
and cues that operate in a typical drug use scenario.
Furthermore, MA is typically abused via inhalation or intra-
venous routes, which produce faster peak plasma drug con-
centrations, more robust subjective effects, and greater abuse
potential (Rawson 2013). Therefore, the present use of oral
MA, with much slower absorption kinetics, did not duplicate
the potential rewarding properties of the drug and thus not
fully replicate the conditioning environment that occurs in
naturalistic settings. Finally, although our results are consis-
tent with conditioned extinction, future experiments should
test for the presence of extinction by investigating other
associated phenomena, including the re-emergence of
extinguished conditioned responses after additional drug
administration sessions (e.g., reinstatement).

The present results are preliminary in that they report data
from a modest sample size (N=20), and of these, only eight
showed a clear decrease in choice behavior during extinction.
However, our findings further validate the utility of this asso-
ciative learning model developed by Mayo et al. (2013) as a
reliable method to study the acquisition and reduction of novel
conditioned drug cue responses in healthy, non-dependent
adults, findings that are consistent with extinction. We have
reported that a single extinction session of repeated drug cue
presentations without drug abolished behavioral preference
and attentional bias towards conditioned drug cues that devel-
oped after two pairings of novel cues and MA administration.
The results add to the growing body of literature showing that
environmental cues paired with drugs of abuse acquire appe-
titive properties and can be attenuated using extinction

training. These findings are an additional step towards under-
standing the processes that reduce conditioned drug cue re-
sponses, and will hopefully yield new methods to accelerate
extinction in drug-dependent populations and make the
benefits of their behavioral impact last.

Acknowledgements The authors gratefully acknowledge contributions
from Chris Boyson, Markus Heilig, and Leah Mayo and technical assis-
tance fromAustin Lee, Frances Enger, Alex Gura, Kristen Kitsch, Lauren
Walker, and Maria Olex.

Compliance with ethical Standards

Funding This research was supported by DA037011. Dr. Cavallo was
supported in part by a fellowship from the Clinical Pharmacology
Fellowship Program in the University of Chicago Division of
Biological Sciences.

Disclosure The authors declare no conflict of interest.

References

American Psychiatric A (2000) Diagnostic and statistical manual of men-
tal disorders: DSM-IV-TR, 4th edn. American Psychiatric
Association, Washington, DC. doi:10.1176/appi.books.
9780890423349.7060

Annau Z, Kamin LJ (1961) The conditioned emotional response as a
function of US intensity. J Comp Physiol Psychol 54:428–432.
doi:10.1037/h0042199

Bedi G, Preston KL, Epstein DH, Heishman SJ, Marrone GF, Shaham Y,
de Wit H (2011) Incubation of cue-induced cigarette craving during
abstinence in human smokers. Biol Psychiatry 69:708–711. doi:10.
1016/j.biopsych.2010.07.014

Bozarth MA (Ed) (1987) Methods of assessing the reinforcing properties
of abused drugs. Springer-Verlag New York. doi: 10.1007/978-1-
4612-4812-5

Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A (2001) Anterior
cingulate cortex and response conflict: effects of frequency, inhibi-
tion and errors. Cereb Cortex 11:825–836. doi:10.1093/cercor/11.9.
825

Cain CK, Blouin AM, Barad M (2003) Temporally massed CS presenta-
tions generate more fear extinction than spaced presentations. J Exp
Psychol Anim Behav Process 29:323–333. doi:10.1037/0097-7403.
29.4.323

Chait LD, Fischman MW, Schuster CR (1985) BHangover^ effects the
morning after marijuana smoking. Drug Alcohol Depend 15:229–
238. doi:10.1016/0376-8716(85)90002-x

Collins B, Brandon T (2002) Effects of extinction and retrieval cues on
alcohol cue reactivity among nonalcoholic drinkers. J Consult Clin
Psychol 70:390–397. doi:10.1037//0022-006x.70.2.390

Conklin CA, Tiffany ST (2002) Applying extinction research and theory
to cue-exposure addiction treatments. Addiction 97:155–167. doi:
10.1046/j.1360-0443.2002.00014.x

Cook CE, Jeffcoat AR, Sadler BM, Hill JM, Voyksner RD, Pugh DE,
White WR, Perez-Reyes M (1992) Pharmacokinetics of oral meth-
amphetamine and effects of repeated daily dosing in humans. Drug
Metab Dispos 20:856–862

de Wit H, Stewart J (1981) Reinstatement of cocaine-reinforced
responding in the rat. Psychopharmacology 75:134–143. doi:10.
1007/bf00432175

2500 Psychopharmacology (2016) 233:2489–2502

http://dx.doi.org/10.1176/appi.books.9780890423349.7060
http://dx.doi.org/10.1176/appi.books.9780890423349.7060
http://dx.doi.org/10.1037/h0042199
http://dx.doi.org/10.1016/j.biopsych.2010.07.014
http://dx.doi.org/10.1016/j.biopsych.2010.07.014
http://dx.doi.org/10.1093/cercor/11.9.825
http://dx.doi.org/10.1093/cercor/11.9.825
http://dx.doi.org/10.1037/0097-7403.29.4.323
http://dx.doi.org/10.1037/0097-7403.29.4.323
http://dx.doi.org/10.1016/0376-8716(85)90002-x
http://dx.doi.org/10.1037//0022-006x.70.2.390
http://dx.doi.org/10.1046/j.1360-0443.2002.00014.x
http://dx.doi.org/10.1007/bf00432175
http://dx.doi.org/10.1007/bf00432175


Drobes D, Tiffany S (1997) Induction of smoking urge through imaginal
and in vivo procedures: physiological and self-report manifestations.
J Abnorm Psychol 106:15–25. doi:10.1037/0021-843x.106.1.15

Drummond DC (2001) Theories of craving ancient and modern.
Addiction 96:33–46. doi:10.1046/j.1360-0443.2001.961333.x

Ehrman RN, Robbins SJ, Childress AR, O’Brien CP (1992) Conditioned
responses to cocaine-related stimuli in cocaine abuse patients.
Psychopharmacology 107:523–529. doi:10.1007/bf02245266

Fareri DS, Martin LN, DelgadoMR (2008) Reward-related processing in
the human brain: developmental considerations. Dev Psychopathol
20:1191–1211. doi:10.1017/s0954579408000576

Ferguson S, Shiffman S (2009) The relevance and treatment of cue-
induced cravings in tobacco dependence. J Subst Abuse Treat 36:
235–243. doi:10.1016/j.jsat.2008.06.005

Field M, Cox WM (2008) Attentional bias in addictive behaviors: a
review of its development causes and consequence. Drug Alcohol
Depend 97:1–20. doi:10.1016/j.drugalcdep.2008.03.030

Field M, Eastwood B (2005) Experimental manipulation of attentional
bias increases the motivation to drink alcohol. Psychopharmacology
183:350–357. doi:10.1007/s00213-005-0202-5

Flaten M, Blumenthal T (1999) Caffeine-associated stimuli elicit condi-
tioned responses: an experimental model of the placebo effect.
Psychopharmacology 145:105–112. doi:10.1007/s002130051038

Foltin R, Haney M (2000) Conditioned effects of environmental stimuli
paired with smoked cocaine in humans. Psychopharmacology 149:
24–336. doi:10.1007/s002139900340

Fuster JM (2002) Frontal lobe and cognitive development. J Neurocytol
31:373–385. doi:10.1023/A:1024190429920

Garland EL, Franken IH, Howard MO (2012) Cue-elicited heart rate
variability and attentional bias predict alcohol relapse following
treatment. Psychopharmacology 222:17–26. doi:10.1007/s00213-
011-2618-4

Geier A, Mucha RF, Pauli P (2000) Appetitive nature of drug cues con-
firmed with physiological measures in a model using pictures of
smoking. Psychopharmacology 150:283–291. doi:10.1007/
s002130000404

Havermans RC, Jansen AT (2003) Increasing the efficacy of cue exposure
treatment in preventing relapse of addictive behavior. Addict Behav
28:989–994. doi:10.1016/S0306-4603(01)00289-1

Johanson CE, Uhlenhuth EH (1980) Drug preference and mood in
humans: D-amphetamine. Psychopharmacology 71:275–279. doi:
10.1007/bf00433062

Kamboj SK,Massey-Chase R, Rodney L, Das R, Almahdi B, Curran HV,
Morgan CJ (2011) Changes in cue reactivity and attentional bias
following experimental cue exposure and response prevention: a
laboratory study of the effects of D-cycloserine in heavy drinkers.
Psychopharmacology 217:25–37. doi:10.1007/s00213-011-2254-z

Kilts CD, Schweizer JB, Quinn CK, Gross RE, Muhammad TF, Ely TD,
Hoffman JM, Drexler KPG (2001) Neural activity related to drug
craving in cocaine addiction. Arch Gen Psychiatry 58:334–341. doi:
10.1001/archpsyc.58.4.334

LaBerge D (1995) Attentional processing. Harvard University Press,
Cambridge. doi:10.4159/harvard.9780674183940

LaRowe S, Saladin M, Carpenter M, Upadhyaya H (2007) Reactivity to
nicotine cues over repeated cue reactivity sessions. Addict Behav
32:2888–2899. doi:10.1016/j.addbeh.2007.04.025

Lazev A, Herzog T, Brandon T (1999) Classical conditioning of environ-
mental cues to cigarette smoking. Exp Clin Psychopharmacol 7:56–
63. doi:10.1037/1064-1297.7.1.56

Lejuez CW, Aklin W, Daughters S, Zvolensky M, Kahler C, Gwadz M
(2007) Reliability and validity of the youth version of the balloon
analogue risk task (BART-Y) in the assessment of risk-taking be-
havior among inner-city adolescents. J Clin Child Adolesc Psychol
36:106–111. doi:10.1207/s15374424jccp3601_11

Leth-Steensen C, Elbaz ZK, Douglas VI (2000) Mean response times,
variability, and skew in the responding of ADHD children: a

response time distributional approach. Acta Psychol (Amst) 104:
167–190. doi:10.1016/s0001-6918(00)00019-6

Li SH, Westbrook RF (2008) Massed extinction trials produced better
short-term but worse long-term loss of context conditioned fear re-
sponses than spaced trials. J Exp Psychol Anim Behav Process 34:
336–351. doi:10.1037/0097-7403.34.3.336

MacKillop J, Lisman S (2008) Effects of a context shift and multiple
context extinction on reactivity to alcohol cues. Exp Clin
Psychopharmacol 16:322–331. doi:10.1037/a0012686

Martin WR, Sloan JW, Sapira JD, Jasinski DR (1971) Physiologic, sub-
jective, and behavioral effects of amphetamine, methamphetamine,
ephedrine, phenmetrazine, and methylphenidate in man. Clin Pharm
Ther 12:245–258. doi:10.1002/cpt/1971122part1245

Martin-Soelch C, Linthicum J, Ernst M (2007) Appetitive condition-
ing: neural bases and implications for psychopathology.
Neurosci Biobehav Rev 31:426–440. doi:10.1016/j.neubiorev.
2006.11.002

Mayo LM, de Wit H (2015) Acquisition of responses to a
methamphetamine-associated cue in healthy humans: self-
report behavioral and psychophysiological measures.
Neuropsychopharmacology 40:1734–1741. doi:10.1038/npp.
2015.21

Mayo LM, Fraser D, Childs E, Momenan R, Hommer DW, de Wit H,
Heilig M (2013) Conditioned preference to a methamphetamine-
associated contextual cue in humans. Neuropsychopharmacology
38:921–929. doi:10.1038/npp.2013.3

McNair D, Lorr M, Droppleman L (1971) Profile of mood states.
Educational and Industrial Testing Service, San Diego

Mucha R, Pauli P, Angrilli A (1998) Conditioned responses elicited by
experimentally produced cues for smoking. Can J Physiol
Pharmacol 76:259–268. doi:10.1139/y98-022

O’Brien C, Childress A, McLellan T, Ehrman R (1990) Integrating sys-
tematic cue exposure with standard treatment in recovering drug
dependent patients. Addict Behav 15:335–365. doi:10.1016/0306-
4603(90)90045-y

O’Brien C, Childress A, McLellan AT, Ehrman R (1992) Classical con-
ditioning in drug-dependent humans. Ann N YAcad Sci 654:400–
415. doi:10.1111/j.1749-6632.1992.tb25984.x

Oler D, Baum M (1968) Facilitated extinction of an avoidance response
through shortening of the inter-trial interval. Psychon Sci 11:323–
324. doi:10.3758/bf03328213

Powell J, Dawkins L, West R, Powell J, Pickering A (2010) Relapse to
smoking during unaided cessation: clinical cognitive and motiva-
tional predictors. Psychopharmacology 212:537–549. doi:10.1007/
s00213-010-1975-8

Price KL, Saladin ME, Baker NL, Tolliver BK, DeSantis SM, McRae-
Clark AL, Brady KT (2010) Extinction of drug cue reactivity in
methamphetamine-dependent individuals. Behav Res Ther 48:
860–865. doi:10.1016/j.brat.2010.05.010

Rawson RA (2013) Current research on the epidemiology medical and
psychiatric effects and treatment of methamphetamine use. J Food
Drug Anal 21:S77–S81. doi:10.1016/j.jfda.2013.09.039

Rescorla RA, Durlach PJ (1987) The role of context in intertrial interval
effects in autoshaping. Q J Exp Psychol 39B:35–48. doi:10.1080/
14640748708402250

Robbins SJ, Ehrman RN (2004) The role of attentional bias in substance
abuse. Behav Cogn Neurosci Rev 3:243–260. doi:10.1177/
1534582305275423

Robinson T, Berridge K (1993) The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res Brain Res
Rev 18:247–291. doi:10.1097/00008877-199308000-00021

Rutten K, van der Kam EL, De Vry J, Tzschentke TM (2011) Critical
evaluation of the use of extinction paradigms for the assessment of
opioid-induced conditioned place preference in rats. Pharmacology
87:286–296. doi:10.1159/000327680

Psychopharmacology (2016) 233:2489–2502 2501

http://dx.doi.org/10.1037/0021-843x.106.1.15
http://dx.doi.org/10.1046/j.1360-0443.2001.961333.x
http://dx.doi.org/10.1007/bf02245266
http://dx.doi.org/10.1017/s0954579408000576
http://dx.doi.org/10.1016/j.jsat.2008.06.005
http://dx.doi.org/10.1016/j.drugalcdep.2008.03.030
http://dx.doi.org/10.1007/s00213-005-0202-5
http://dx.doi.org/10.1007/s002130051038
http://dx.doi.org/10.1007/s002139900340
http://dx.doi.org/10.1023/A:1024190429920
http://dx.doi.org/10.1007/s00213-011-2618-4
http://dx.doi.org/10.1007/s00213-011-2618-4
http://dx.doi.org/10.1007/s002130000404
http://dx.doi.org/10.1007/s002130000404
http://dx.doi.org/10.1016/S0306-4603(01)00289-1
http://dx.doi.org/10.1007/bf00433062
http://dx.doi.org/10.1007/s00213-011-2254-z
http://dx.doi.org/10.1001/archpsyc.58.4.334
http://dx.doi.org/10.4159/harvard.9780674183940
http://dx.doi.org/10.1016/j.addbeh.2007.04.025
http://dx.doi.org/10.1037/1064-1297.7.1.56
http://dx.doi.org/10.1207/s15374424jccp3601_11
http://dx.doi.org/10.1016/s0001-6918(00)00019-6
http://dx.doi.org/10.1037/0097-7403.34.3.336
http://dx.doi.org/10.1037/a0012686
http://dx.doi.org/10.1002/cpt/1971122part1245
http://dx.doi.org/10.1016/j.neubiorev.2006.11.002
http://dx.doi.org/10.1016/j.neubiorev.2006.11.002
http://dx.doi.org/10.1038/npp.2015.21
http://dx.doi.org/10.1038/npp.2015.21
http://dx.doi.org/10.1038/npp.2013.3
http://dx.doi.org/10.1139/y98-022
http://dx.doi.org/10.1016/0306-4603(90)90045-y
http://dx.doi.org/10.1016/0306-4603(90)90045-y
http://dx.doi.org/10.1111/j.1749-6632.1992.tb25984.x
http://dx.doi.org/10.3758/bf03328213
http://dx.doi.org/10.1007/s00213-010-1975-8
http://dx.doi.org/10.1007/s00213-010-1975-8
http://dx.doi.org/10.1016/j.brat.2010.05.010
http://dx.doi.org/10.1016/j.jfda.2013.09.039
http://dx.doi.org/10.1080/14640748708402250
http://dx.doi.org/10.1080/14640748708402250
http://dx.doi.org/10.1177/1534582305275423
http://dx.doi.org/10.1177/1534582305275423
http://dx.doi.org/10.1097/00008877-199308000-00021
http://dx.doi.org/10.1159/000327680


See R (2002) Neural substrates of conditioned-cued relapse to drug-
seeking behavior. Pharmacol, Biochem Behav 71:517–529. doi:10.
1016/s0091-3057(01)00682-7

See R (2005) Neural substrates of cocaine-cue associations that trigger
relapse. Eur J Pharmacol 526:140–146. doi:10.1016/j.ejphar.2005.
09.034

Sell L, Morris J, Bearn J, Frackowiak R, Friston K, Dolan R (2000)
Neural responses associated with cue evoked emotional states and
heroin in opiate addicts. Drug Alcohol Depend 60:207–216. doi:10.
1016/s0376-8716(99)00158-1

Shaham Y, Shalev U, Lu L, de Wit H (2003) The reinstatement model of
drug relapse: history methodology and major findings.
Psychopharmacology 168:3–20. doi:10.1007/s00213-002-1224-x

Sheynin J, Shikari S, Gluck MA, Moustafa AA, Servatius RJ, Myers CE
(2013) Enhanced avoidance learning in behaviorally inhibited
young men and women. Stress 16:289–299. doi:10.3109/
10253890.2012.744391

Sinha R (2009) Modeling stress and drug craving in the laboratory: im-
plications for addiction treatment development. Addict Biol 14:84–
89. doi:10.1111/j.1369-1600.2008.00134.x

Thewissen R, Snijders S, Havermans R, van den Hout M, Jansen A
(2006) Renewal of cue-elicited urge to smoke: implications for cue
exposure treatment. Behav Res Ther 44:1441–1449. doi:10.1016/j.
brat.2005.10.010

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR,
Jayne M, Ma Y, Wong C (2006) Cocaine cues and dopamine in
dorsal striatum: mechanism of craving in cocaine addiction. J
Neurosci 26:6583–6588. doi:10.1523/jneurosci.1544-06.2006

WardleMC,GarnerMJ,MunafoME, deWit H (2012)Amphetamine as a
social drug: effects of d-amphetamine on social processing and be-
havior. Psychopharmacology 223:199–210. doi:10.1007/s00213-
012-2708-y

Waters AJ, Shiffman S, Bradley BP,Mogg K (2003a) Attentional shifts to
smoking cues in smokers. Addiction 98:1409–1417. doi:10.1046/j.
1360-0443.2003.00465.x

Waters A, Shiffman S, Sayette M, Paty J, Gwaltney C, Balabanis M
(2003b) Attentional bias predicts outcome in smoking cessation.
Health Psychol 22:378–387. doi:10.1037/0278-6133.22.4.378

Waters AJ, Carter BL, Robinson JD, Wetter DW, Lam CY, Kerst W,
Cinciripini PM (2009) Attentional bias is associated with
incentive-related physiological and subjective measures. Exp Clin
Psychopharmacol 17:247–257. doi:10.1037/a0016658

Westbrook RF, Smith FJ, Charnock DJ (1985) The extinction of an aver-
sion: role of the interval between non-reinforced presentations of the
averted stimulus. Q J Exp Psychol 37B:255–273. doi:10.1080/
14640748508402099

White TL, Justice AJ, de Wit H (2002) Differential subjective effects of
D-amphetamine by gender, hormone levels and menstrual cycle
phase. Pharmacol, Biochem Behav 73:729–741. doi:10.1016/
s0091-3057(02)00818-3

Winkler MH,Weyers P, Mucha RF, Stippekohl B, Stark R, Pauli P (2011)
Conditioned cues for smoking elicit preparatory responses in
healthy smokers. Psychopharmacology 213:781–789. doi:10.1007/
s00213-010-2033-2

Yurgelun-Todd D (2007) Emotional and cognitive changes during ado-
lescence. Curr Opin Neurobiol 17:251–257. doi:10.1016/j.conb.
2007.03.009

2502 Psychopharmacology (2016) 233:2489–2502

http://dx.doi.org/10.1016/s0091-3057(01)00682-7
http://dx.doi.org/10.1016/s0091-3057(01)00682-7
http://dx.doi.org/10.1016/j.ejphar.2005.09.034
http://dx.doi.org/10.1016/j.ejphar.2005.09.034
http://dx.doi.org/10.1016/s0376-8716(99)00158-1
http://dx.doi.org/10.1016/s0376-8716(99)00158-1
http://dx.doi.org/10.1007/s00213-002-1224-x
http://dx.doi.org/10.3109/10253890.2012.744391
http://dx.doi.org/10.3109/10253890.2012.744391
http://dx.doi.org/10.1111/j.1369-1600.2008.00134.x
http://dx.doi.org/10.1016/j.brat.2005.10.010
http://dx.doi.org/10.1016/j.brat.2005.10.010
http://dx.doi.org/10.1523/jneurosci.1544-06.2006
http://dx.doi.org/10.1007/s00213-012-2708-y
http://dx.doi.org/10.1007/s00213-012-2708-y
http://dx.doi.org/10.1046/j.1360-0443.2003.00465.x
http://dx.doi.org/10.1046/j.1360-0443.2003.00465.x
http://dx.doi.org/10.1037/0278-6133.22.4.378
http://dx.doi.org/10.1037/a0016658
http://dx.doi.org/10.1080/14640748508402099
http://dx.doi.org/10.1080/14640748508402099
http://dx.doi.org/10.1016/s0091-3057(02)00818-3
http://dx.doi.org/10.1016/s0091-3057(02)00818-3
http://dx.doi.org/10.1007/s00213-010-2033-2
http://dx.doi.org/10.1007/s00213-010-2033-2
http://dx.doi.org/10.1016/j.conb.2007.03.009
http://dx.doi.org/10.1016/j.conb.2007.03.009

	Extinction of Conditioned Responses to Methamphetamine-Associated Stimuli in Healthy Humans
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Design
	Participants
	Drug
	Session procedures
	Outcome measures
	Subjective drug effect measures
	Cardiovascular drug effect measures
	Statistical analysis

	Results
	Subject characteristics
	Subjective and cardiovascular effects of methamphetamine
	Conditioned response measures

	Discussion
	References


