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Classical conditioning is widely used to study motivational properties of addictive drugs in animals, but has rarely been used in humans.

We established a procedure suitable for studying the neurobiology and individual determinants of classical conditioning in humans.

Healthy volunteers were randomly assigned to four groups that received methamphetamine or placebo in the presence of distinctive

environmental cues under paired or unpaired conditions. During each session, subjects performed tasks known to activate the ventral

striatum. Tasks were performed in the presence of a distinctive context, consisting of a screen background image of a beach or

mountains, accompanied by corresponding sounds. Separate groups of subjects carried out the tasks under high ($35–50) or low

($5–20) reward conditions. Within each of the two reward conditions, one group (paired) received methamphetamine (20 mg, oral) or

placebo consistently associated with one of the contexts, while the other (unpaired) received drug or placebo unrelated to context. A

fifth group (paired) performed the tasks with contextual cues but in the absence of monetary incentives. Before and after conditioning,

participants carried out a series of forced choice tasks for the contextual cues, and change of preference over time was analyzed. All

paired groups showed a significant increase in preference for the drug-associated context, with a linear trend for increase across the

levels of reward. Preference was unrelated to subjective drug effects, and did not change in the unpaired group. These data support the

translational utility of our conditioning procedure for studies of reward mechanisms in humans.
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INTRODUCTION

An extensive preclinical literature indicates that environ-
mental stimuli paired with rewarding drugs acquire
incentive value through the process of classical condition-
ing, ie, cues or contexts consistently predictive of a
rewarding drug acquire value in and of themselves. This
process is often studied in animals using the conditioned
place preference (CPP) procedure, in which animals come
to prefer an environment in which they have received a drug
known to have rewarding effects (Tzschentke, 1998, 2007).
Although the process of conditioning, and CPP in particular
has been studied in depth in animals, very few studies have
investigated the acquisition of conditioning in humans. We
recently showed that humans, like other species, acquire
preference for a physical environment (room) where they
have received a rewarding stimulant drug (Childs and de

Wit, 2009, 2011). The degree of this preference was
positively associated with the degree of drug liking,
supporting the idea that place preferences are determined
by the rewarding properties of the drug. In the present
study, we extended our investigation of classically condi-
tioned drug effects in humans, by developing a procedure
that relies on virtual rather than physical contextual stimuli.
We used a compound environmental stimulus consisting of
a computer image with corresponding sounds, paired with
drug. We also sought to develop a procedure that, similar to
animal studies of CPP, would rely on choice behavior,
rather than verbal report of subjective liking of drug-paired
context.

Conditioning with drugs as unconditioned stimuli
involves several processes. First, the drug may produce
feelings of well-being, which confer salience to cues that
predict the cue. Our data with CPP in humans support this
idea. Second, the drug may facilitate the process of learning.
That is, a stimulant drug may enhance learning about
environmental stimuli, because of its effects on attention or
encoding. Third, the drug may activate dopaminergic (DA)
processes involved in learning, and increasing this DA
activity may fundamentally affect the associative process.
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Although the present study cannot distinguish between
these possibilities, it lays the foundation for future studies
investigating the role of DA in acquisition of incentive
valence and salience, and ultimately in aberrant learning
leading to drug abuse.

Incentive salience of environmental stimuli is thought to
be encoded in part by DA activity in the ventral striatum
(Robinson and Berridge, 2003). We hypothesized that
methamphetamine, which potentiates DA transmission,
would confer incentive salience to an initially neutral
context, thereby increasing subject preference for it.
Because methamphetamine is an indirect DA agonist, we
further speculated that it may interact with endogenous
ventral striatal activity and potentiate the incentive salience
associated with ongoing processing within this structure, as
suggested by previous findings with methylphenidate
(Volkow et al, 2004). To address this latter hypothesis, we
designed a procedure in which subjects were engaged in
tasks originally developed for event-related fMRI studies,
and shown by these studies to be consistently associated
with ventral striatum activation. For the best established of
this tasks, the monetary incentive delay (MID) task, ventral
striatal activation has also been shown to scale with the
magnitude of anticipated monetary reward (Knutson et al,
2000, 2001). We therefore assigned subjects to groups where
the monetary incentive was high ($35–50), low ($5–20), or
absent.

To establish our procedure, we used a classical con-
ditioning paradigm in which participants experienced the
drug and the environmental stimuli under paired or
unpaired conditions. The primary outcome measure was
the change in preference for the environmental stimuli after
conditioning. Subjects also rated subjective drug effects,
and we sought to determine whether these were predictors
of preference conditioning. During the procedure, partici-
pants performed a series of tasks in the presence of the
distinctive visual and auditory stimuli (‘context’). They
worked for the possibility to earn monetary rewards, which
varied across groups. The procedure used a stimulus
presentation environment designed for use in an fMRI
environment, providing the means for future studies
addressing the determinants, consequences, and underlying
neurobiology of conditioned drug effects in humans.

MATERIALS AND METHODS

Participants

Healthy volunteers aged 18–35 were recruited through
posters, online and newspaper advertisement, and word-of-
mouth referrals throughout the community. Inclusion
criteria were body mass index (BMI) between 19 and
26 kg/m2, completed high school education, fluency in
English, resting blood pressure (BP) o140/90 mm Hg,
current alcohol consumption o4 standard drinks/day,
and consumption of o4 units of caffeinated beverages per
day. Exclusion criteria were current major Axis I DSM-IV
disorder (American Psychiatric Association, 2000), includ-
ing current dependence on, or abuse of alcohol or illicit
drugs; past alcohol or drug dependence, or psychotic
disorder; diagnosis of a mood disorder within the past
year; ongoing treatment with psychoactive medication,

cardiovascular illness; or past or present medical conditions
contraindicating methamphetamine, shift work, pregnancy,
nursing, or plans to become pregnant. Women not on
hormonal birth control were scheduled for testing sessions
only during their follicular phase (White et al, 2002).
Eligible candidates completed the psychiatric symptom
checklist (Derogatis, 1983), the Beck Depression Inventory
(Beck et al, 1996), the Michigan Alcoholism Screening test
(Selzer, 1971), the Barratt Impulsiveness Scale-11 (BIS 11;
Patton et al, 1995), and underwent a physical examination
and electrocardiogram. Qualifying participants attended
one 1-h orientation session to read and sign the consent
form, outlining the procedures and listing the classes of
drugs and their possible effects. To prevent expectancy
effects, participants were informed that they could be given
placebo, a stimulant, or a sedative drug, and they were told
that the purpose was to investigate the effects of drugs upon
mood and performance on tasks. Following completion of
the study, participants were fully debriefed. The study took
place at the Human Behavioral Pharmacology Laboratory at
the University of Chicago Hospital. It was approved by the
University of Chicago Biological Science Division Institu-
tional Review Board, and all subjects provided written
informed consent. Participants were paid for their partici-
pation.

Drugs

Methamphetamine was selected because of its relative fast
onset. The dose used (20 mg oral; Desoxyn, Lundbeck) is
safe and produces robust subjective effects (Martin et al,
1971; Cook et al, 1992). To speed the absorption time, the
tablets were crushed and administered in 50 ml sugar-free
syrup (Ora-Sweet, Paddock Laboratories, Minneapolis,
MN). Placebo solutions consisted of 50 ml Ora-
Sweet alone. The oral liquid was given in a transparent
50 ml syringe.

Overall Design

Subjects were assigned to one of five groups: Paired, high
reward (PairHi; n¼ 24); Paired, low reward (PairLo;
n¼ 24); Paired no reward (PairNone; n¼ 23); Unpaired,
high reward (UnpHi; n¼ 7); and Unpaired, low-reward
(UnpLo; n¼ 9). Each participant attended an orientation
session, followed by four 4-h conditioning sessions
separated by at least 48 h, and a 2-h test session. During
the initial orientation session, subjects practiced the
computer tasks together with the stimuli to be paired
during the conditioning sessions, and carried out a series of
choices for the tasks and images (see below). This provided
a pre-conditioning measure of their preference for the
respective stimuli, which was then used to assess changes
after the pairings. All subjects received methamphetamine
(20 mg) on two conditioning sessions and placebo on the
other two sessions, administered under double-blind
conditions. Subjects differed in whether environmental
stimuli were consistently paired with the drug administra-
tion. The three paired groups consistently received drug
and placebo in combination with one of the two sets of
visual and auditory background stimuli (see below).
The two unpaired groups received each treatment in
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combination with one of the stimuli sets on one session, and
the other on the other (Figure 1).

During all four conditioning sessions, subjects performed
a series of computer tasks known to activate the ventral
striatum in event-related fMRI studies. To maintain
interest, three different tasks were used: a version of the
previously published MID task (Knutson et al, 2000, 2001),
a Risk (R) task (Gilman et al, 2012), and a Prediction Error
(PE) task. Depending on group assignment, subjects were
able to earn high ($35–50/session; PairHi, UnpHi) or low
monetary reward ($5–20/session, PairLo, UnpLo), but this
was not contingent on subjects’ performance. Each run for
each game began with a $5.00 credit to prevent a negative
outcome early in the run. The PairNone group played the
same games without monetary reward. The order of the
three games and the background images used were
randomized and counterbalanced across subjects, but
remained constant within subjects.

Tasks were presented in the presence of the two
distinctive compound stimuli consisting of a background
screen visible behind the task presentation and accompa-
nied by a corresponding sound. One set of stimuli depicted
a summer beach view accompanied by the sound of ocean
waves. The other depicted summer alpine scenery accom-
panied by birdsong. Presentation software (Neurobehavior-
al Systems, San Francisco, CA) was used for delivery and
control of both visual and audio stimuli.

MID Task

The modified MID task consisted of 32 trials each lasting
about 12 s. A trial consisted of a 1.5-s presentation of a cue
shape, followed by a fixation crosshair of a variable
duration (1.3–4.0 s). A white target box was then displayed
for 0.5–0.6 s, signaling subjects to press a button. After
another variable interval (1.3–4.0 s), subjects were given
feedback for 1.5 s about the amount of money they had won
or lost during that trial, as well as their running total. Trials
were separated by 1.3–4.0 s. Participants could win or avoid
losing money by pressing a button during target presenta-
tion. Cues signaled potential reward (n¼ 20; denoted
by circles), potential loss prevention (n¼ 9; denoted
by squares), or no monetary outcome (n¼ 3; denoted by

triangles). In the high reward groups, a circle with one line
signaled the potential to win $0.25, and a circle with three
lines $1.00; in the low reward groups, these values were $0.1
and $0.5. The square cues were loss prevention signals. If
the participant did not press the button in time for when the
target box appeared, then they lost the amount the cue
symbolized, $0.25 for a square with one line and $1.00 for a
square with three lines ($0.25 and 0.50 for low earning
group). Trial types were pseudo randomly ordered within
each session and the task lasted B6.5 min.

Risk Task

This is a version of the Lane risk-taking task (Lane and
Cherek, 2000), as modified in Gilman et al (2012). Briefly,
each trial consisted of displaying, for 1.5 s, two white
squares, one with a question mark beneath it. The
participant was forced to choose between these two
response options. The square with the question mark (the
risky choice) gave the possibility to win or lose $0.50 or
$1.00, or win or lose $0.25 or $0.10, in the high and low
earning groups, respectively. The square without the
question mark beneath it (safe choice) guaranteed the
participant to win $0.50 or $0.05 for the high vs the low
earning groups. Participants made their choice by pressing
a mouse button corresponding to the left or the right square
and the selected square re-appeared on the screen for 1.5 s.
The participant was then shown a screen with feedback of
how much money was lost or won for that trial, as well as
the running total for 1.5 s. A crosshair appeared for a
variable interval of (1.3–4.0 s) between the choice event and
feedback as well as between trials. Each risk task consisted
of 36 trials, each lasting on average 11.2 s, yielding a total of
B6.9 min.

PE Task

The PE task consisted of simultaneously presenting to the
participant with two different abstract images on the
computer screen (1.5 s). Each set of simultaneously pre-
sented images was associated with a predefined probability
of winning or losing. Choosing one of the images was
associated with a probability of 80 vs 20% for winning or

Figure 1 General overview of the study. During the baseline assessment session, subjects first practiced three different computer tasks, and then carried
out a series of choice tasks that determined their baseline preference between two different composite contextual stimuli, each consisting of a background
image combined with corresponding sound. During a series of four subsequent sessions, subjects played the computer games twice in each context. During
two of the sessions, they additionally received methamphetamine (20 mg, oral), while placebo was administered for the other two sessions. In the ‘paired’
groups, methamphetamine was consistently accompanied by one of the two contexts, while two control groups received the methamphetamine once in
each context.
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losing, respectively; choosing the other image was asso-
ciated with the opposite probabilities. The position as well
as the image associated with the respective outcome set was
both randomized and counterbalanced. The potential earn-
ings were $0.75 and $1.00 in the low and high reward
groups, respectively. The potential loss was $0.50 and $0.25
in the low and reward groups, respectively. During the
game, the winning and losing images could switch (task
reversal). A white square around the participant’s choice
informed them that their selection was detected (1.5 s).
Next, after a random interval (1.3–4.0 s), a feedback was
shown for 1.5 s indicating the amount of earning or loss in
the trial, as well the running total. Between trials, a crosshair
was seen for a variable interval (1.4–4.0 s). Each PE task
consisted of 36 trials, each lasting on average 11.0 s.
Participants played one run of B6.8 min. Subjects were
instructed verbally by the experimenter before the task.

Rating Task

Subjects completed a task to assess their preferences for the
contextual stimuli before and after conditioning. They were
asked to choose between pairs of stimuli consisting of both
the tasks and the backgrounds, across 15 separate trials, in a
full-factorial design. Assessment of task preferences (ie,
choices between tasks with the same background) was
included only to rule out preference biases between tasks at
baseline or after conditioning. Because no task bias was
observed at either time point, we collapsed the tasks for
analysis. This left nine trials that provided information
about the background preferences. Our primary outcome
measure was the change in background preference from
before to after conditioning. On each trial subjects chose
between two images, of one of the three tasks combined
with one of the two backgrounds. All the three tasks were
combined with each of the two backgrounds (15 trials). The
two images were first presented separately for 3 s each, and
then shown side-by-side for the choice phase (Figure 1).
Subjects indicated their preferred image by pressing the
corresponding mouse button.

Subjective and Physiological Measures

During each of the conditioning sessions, BP and heart rate
(HR) were repeatedly measured, and participants completed
self-report computer-based, standardized subjective mood
and drug effects questionnaires. All measures were obtained
at � 15, þ 30, þ 70, þ 115, and þ 210 min relative to study
drug administration. The subjective measures were Profile
of Mood States (POMS; McNair et al, 1971); Addiction
Research Center Inventory (ARCI; Haertzen, 1966), and the
Drug Effects Questionnaire (DEQ; Johanson and Uhlenhuth,
1980). At the end of each of the conditioning sessions, an
end-of-session questionnaire (ESQ) was completed, de-
signed to retrospectively assess subjective drug effects. This
included: liking of drug effects, assessed using a 100-mm
visual analog scale (VAS) ranging from ‘dislike’ to ‘like very
much’; overall assessment of subjective drug effects, given
as a choice between five statements: (1) no effect, (2) a mild
effect, but I’m not sure, (3) definitely an effect, but it was
not strong, (4) a strong effect, and (5) a very strong effect;
what drug do you think the oral solution contained by

choosing one of four statements (a) stimulant/appetite
suppressant, (b) sedative/tranquilizer, (c) alcohol, and (d)
placebo. Finally, participants responded to a question
whether they would take the oral solution again if given
the opportunity.

Session Procedures

Subjects were instructed to consume their normal amount
of caffeine/nicotine before sessions but to abstain from
using prescription and over-the-counter drugs 24 h before
and 6 h after each session; other recreational drugs for 2
days before and 6 h after sessions; marijuana for 7 days
before and 6 h after each session; and to not operate any
machinery or vehicles for 6 h following each session.
Compliance measures were obtained before all sessions,
and included a self-report questionnaire, breath alcohol
levels (Alco-SensorIII, Intoximeters, St Louis, MO), urine
drug test (ToxCup, Branan Medical Corporation, Irvine,
CA) and for women a pregnancy test (AimStickPBD, hCG
professional, Craig Medical distribution, Vista, CA). During
the orientation, participants practiced MID, PE, and Risk
tasks (2 min/task) and questionnaires. They also performed
one complete run of the rating task.

Sessions were conducted from 0900 to 1300 h, with at least
48 h between sessions. After compliance tests (BAL, urine
toxicology and pregnancy), pre-drug measures were
obtained and subjects received the drug. Conditioning
sessions and the rating task session were performed
individually in the same room for each participant, which
was different from the room in which the orientation
session took place. The rooms were comfortably furnished
with a couch, a desk and chair, a computer (for tasks and
questionnaires), a television, a video player, and magazines.
When participants were not completing tasks, question-
naires or having their BP and HR measured, they were
allowed to relax, watch selected movies or read. Participants
were not allowed to sleep, work, or study. Cellphones or
Internet access was not allowed, minimizing emotional
contact outside the testing environment. Tasks were
performed between þ 30 and þ 70 min after study drug
administration, timed to coincide with peak plasma
concentration of methamphetamine (Cook et al, 1992).
Participants completed an end-of-study questionnaire when
other measures were done. They were allowed to leave once
subjective and cardiovascular drug effects subsided. The
final rating session was conducted at least 48 h after the last
conditioning session. On this session, subjects provided
compliance measures (urine, breath alcohol), completed
baseline questionnaires and then completed the post-
conditioning Rating task.

Data Analysis

Subjective and physiological treatment effects were analyzed
using mixed model ANOVA’s, with within-session time as
within-subjects factors, and treatment (MA, placebo) as
between-subjects factors. Differences at individual time
points were evaluated using Tukey’s post-hoc test. The
primary outcome analysis was the change in preference for
the three paired groups, using a mixed model ANOVA with
phase (pre- and post-conditioning) as within-subjects
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factor, and reward condition (high, low, none) as a between-
subjects factor. Baseline variables as well as subjective drug
effects were evaluated for contribution as co-variates in the
analyses. Because of its range and distributions, lifetime
drug use was dichotomized, and was among the baseline
measures evaluated as co-variates. Co-variates were
dropped if they did not contribute significantly to the
respective model, or reduced its residual variance.

RESULTS

Baseline Characteristics

Baseline characteristics of the combined sample and the five
experimental groups are shown in Table 1. Groups did not
differ except for variables indicated. To control for any
group differences, the potential contribution of baseline
variables to the outcome analyses was evaluated, and is
indicated below where present.

Subjective and Physiological Responses

Methamphetamine increased ratings on the ARCI amphe-
tamine scale (main drug effect: F(1, 86)¼ 284.01, Po0.001,
main time effect: F(5, 430)¼ 77.87, Po0.0001, drug� time
interaction: F(5, 430)¼ 56.37, Po0.0001; Figure 2a). Post
hoc tests showed that the drug effect was present already
after 15 min, peaked between 30 and 70 min, coinciding with
the conditioning task, and remained significantly higher
throughout the session. There were no significant co-
variates in the model.

Methamphetamine also increased ratings of drug liking
on the DEQ (main drug effect: F(1, 85)¼ 57.12, Po0.001,
main time effect: F(5, 425)¼ 26.25, Po0.0001, drug� time
interaction: F(5, 425)¼ 16.77, Po0.0001; Figure 2b). Post
hoc tests showed that the drug effect was present already
after 15 min, and peaked between 30 and 70 min, coinciding
with the conditioning task. The number of servings of
caffeine in the previous month was a significant co-variate
in this model. A sensitivity analysis showed that the
interaction effect of the experimental factors remained
unchanged in the absence of this co-variate.

Methamphetamine increased mean arterial BP (main
drug effect: F(1, 84)¼ 206.04, Po0.0001, main time effect:
(F(5, 420)¼ 56.87, Po0.0001, treatment� time interaction:
F(5, 420)¼ 96.76, Po0.0001 on mean arterial pressure;
Figure 2c). There was also a main effect of sex on mean
arterial pressure, with males (mean¼ 94.65, SEM¼ 1.02)
having higher BP, on average, than females (mean¼ 89.89,
SEM¼ 0.90).

There were no main effects of drug treatment (F(1, 82)
¼ 1.45, P¼ 0.23) or time (F(5, 410)¼ 0.41, P¼ 0.84) on HR;
however, there was a drug treatment-by-time interaction
(F(5, 410)¼ 3.13, P¼ 0.009), indicating that the two groups
were differentially influenced by drug treatment. Specifi-
cally, HR decreased over the course of sessions under
placebo treatment, but remained relatively unchanged
under drug treatment. Significant co-variates in the model
for HR included BMI, average number of drinks per day,
and the maximum number of drinks per day in the past
month. A sensitivity analysis showed that the interaction
effect of the experimental factors remained unchanged in

the absence of these co-variates. Similarly to BP, HR was
elevated during the drug session compared with the placebo
session (Figure 2d).

Preference Ratings

For the paired groups, preference for the stimuli increased
from before to after conditioning (F(1, 68)¼ 9.74,
P¼ 0.003). Preference ratings were significantly higher in
the post test phase, irrespective of reward condition
(Figure 3). The rank order of mean preference scores was
high reward4low reward4no reward, but reward condi-
tion was not a significant co-variate in the analysis,
presumably due to variability in the data (F(2, 68)¼ 0.61,
P¼ 0.54). No baseline characteristics were significant co-
variates in the model for the paired group.

An interim analysis of the unpaired groups showed that
preference did not change as a function of test phase
(F(1, 14)¼ 0.6, P¼ 0.81) or reward condition (F(1, 14)
¼ 0.53, P¼ 0.48), nor was there any interaction effect
between these two factors (F(1, 14)¼ 0.36, P¼ 0.56). As with
the paired groups, there were no significant co-variates in
the model for the unpaired group. Because this interim
analysis showed that either no effect of the experimental
factors was present, or, if present, its size would have to be
so small that it would require excessive number of subjects
to be detected, these arms filled criteria for futility, and
recruitment into them was terminated.

Correlations Between Subjective Effects and Preference

We examined individual differences in liking of the drug
(DEQ) in relation to the change in preference for the
background stimuli (ie, conditioning) in the paired groups.
A scatterplot of the change in preference score from pre- to
post-conditioning vs subjective drug liking as assessed by
the DEQ (Figure 4) shows that there was no correlation
between the two measures in any of the reward conditions.

DISCUSSION

We demonstrated that healthy young adults develop a
robust preference for a virtual contextual stimulus paired
with a moderate dose of methamphetamine. That is, an
initially neutral compound stimulus acquired incentive
salience, or positive motivational properties, through its
association with a rewarding drug. The study used the
procedures of classical conditioning, parallel to procedures
used in laboratory animals, and closely resembling other
recent studies with d-amphetamine in humans (Childs and
de Wit, 2009, 2011). A stringent control for the specificity of
the conditioning effect was provided by inclusion of non-
paired control groups, which received the same doses of
methamphetamine and the same stimuli, but these were not
systematically paired. In these groups, change in preference
was close to zero, showing that the change in preference
observed in the paired groups was not simply related to
exposure to either the drug or the stimuli. The study
provides a proof of principle that a drug with an ability to
increase synaptic DA effectively sustains learning, and
confers salience on otherwise neutral stimuli in humans.
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Table 1 Subject Characteristics by Group

Variable Total
(n¼ 87)

Paired
No reward

Paired
Low reward

Paired
High reward

Unpaired
Low reward

Unpaired
High reward

(n¼23) (n¼24) (n¼ 24) (n¼ 9) (n¼7)

Gender

Male 38 (43.7%) 10 (43.5%) 9 (37.5%) 12 (50.0%) 5 (55.6%) 2 (28.6%)

Female 49 (56.3%) 13 (56.5%) 15 (62.5%) 12 (50.0%) 4 (44.4%) 5 (71.4%)

Race

African American 17 (19.5%) 8 (34.8%) 3 (12.5%) 2 (8.3%) 1 (11.1%) 3 (42.9%)

Caucasian 53 (60.9%) 9 (39.1%) 17 (70.9%) 17 (70.8%) 7 (77.8%) 3 (42.9%)

Asian 4 (4.6%) 1 (4.4%) 1 (4.2%) 1 (4.2%) 1 (11.1%) 0

Other 11 (12.6%) 4 (17.4%) 3 (12.5%) 3 (12.5%) 0 1 (14.3%)

Unknown 2 (2.3%) 1 (4.4%) 0 1 (4.2%) 0 0

Age (years) 23.8 (3.7) 22.8 (2.3) 23.9 (3.3) 24.8 (5.0) 24.2 (3.7) 23.3 (3.0)

Education (years) 15.2 (1.4) 14.9 (1.0) 15.4 (1.7) 14.9 (1.4) 15.3 (1.4) 16.0 (1.6)

Body mass index 22.4 (1.7) 22.7 (1.5) 22.3 (1.8) 22.3 (1.8) 22.1 (1.4) 22.7 (2.5)

Recent substance use

Caffeine (servings in last month) 1.3 (1.1) 1.2 (1.1) 1.5 (1.0) 1.2 (1.2) 1.2 (1.1) 0.9 (0.7)

Cigarettes (average # per day) 0.5 (1.5) 0.5 (1.6) 0.2 (0.4) 1.0 (2.3) 0 (0) 0.2 (0.5)

Marijuana (# uses in past month)a 1.0 (1.9) 0.8 (1.7) 0.5 (1.0) 2.1 (2.8) 0.3 (0.7) 0.4 (0.8)

Alcohol use in past month

Drinking days per week 1.8 (1.2) 1.6 (1.1) 1.6 (1.0) 2.3 (1.4) 1.3 (0.9) 1.6 (1.0)

Average # drinks per drinking day 2.7 (1.7) 3.4 (2.3) 2.4 (1.4) 2.8 (1.1 2.2 (2.1) 2.1 (1.4)

Drinks per weeka 3.4 (7.3) 3.0 (5.8) 1.3 (2.3) 7.5 (11.6) 0.9 (1.8) 0.9 (1.6)

Maximum drinks per day 4.7 (3.4) 5.4 (3.4) 4.0 (2.0) 5.3 (4.5) 3.9 (3.4) 4.1 (2.1)

Lifetime substance use

Cannabis use

Never 11 (12.6%)b 3 (13.0%) 1 (4.2%) 3 (12.5%)b 2 (22.2%) 2 (28.6%)

1–10 times 21 (24.1%) 6 (26.1%) 8 (33.3%) 5 (20.9%) 2 (22.2%) 0

11–50 times 30 (34.5%) 8 (34.8%) 9 (37.5%) 5 (20.9%) 4 (44.4%) 4 (57.1%)

51–100 times 7 (8.1%) 3 (13.0%) 2 (8.3%) 2 (8.3%) 0 0

4100 times 17 (19.6%) 3 (13.0%) 4 (13.7%) 8 (33.3%) 1 (11.1%) 1 (14.3%)

Stimulant use

Never 59 (67.8%)b 19 (82.6%) 16 (66.7%) 15 (62.5%) 5 (55.6%) 4 (57.1%)

1–10 times 17 (19.5%) 3 (13.0%) 5 (20.9%) 4 (16.7%) 4 (44.4%) 1 (14.3%)

11–50 times 9 (10.3%) 0 3 (12.5%) 4 (16.7%) 0 2 (28.6%)

51–100 times 0 0 0 0 0 0

4100 times 1 (1.2%) 0 0 1 (4.2%) 0 0

Opiate use

Never 74 (85.1%)b 22 (95.6%)b 22 (91.7%) 17 (70.8%) 8 (88.9%) 5 (71.4%)

1–10 times 9 (10.3%) 0 1 (4.2%) 5 (20.9%) 1 (11.1%) 2 (28.6%)

11–50 times 3 (3.5%) 0 1 (4.2%) 2 (8.3%) 0 0

51–100 times 0 0 0 0 0 0

4100 times 0 0 0 0 0 0
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Table 1 (Continued )

Variable Total
(n¼ 87)

Paired
No reward

Paired
Low reward

Paired
High reward

Unpaired
Low reward

Unpaired
High reward

(n¼ 23) (n¼24) (n¼ 24) (n¼ 9) (n¼7)

Hallucinogen use

Never 56 (64.4%)b 17 (74.9%)b 15 (62.5%) 14 (58.3%)b 6 (66.7%) 4 (57.1%)

1–10 times 23 (26.4%) 5 (21.7%) 6 (25.0%) 7 (29.2%) 2 (22.2%) 3 (42.9%)

11–50 times 5 (5.8%) 0 3 (12.5%) 1 (4.2%) 1 (11.1%) 0

51–100 times 0 0 0 0 0

4100 times 1 (1.2%) 0 0 1 (4.2%) 0

MDMA use

Never 62 (71.3%)b 17 (73.9%) 18 (75.0%) 15 (62.3%)b 7 (77.8%) 5 (71.4%)

1–10 times 23 (26.4%) 6 (26.1%) 6 (25.0%) 8 (33.3%) 2 (22.2%) 1 (14.3%)

11–50 times 1 (1.2%) 0 0 0 0 1 (14.3%)

51–100 times 0 0 0 0 0 0

4100 times 0 0 0 0 0 0

aSignificant group effect (ANOVA, Po0.05). For both drinks per week and uses of marijuana in the past month, the Paired/High Reward group is significantly different
from the Paired/Low Reward group.
bData missing for one participant.

Figure 2 Subjective (a, b) and physiological (c, d) responses to drug and placebo. Arrows indicate drug administration. Indicated in gray in each graph is
the interval during which subjects played the computer games, presented together with the respective contextual stimulus (‘conditioning’). It can be seen
that conditioning coincided with maximal subjectively pleasurable effects of methamphetamine. Means of the two drug and placebo sessions, respectively,
are presented, collapsed across both paired and unpaired groups. Data are mean±SEM; *Po0.05 the respective time point. For detailed statistics,
see Results.
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The study included some features that help shed light on
processes contributing to the drug–cue association. First,
the participants reported their subjective state, or liking of
the drug during the conditioning trials, allowing us to
examine the relation between drug-induced euphoria and
effective conditioning. Contrary to expectations based on
our previous studies (Childs and de Wit, 2009, 2011), the
increase in preference for a drug-associated stimulus in the
present study was not correlated with the degree of
euphoria experienced. An interesting possibility is that this
difference is due to the different methodology used to assess
preference. The present study used a fast paced behavioral
choice task that may more closely resemble procedures used

when contextual preference is assessed in experimental
animals. In contrast, the initial studies used verbal report of
‘liking’ explicitly attributed by subjects to the respective
context. It is well established that multiple processes
influence explicit report of mental content (Nisbett and
Wilson, 1977; Wilson and Dunn, 2004). In addition, it might
be speculated that the difference between the two outcome
measures reflects a postulated dissociation between ‘want-
ing’, as expressed in approach behavior, and ‘liking’,
experienced as a subjective state (Robinson and Berridge,
2003). At a minimum, our data show that conditioning with
stimulant drugs in humans is not fully dependent on
consciously experienced and explicitly reported feelings of
well-being produced by the drug.

Second, we assessed the magnitude of increases in
preference as a function of monetary reward level while
subjects carried out tasks known to activate the ventral
striatum (Knutson et al, 2000, 2001; Gilman et al, 2012). We
hypothesized that methamphetamine may confer incentive
salience to initially neutral stimuli by potentiating ventral
striatum activity, which in the MID task scales with the
magnitude of monetary reward. We therefore varied the
amount of money subjects received while they were exposed
to the conditioned stimulus, from no money, to a low
amount or a high amount. Although the level of monetary
reward was not a significant factor in the statistical analysis,
there was a consistent rank order for the preference scores,
high4low4none. This suggests that our conditioning para-
digm may become useful for assessment of drug condition-
ing as a function of reward magnitude, provided that the
methodology can in the future be refined to decrease
variability in the data. It should be noted that subjects
received money in BOTH the drug-paired and the placebo-
paired environment, so any facilitated conditioning would
have to represent an interaction between drug and money.

Third, because standard fMRI tasks and stimulus
presentation environment were used, our data suggest a
utility of this model to assess neural activity underlying
drug conditioning in future studies. Specifically, it will be
important to determine whether similar brain circuits are
activated by stimuli associated with rewards, and the areas
primarily activated by the rewards themselves. Also, it will
be of interest to determine whether drugs with rewarding
properties further enhance brain responses to the condi-
tioned stimuli. Finally, it will be possible to study individual
determinants of drug conditioning, including genetic
factors. For instance, we have recently shown that DA
release within ventral striatum in response to an alcohol
challenge is moderated by mu-opioid receptor gene
variation (Ramchandani et al, 2011), but potential implica-
tions of this for acquisition of drug associations remain
unknown. Meanwhile, others have shown differential DA
response to drugs between men and women (see eg, Urban
et al, 2010).

In summary, we demonstrate robust conditioning of a
stimulant drug to an initially neutral virtual context. As
noted in Introduction, a stimulant drug may influence the
development of conditioning through any of several
processes. Our findings do not support the idea that the
development of conditioning is related simply to the
feelings of well-being produced by the drug, because there
was no correlation between subjects’ ratings of ‘drug liking’

Figure 3 Preference for drug-associated context prior (gray) and after
(black) the series of four conditioning sessions. Preference was assessed
using a series of nine forced choice trials. A highly significant increase in
preference was present across groups that were rewarded at different
levels when they carried out the computer tasks during conditioning
(P¼ 0.003, for detailed statistics, see Results). The rank order of increase in
preference followed reward magnitude. Data are mean±SEM. No increase
in preference was observed in two non-paired control groups (for data, see
Results).

Figure 4 Relationship between subjectively reported drug liking,
assessed using the Drug Effects Questionnaire, and preference for drug-
associated context, assessed as indicated in Figure 3. Each symbol indicates
an individual subject. Each symbol category represents the reward
condition (None, Low, or High) under which conditioning was carried
out. Irrespective of reward condition, there was no systematic relationship
between subjective drug liking and conditioned contextual preference.
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and change in preference for the conditioned stimulus. It is
possible that the methamphetamine enhanced the salience
of the contextual stimulus, perhaps by facilitating the
process of learning through its effects on attention or
encoding. A more intriguing mechanistic explanation of the
facilitation is that methamphetamine, and perhaps also the
concurrent receipt of money, activate DA processes that are
integrally involved in learning. This DA activity may
facilitate, or indeed even underlie, the associative process.
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