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Abstract
Rationale Chronic drug use has been associated with
increased impulsivity and maladaptive behaviour, but the
underlying mechanisms of this impairment remain unclear.
We investigated the ability to adapt behaviour according to
changes in reward contingencies, using a probabilistic
reversal-learning task, in chronic drug users and controls.
Materials and methods Five groups were compared: chronic amphetamine users (n = 30); chronic cocaine users (n =
27); chronic opiate users (n = 42); former drug users of
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psychostimulants and opiates (n = 26); and healthy nondrug-taking control volunteers (n = 25). Participants had to
make a forced choice between two alternative stimuli on
each trial to acquire a stimulus–reward association on the
basis of degraded feedback and subsequently to reverse
their responses when the reward contingencies changed.
Results Chronic cocaine users demonstrated little behavioural change in response to the change in reward
contingencies, as reflected by perseverative responding to
the previously rewarded stimulus. Perseverative responding
was observed in cocaine users regardless of whether they
completed the reversal stage successfully. Task performance
in chronic users of amphetamines and opiates, as well as in
former drug users, was not measurably impaired.
Conclusion Our findings provide convincing evidence for
response perseveration in cocaine users during probabilistic
reversal-learning. Pharmacological differences between
amphetamine and cocaine, in particular their respective
effects on the 5-HT system, may account for the divergent
task performance between the two psychostimulant user
groups. The inability to reverse responses according to
changes in reinforcement contingencies may underlie the
maladaptive behaviour patterns observed in chronic cocaine
users but not in chronic users of amphetamines or opiates.
Keywords Cocaine . Amphetamines . Opiates .
Probabilistic reversal learning . Serotonin . Perseveration
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Response reversal has been defined as the ability to adapt
behaviour according to changing reward contingencies (Rolls
2000). Impaired response reversal has been linked with
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socially inappropriate conduct (Rolls et al. 1994) and
impulsive behaviour (Jentsch and Taylor 1999). The behaviour of chronic drug users often appears impulsive and
maladaptive, as exemplified by continued drug-taking,
despite the negative consequences involved such as job loss
or relationship breakdown. Deficits in adjusting one’s actions
according to changes in environmental contingencies may
contribute to such maladaptive patterns of behaviour.
Probabilistic response-reversal tasks have widely been used
in research settings to investigate behavioural adaptation to
changing reward contingencies in humans (Cools et al. 2002;
Hornak et al. 2004). The probabilistic nature of the task has
the advantage that performance is not attributable to the
implementation of strategies or simple motor disinhibition
(Hornak et al. 2004). Recently, Fillmore and Rush (2006)
identified a significant impairment in response reversal in a
group of 20 polydrug users on a probabilistic discriminationreversal-learning task. The authors suggested that this
impairment might be caused by chronic consumption of
either alcohol or cocaine or could reflect the additive effect of both substances, as all participants consumed both
drugs.
In light of evidence showing differential effects of individual drugs of abuse on executive functions in polydrug users
(Verdejo-Garcia et al. 2005) and distinct performance profiles
in cognitive function between amphetamine and opiatedependent individuals (Ornstein et al. 2000), it is possible
that reversal-learning impairments may differ between different drug-user groups. For example, response reversal requires
the inhibition of a previously rewarded response, and recent
data indicates that the behavioural impairment profile on
response inhibition tasks such as the Go/Nogo task is
different in psychostimulant users than in opiate users. Thus,
although inhibition impairments have frequently been
reported in chronic psychostimulant users (e.g. Hester and
Garavan 2004; Kaufman et al. 2003), the majority of studies
in opiate users do not find such a deficit (Forman et al. 2004;
Lee et al. 2005; Verdejo-Garcia et al. 2007).
The aim of the present study was to investigate the impact
of current and former drug use on probabilistic responsereversal performance. Five groups of drug users were
compared: chronic amphetamine users; chronic cocaine users;
chronic opiate users; former drug users of psychostimulants
and opiates; and healthy non-drug-taking controls. On the
basis of accumulating evidence of impaired response inhibition in psychostimulant users, we hypothesised that chronic
amphetamine and cocaine users would make significantly
more errors at the response-reversal stage than controls, while
opiate users would not differ from controls on the task. A
group of former drug users was included to control for the
direct pharmacological actions in the current drug user groups
and to explore possible reversibility of impairments with
prolonged abstinence.
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Materials and methods
Participants
The study received ethical approval from local ethics research
committees in the East Anglia region of the UK. After
complete description of the study, all participants provided
written informed consent before testing. A total of 152
volunteers participated, grouped as follows: (a) 28 individuals
with a Diagnostic and Statistical Manual of Mental Disorders
(DSM-IV) diagnosis of current substance dependence on
amphetamine and two individuals with a DSM-IV diagnosis
of amphetamine abuse; (b) 24 individuals with a DSM-IV
diagnosis of current substance dependence on cocaine and
three with a DSM-IV diagnosis of cocaine abuse; (c) 42
individuals with a DSM-IV diagnosis of current substance
dependence on opiates; (d) 26 individuals with a DSM-IV
diagnosis of past substance dependence on stimulants or
opiates, who had been abstinent from all drugs of abuse for at
least one year; and (e) 27 healthy controls with no drug-taking
history. Exclusion criteria, which applied for all groups, were
the following: colour blindness; a co-morbid psychiatric
illness; a history of a head injury; or a history of an overdose
requiring resuscitation and overnight hospitalisation. Dependence on another drug apart from the one falling under the
inclusion criterion or nicotine also led to exclusion from the
study. Adult attention-deficit/hyperactivity disorder was not
part of the psychiatric assessment. Table 1 displays the drugtaking habits of other substances apart from their drug of
choice by current drug users. Drug users were recruited
through local drug-dependency units, by advertisement and
word of mouth. Recovering drug users were recruited via
Narcotics Anonymous and controls by advertisements in the
local area.
All participants were screened using a semi-structured
interview to ascertain their history of drug use and diagnosis
for substance dependence according to the DSM-IV, general
health and demographic characteristics. Urine samples were
analyzed for the following drugs: morphine, methadone,
amphetamine, cocaine and benzodiazepines using the SureStep Drug Screen Test (Euromed Limited, London UK) or the
Triage Drug Screen (Biosite, Belfast, UK). All participants
were compensated for their time. Control participants were
only included in the study if they had no drug-taking history.
Seven amphetamine users were prescribed d-amphetamine
from a Consultant Psychiatrist (36.4mg, SD = 21.9, range =
15–70). Amphetamine users without a prescription consumed street amphetamine daily. One street-amphetamine
user was HIV-positive. Three amphetamine users met the
criteria of a DSM-IV diagnosis of alcohol abuse and one for
alcohol dependence. Twenty-nine out of 30 urine screens
tested positive for amphetamine (additional substances: six
morphine, two benzodiazepines, four cocaine). The one sam-
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Table 1 Percentage of participants per group using legal
and illegal drugs at some point
in their lives
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Drugs

Usage

Amphetamine
group

Cocaine
group

Opiate
group

Ex-drug user
group

Amphetamine

Never
Present
Past
Never
Present
Past
Never
Present
Past
Never
Present
Past
Never
abused
Present
Past
Never
Present
Past
Never
Present
Past
Never
Present
Past
Never
Present
Past

0
100
0
17
33
50
33
7
60
53
0
47
43

19
11
70
0
100
0
4
26
70
74
4
22
41

14
5
81
12
33
55
48
0
52
0
100
0
40

12
0
88
8
0
92
54
0
46
12
0
88
19

17
40
23
43
33
17
83
0
66
3
31
40
7
53

59
0
0
41
59
11
82
7
63
7
30
18
22
59

7
53
2
50
48
0
98
2
32
15
54
29
2
69

0
81
12
0
88
4
62
35
35
0
65
23
0
77

Cocaine

Ecstasy

Opiates

Alcohol

Cannabis

Tobacco

Benzodiazepines

Hallucinogenic

ple that was negative was provided by a chronic amphetamine user who had recently consumed a large quantity of
non-alcoholic liquids, so his data were included in the study.
Six out of the 24 cocaine-dependent individuals were using
crack-cocaine. Thirteen cocaine users met the DSM-IV
criteria for alcohol abuse and two for alcohol dependence.
All urine screens tested positive for cocaine (additional substances: three morphine, four benzodiazepines, one amphetamine). Twenty-seven opiate abusers were on a methadone
prescription (mean ± SD dose, 45.2 ± 17.9mg; dose range,
20–80mg). Two methadone-maintained participants also received benzodiazepines on prescription. One opiate user was
on a prescription of 4mg buprenorphine, and another one
received 4 × 60mg dihydrocodeine. A further opiate user had
a prescription for 200mg diamorphine and 90mg morphine
sulphate slow release. Twelve opiate users exclusively
consumed street heroin on a daily basis. One methadone
user received antidepressant medication (dothiepin) and
another rabeprazole sodium for treatment of heartburn.
The 26 former drug users were abstinent from all drugs
of abuse, except nicotine, for on average 8.2years (SD =
6.3, range 1–18), and urine analyses were negative for all
substances. This group was included to control for the

current effect of drugs and to explore possible recovery
function with prolonged drug abstinence. Eight were exstimulant users, five were ex-opiate users, and 13 had been
dependent upon both stimulants and opiates. One ex-drug
user was on antidepressant medication (citalopram). Twelve
of the past/current tobacco-smoking controls (71%)
reported social experiences with cannabis but no regular
use. The urine screens provided by former drug users and
by control participants were negative for all substances.
Materials
Reversal-learning was examined using the Probabilistic
Reversal-Learning (PROB) task (Swainson et al. 2000),
which involves the simultaneous presentation of two
stimuli that differ only in colour (one is green, the other
red). One stimulus is correct, and the other is wrong, which
is indicated by positive and negative feedback. The stimuli
changed position after each trial to avoid the development
of motor perseveration. Participants were told to select the
stimulus that was usually reinforced as being correct; on
20% of the trials, the computer provided false feedback, i.e.
selecting the correct stimulus was followed by false
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negative feedback. Negative feedback was presented both
acoustically (by a tone) and visually (by a red circle around
the response box). After 40 trials (stage 1), the contingencies reversed for the subsequent 40 trials (stage 2), i.e. the
stimulus that was previously correct became incorrect, and
vice versa. Participants were told that at some time during
the task, the other stimulus would become correct, and that
when this happened, they should reverse their responses.
Only participants who passed stage 1 (measured by eight
consecutive correct responses, see Swainson et al. 2000)
were included in the analysis. The ability to acquire the
initial stimulus–reward association was measured by
the number of errors on stage 1. The ability to reverse the
acquired stimulus–reward association was measured by the
number of consecutive responses to the incorrect stimulus
immediately following the change in stimulus–reward
contingencies and was only calculated for participants
who passed stage 1. The ability to maintain response set
in the face of misleading negative feedback was calculated
for each stage (maintenance error score) by dividing the
number of errors (i.e. responses to the incorrect stimulus)
made following attainment of the criterion by the total
number of trials that remained following attainment of
criterion, provided there were at least ten trials remaining
(see Murphy et al. 2003). We also calculated the probability
matching score, which measures the likelihood that a
participant inappropriately switched to the incorrect stimulus after being given misleading negative feedback that his
or her correct response on the previous trial was wrong (see
Murphy et al. 2003). The probability matching score was
calculated by dividing the number of trials on which the
participant chose the incorrect stimulus immediately following a negatively reinforced correct response by the total
number of correct responses that were negatively reinforced. The probability matching score was calculated
separately for each stage.
Participants were also administered Beck Depression
Inventory (BDI-II; Beck et al. 1996), which measures the
severity of depressive symptoms during the past week, and
the Barratt Impulsiveness Scale 11 (BIS-11; Patton et al.
1995), as a measure of self-reported impulsiveness. The
National Adult Reading Test (NART; Nelson 1982) was used
to provide an estimate of premorbid IQ. Data were unavailable for five participants on the NART (three amphetamine,
two ex-drug user) and for seven participants on the BIS-11
(four amphetamine, two opiates, one ex-drug user).
Statistical analysis
Data were analyzed using the Statistical Package for Social
Sciences (SPSS) version 13 (SPSS, Ltd.). In preparation for
parametric analyses, BDI total scores, BIS-11 scores, years
of drug abuse and performance scores and latency data on
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the PROB task were square-root transformed before
analysis to reduce skew (Howell 1997); however, for
clarity, untransformed data are presented in the tables and
figures. One-way analysis of variance (ANOVA) was used
to explore group differences in age, verbal IQ, depression
and impulsivity. Sub-scales of the BIS-11, attention, motor
and non-planning impulsivity were analyzed using multivariate ANOVA. Handedness, gender and pass rates on the
PROB task were analyzed using Fisher exact procedure.
Perseverative response data were analyzed using univariate
analysis of covariance (ANCOVA). Error, latency and
probability matching score data were analyzed using
repeated-measures ANCOVA with stage (two levels) as
the within-subject factor and group (five levels) as the
between-subjects factor. Post hoc comparisons were thresholded at level p < 0.05 and conducted using Tukey’s test if
variances were equivalent between groups or the Tamhane
procedure if variances differed between groups. Post hoc
analysis included covariates only where a main effect of the
covariate was identified in the initial ANCOVA, in which
case the least significant difference (LSD) test was used.
Pearson correlations were two-tailed, and p < 0.01 was
considered significant to correct for multiple comparisons.

Results
Group characteristics
Demographic characteristics are displayed in Table 2. The
groups did not differ with regard to verbal IQ (F4,142 =
1.64, p = 0.167) or handedness (Fisher’s exact: p = 0.712).
The gender distribution differed significantly between the
groups (Fisher’s exact: p = 0.031). Since men made
marginally more errors on stage 1 than women (t142 =
1.93, p = 0.056) and also significantly more errors on stage
2 (t128.2 = 2.58, p = 0.011), gender was entered as a
covariate into the analysis of error data. The groups also
differed with respect to age (F4,147 = 2.68, p = 0.034),
which was due to a trend for ex-drug users to be older than
current cocaine users (p = 0.065). Age correlated with
response latency on stage 1 (r = 0.030, p < 0.01), and was
included as a covariate in the analysis of latency data. The
groups also differed with respect to BDI-II total scores
(F4,147 = 8.38, p < 0.001). Current drug users scored higher
than controls (amphetamine, p = 0.002; cocaine, p = 0.010;
opiates, p < 0.001), but the drug-using groups did not differ
from each other on the BDI-II. The BDI-II total score
showed a trend towards correlating with errors on stage 1
(r = 0.29, p < 0.05), probability matching score on stage
1 (r = 0.21, p < 0.05) and maintenance error score on stage
2 (r = 0.20, p < 0.05) and was included as a covariate in the
analysis of these variables. BIS-11 total scores also differed
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Table 2 Means and mean total scores (±standard deviation) of descriptive group characteristics and ratio of participants_ gender and handedness.

N
Age (years)
Age range (years)
Verbal IQa (score)
Verbal IQ range
Gender (M:F)
Handedness (R:L)
BDI-IIb
BIS-11c
Years of drug abuse

Controls

Amphetamine

Cocaine

Opiates

Ex-drug

27
35.1 (8.9)
25–56
114.4 (6.5)
103–124
14:13
25:2
3.9 (2.9)
61.5 (8.8)
–

30
37.4 (7.4)
26–56
111.0 (5.9)
100–122
18:12
28:2
11.5 (8.6)
74.0 (12.3)
15.8 (8.9)

27
32.3 (7.9)
20–47
110.7 (7.2)
93–124
22:5
27:0
10.9 (10.9)
76.3 (8.8)
8.7 (7.2)

42
33.8 (7.8)
25–49
113.0 (6.0)
98–124
33:9
40:2
15.0 (9.9)
68.1 (7.5)
10.8 (8.6)

26
38.0 (6.5)
25–53
113.5 (7.5)
100–124
14:12
24:2
8.9 (10.2)
69.4 (12.5)
10.1 (5.3)

a

Verbal IQ was estimated using the National Adult Reading Test (NART; Nelson 1982)
Beck Depression Inventory II, total score (Beck et al. 1996)
c
Barratt Impulsiveness Scale 11, total score (Patton et al. 1995)
b

between the groups (F4,138 = 7.41, p < 0.001); all current
drug users reported significantly higher levels of impulsivity compared with controls (amphetamine, p = 0.001;
cocaine, p < 0.001; opiates, p = 0.020). Current cocaine
users also rated themselves as being more impulsive than
opiate users (p = 0.002). This group effect (Wilk’s 1 = 0.69,
p < 0.001) was due to higher scores on the BIS subscales of
attention (F4,138 = 10.46, p < 0.001) and non-planning
(F4,138 = 5.48, p < 0.001). Since the BIS non-planning score
correlated with perseverative errors (r = 0.26, p = 0.002) and
BIS-11 total scores showed a trend towards correlating with
total errors at stage 2 (r = 0.17, p = 0.043) and perseverative
errors (r = 0.22, p = 0.010), these were included as
covariates in the analysis of error data and perseverative
responses, respectively. The drug users also differed with
regard to the duration of their drug use (F3,121 = 4.87, p =
0.003) such that current amphetamine users had taken drugs
longer than cocaine users (p = 0.002) and opiate users ( p =
0.030). However, since duration of drug use was not
correlated with any outcome measure, it was not included
as a covariate in the analysis.
Behavioural data
Although the majority of the participants passed the entire
task (controls 96%, amphetamine 77%, opiates 79%, exdrug users 92%), only 41% of cocaine users completed the
task successfully; this difference was significant (Fisher’s
exact, p < 0.001). As shown in Table 3, there was no
significant difference on pass rate at stage 1 (Fisher’s exact,
p = 0.287), but the groups differed significantly on pass rate
at stage 2 (Fisher’s exact, p < 0.001). In accordance with
previous studies, only participants who passed stage 1 were
included into subsequent analysis to ensure that the task’s
demands had been learned (Swainson et al. 2000).

Analysis of total errors revealed a highly significant
overall effect of group (F4,128 = 6.46, p < 0.001) and a
highly significant group × stage interaction (F4,128 = 12.50,
p < 0.001). The groups did not differ with respect to total
errors during acquisition of the initial stimulus–reinforcement contingencies (F4,128 = 0.971, p = 0.426), but cocaine
users made significantly more errors at the reversal stage
than all the other groups (F4,129 = 19.08, p < 0.001; post
hoc cocaine users vs all groups, p < 0.001). Analysis of
consecutive responses immediately following the change in
reinforcement contingencies (i.e. perseverative errors)
revealed a highly significant effect of group (F4,130 =
16.62, p < 0.001). As shown in Fig. 1, this effect arose from
cocaine users making significantly more consecutive
perseverative responses than all the other groups (p <
0.001 for all groups; effect sizes (Cohen’s d) vs cocaine;
controls, d = 1.82; amphetamine, d = 1.82; opiates, d =
1.80; ex-drug users, d = 1.79). By contrast, analysis of
maintenance error scores revealed neither a main effect of
group (F4106 = 0.50, p = 0.461) nor a group × stage
interaction (F4,106= 0.67, p = 0.617), suggesting that the
inflated error rate on stage 2 was not caused by increased
sensitivity to misleading negative feedback. Similarly,
analysis of the probability matching scores revealed neither
a main effect of group (F4,126 = 0.60, p = 0.661) nor a
group × stage interaction (F4,126 = 0.86, p = 0.489), further
supporting the finding that the elevated error rate on stage 2
in the cocaine users was caused by an inability to adapt to a
change in reward contingencies. All effects of covariates
were non-significant in the above analyses, suggesting that
the elevated perseverative responding identified in the
cocaine users was not confounded by depression, impulsivity or gender balance.
In view of the fact that only 41% of the cocaine users
passed stage 2, we excluded all participants from the analysis
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Table 3 Mean (±standard deviation) of main task measures per group

Pass rate stage 1a (reward-association learning; %)
Pass rate stage 2b (reversal-learning; %)
Number of errors at stage 1
Number of errors at stage 2
Latency stage 1 (ms)
Latency stage 2 (ms)
Probability matching score (stage 1)
Probability matching score (stage 2)
Maintenance error score (stage 1)
Maintenance error score (stage 2)
Number of consecutive perseverative responses (total)
Number of consecutive perseverative responses
(pass stage 2 only)

Control

Amphetamine

Cocaine

Opiates

Ex-drug

100
96
1.5 (2.8)
6.0 (4.2)
993.6 (436.4)
890.3 (370.6)
0.07 (0.13)
0.16 (0.11)
0.03 (0.06)
0.02 (0.06)
3.2 (3.0)
3.3 (3.0)

87
89
2.2 (2.2)
7.7 (7.8)
1,016.4 (436.3)
971.5 (427.5)
0.10 (0.15)
0.17 (0.17)
0.05 (0.07)
0.03 (0.06)
4.0 (7.1)
2.6 (1.3)

96
41
2.0 (2.7)
22.4 (14.4)
1,051.3 (490.3)
1,030.9 (561.0)
0.03 (0.08)
0.21 (0.30)
0.06 (0.08)
0.06 (0.08)
17.8 (16.0)
5.7 (3.3)

95
83
3.0 (4.2)
8.4 (6.9)
1,056.6 (414.5)
1,101.1 (627.0)
0.11 (0.13)
0.22 (0.26)
0.07 (0.13)
0.04 (0.08)
3.6 (2.8)
3.2 (2.0)

92
100
1.3 (2.1)
5.3 (3.6)
818.4 (287.1)
790.1(351.6)
0.07 (0.10)
0.11 (0.10)
0.02 (0.05)
0.04 (0.09)
3.2 (2.1)
3.2 (2.1)

Only participants who passed stage 1 were included in the analysis of task performance.
All participants
b
Provided that stage 1 was passed
a

who failed stage 2 to investigate whether cocaine users who
eventually reached criterion at stage 2 also showed increased
perseveration. Again, there was a significant effect of group
on perseverative responses amongst volunteers who passed
stage 2 (F4,105 = 3.20, p = 0.016). Post hoc analysis revealed
a significantly higher number of perseverative errors, even in
those cocaine users who passed on stage 2, compared to all
the other groups (controls, p = 0.043, d = 0.92; ex-drug
users, p = 0.044, d = 0.89; amphetamines, p = 0.007, d =
1.27; opiates, p = 0.035, d = 1.06).
Analysis of latency data revealed a main effect of group
(F4,136 = 2.77, p = 0.030) but no significant group × stage
interaction (F4,135 = 0.96, p = 0.434). There was also a
significant main effect of age, which was entered as a

covariate (F1,136 = 9.00, p = 0.003). The main effect of
group was due to ex-drug users responding significantly
faster than opiate users (LSD p = 0.002) and cocaine users
(LSD p = 0.010).
To confirm that these findings were not confounded by
current abuse of alcohol or use of other illicit substances, we
performed supplementary analyses on perseveration scores
excluding those individuals currently abusing alcohol and
those currently using ecstasy and hallucinogens in separate
ANOVAs. All contrasts remained significant, providing further
support that the impairment observed on reversal-learning in
cocaine users was specifically due to chronic cocaine use.

Discussion

Fig. 1 Consecutive incorrect responses immediately following the
change in reward contingencies, regardless whether stage 2 was
completed successfully. Chronic cocaine users were relatively insensitive to changes in reward contingencies, showing significantly
elevated perseverative responding to the previously rewarded stimulus
when the reinforcement contingencies changed (compared with all the
groups p<0.001)

We investigated probabilistic reversal-learning in chronic
amphetamine users, chronic cocaine users, chronic opiate
users, former drug users of stimulants and opiates and healthy,
non-drug using controls volunteers. As hypothesised and in
keeping with findings in experimental animals chronically
treated with cocaine (Jentsch et al. 2002; Schoenbaum et al.
2004), our sample of chronic cocaine users was severely
impaired in probabilistic reversal learning due to significant
perseverative responding to the previously rewarded stimulus
(see Fig. 1). This perseveration of cocaine users appeared to
be related to the motivational properties of the stimuli; since
the location of the stimuli changed on every trial, we can rule
out the possibility that it was related to motor perseveration.
Elevated response perseveration was also observed in
cocaine users who passed the reversal stage, suggesting that
this response pattern is not restricted to a subgroup of
chronic users of cocaine. We also assessed whether
participants inappropriately switched to the incorrect stimu-
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lus after being given misleading negative feedback, but the
incorrect negative feedback had little effect on participants’
choices. Furthermore, the acquisition of the initial reward
association was not impaired in cocaine users, and all
participants demonstrated the ability to maintain an acquired
response in the presence of degraded feedback. This detailed
analysis of error pattern suggests that the poor performance
by cocaine users during the reversal stage was due to an
inability to adjust responses to changes in reward contingencies, leading to perseverative responding.
Although amphetamine and cocaine both belong to the
class of psychostimulant drugs and their reinforcing effects
have been considered as similar (Peltier et al. 1996), task
performance on the PROB task was strikingly divergent
between the two stimulant user groups. This seems particularly surprising in light of accumulating evidence from
experimental animal studies, indicating that stimulant drugs
such as d-amphetamine can induce perseverative responses
and response-reversal impairment (e.g. Ridley et al. 1981a).
The reasons why task performance in the two stimulant user
groups was so different in the present study may lie in the
distinct pharmacological profiles of these two substances.
Both cocaine and amphetamine enhance monoaminergic
neurotransmission, either by blockade of re-uptake or by
directly releasing monoamines (Johanson and Fischman 1989;
Seiden et al. 1993). However, the two substances differ in
their affinity for the individual monoaminergic transporters.
Thus, amphetamine has the highest affinity for dopamine
(DA) and noradrenaline (NA) transporters (White and Kalivas
1998), and acute administration results in a tenfold increase in
extracellular DA concentration in the nucleus accumbens (Di
Chiara and Imperato 1988). However, amphetamine has a
relatively low affinity for the serotonin (5-HT) transporter
(White and Kalivas 1998), and acute administration only
increases extracellular levels of 5-HT when administered in
very high doses (Kuczenski and Segal 1997). Indeed, it has
been questioned whether the high dose regimens of amphetamine treatment that are frequently used in experimental
animal research to elicit neurotoxic effects actually reflect the
pattern of use in humans (Segal et al. 2003). Cocaine, by
contrast, has a fivefold lower affinity for the DA transporter
than for the 5-HT transporter (White and Kalivas 1998), and
its affinity for the NA transporter is lower still (White and
Kalivas 1998). Furthermore, blockade of the 5-HT transporter
abolishes cocaine-induced increases in regional cerebral blood
flow (Howell et al. 2002). It has also been suggested that
chronic cocaine exposure significantly dysregulates the 5-HT
system (Filip et al. 2005). In light of the selective impairment
in response reversal identified in experimental monkeys
following 5-HT depletion in the prefrontal cortex (Clarke et
al. 2004), one may speculate whether the specific action of
cocaine on the 5-HT system might account for the observed
response perseveration in chronic cocaine users. However,
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despite the convincing evidence from animal experiments, the
effect of 5-HT depletion on response reversal requires further
investigation in humans, given the inconsistent findings from
studies employing the acute tryptophan-depletion technique,
an experimental procedure that reduces central 5-HT levels
(Evers et al. 2005).
Our findings are consistent with those of Fillmore and Rush
(2006) in polydrug users consuming mainly cocaine and
alcohol, who also showed significant impairments in reversal
learning and elevated perseverative responding. In fact, our
findings demonstrate that chronic cocaine consumption
alone, and not only in combination with alcohol, can produce
this pattern of deficit on reversal-learning tasks. Fillmore and
colleagues suggested that an impairment in reversal-learning
might reflect an impairment in the suppression of prepotent
responses. Impairments on tests tapping response inhibition
have previously been demonstrated in both chronic amphetamine and cocaine users, for example, the stop-signal task
(Fillmore and Rush 2002; Monterosso et al. 2005) which is
modulated by noradrenergic but not serotonergic neurotransmission (Chamberlain et al. 2006; Clark et al. 2005).
Behaviour on the PROB task, by contrast, is sensitive to
serotonergic modulation (Chamberlain et al. 2006; Evers
et al. 2005). We therefore hypothesise that the different
pharmacological actions of cocaine and amphetamine on the
central 5-HT system account for the divergent task performance between the two stimulant user groups on probabilistic reversal learning. However, further research that includes
either assessment or modulation of serotoninergic function in
cocaine users during reversal learning is needed to further
investigate this possibility.
Our findings are also consistent with contemporary
theoretical models of the role of 5-HT in reinforcement
learning. It has been suggested that 5-HT complements the
role of DA during learning (Daw et al. 2002), such that DA is
implicated in generating a prediction error for reward
(Schultz et al. 1997) and 5-HT for punishment (Daw et al.
2002). In the context of this theory, assuming that 5-HT
function was significantly dysregulated in the cocaine users,
it is possible that our cocaine users were unable to develop a
prediction error for punishment and therefore failed in
adjusting their behaviour to a change in reinforcement
contingencies. However, since reward and punishment are
not independent in the PROB task, it is not possible to
unequivocally conclude that the deficit we observed was due
to impaired punishment signalling.
Although we have argued that the deficit we observed on
response reversal was mediated by 5-HT dysfunction, we
have to acknowledge that there is also evidence from
experimental animal studies showing impairment in reversal
following experimental modulation of DA (Lee et al. 2007;
Ridley et al. 1981b). However, the experimental conditions
in which the animals were tested are different from the
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present study. Thus, D2-receptor blockade only impairs
response reversal reliably when performance is tested with
a retention session just before the reversal trial (Lee et al.
2007), which might plausibly be related to the important role
of DA in working memory (Arnsten 1998). By contrast,
response reversal in the PROB task is required immediately
after the change in response contingencies, and therefore,
task performance may be less susceptible to dopaminergic
modulation. However, it must be acknowledged that the
performance profile in our cocaine user group was remarkably similar to impairments previously observed on the
PROB task in patients with Huntington’s disease (Lawrence
et al. 1999), a neurological disorder characterised by
pronounced atrophy of the putamen and caudate nucleus
(Graveland et al. 1985). In light of the different striatocortical dopaminergic projections of the dorsal and ventral
part of the striatum to the dorsolateral prefrontal and
orbitofrontal cortex, respectively, it has been suggested that
the dorsal-to-ventral progression of cell loss in the striatum
may account for the reversal impairment observed in patients
with Huntington’s disease at a relatively late stage of the
disease (Lange et al. 1995). In this regard, it is of note that
progressive alteration in the structure of the striatum is also
thought to play an important role in the development of drug
addiction, albeit in the opposite direction to that in
Huntington’s disease. It has been suggested that the
transition from recreational drug use, motivated by the
anticipation of the pleasurable effects of the drug, to habitual
drug-taking and finally to compulsive drug-seeking behaviour is reflected in a progression from ventral-to-dorsal
striatal involvement (see, for review, Everitt and Robbins
2005). In light of evidence from experimental animals
showing that the initial cocaine exposure leads to a decrease
in glucose metabolism in the ventral striatum and in the
orbitofrontal cortex (OFC; Lyons et al. 1996; Porrino and
Lyons 2000; Porrino et al. 2007), future studies should
investigate whether perseverative responding during reversal
learning can be identified in cocaine users who have not yet
entered the cocaine-addiction cycle.
The absence of reversal deficits in amphetamine users may
seem surprising, in particular in light of evidence suggesting
lower relative regional metabolism in the OFC in recently
abstinent methamphetamine users (London et al. 2004).
Therefore, it is important to bear in mind that our participants
were abusing d-amphetamine, which is widely abused in
Europe, while in America and Asia, the abuse of methamphetamine is more prominent (United Nations Office on
Drugs and Crime 2007). This structural difference of
amphetamine is potentially important, given the evidence
indicating that methamphetamine is more potent than damphetamine in releasing 5-HT (Kuczenski et al. 1995; Peat
et al. 1985). It has even been suggested that large doses of
methamphetamine may result in long-term depletion of 5-HT
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levels, an effect not seen, however, following d-amphetamine
administration (Ricaurte et al. 1983). Recent neuroimaging
research in humans supports this view, as the density of
serotonin transporters in various brain areas, including the
orbitofrontal cortex, is significantly reduced in recreational
methamphetamine users (Sekine et al. 2006). However, a
systematic investigation of whether these differences between d-amphetamine and methamphetamine in effects on 5HT neurotransmission found in experimental animals are
generalisable to humans is nevertheless warranted. Despite
the fact that polydrug use across the groups was reasonably
balanced and the exclusion of individuals currently abusing
alcohol, ecstasy and hallucinogens did not alter the results,
we cannot rule out any long-term effects on the 5-HT system
of past drug abuse. This may particularly be relevant in light
of the ongoing discussion of ecstasy-induced serotonergic
neurotoxicity in humans (Gouzoulis-Mayfrank and Daumann
2006; Lyvers 2006) and evidence suggesting that even
recreational use of ecstasy may entail prolonged effects on
brain function (De Win et al. 2007).
Although the deficit in reversal-learning that we identified in cocaine users is striking, some limitations of our
study must be acknowledged. Firstly, although we assessed
substance dependence according to the DSM-IV criteria,
we did not specifically evaluate the severity of dependence
either by structured interview (McLellan et al. 1992) or by
self-report measures (Gossop et al. 1995). Therefore, we
cannot rule out the possibility that our groups differed in
the severity of their substance abuse. Secondly, details
about last drug intake were not recorded, which could have
provided us with information of whether participants were
performing the PROB under the current effect of the drug.
Accumulating evidence from experimental animal studies
suggests that acute administration of cocaine impairs
reversal learning (Jentsch et al. 2002) as does amphetamine
when injected into the ventral striatum (Annett et al. 1983).
However, recent studies in human cocaine users have
shown some intriguing exceptions for effects on response
inhibition paradigms, as cocaine users’ performance may improve under the acute influence of cocaine (Fillmore et al.
2006; Garavan et al. 2005 and personal communication).
Although we did not record the time of last drug intake, we
did analyse urine samples for evidence of undeclared drugs
before testing. Except for one urine sample, all current drug
users tested positive for their drug of dependence; indicating that cocaine or amphetamine had been consumed within
the last 72h (U.K.Department of Health 1999). The relatively short half-life of cocaine of 40–60min (Johanson and
Fischman 1989) compared with the half-life of amphetamines of 6–12h (de la Torre et al. 2004) may raise the
question whether cocaine users were undergoing early
withdrawal during the testing session which might have
affected their task performance. Stimulant withdrawal is
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characterized by a cluster of depression-related symptoms,
particularly during the first days of abstinence (McGregor
et al. 2005; Sofuoglu et al. 2005). Although we did not
specifically examine stimulant withdrawal symptoms before testing, we however assessed depressed mood using
the BDI-II, and we did not find significant differences in
depression scores between the three current drug-using
groups. This suggests that depressed mood, which could
reflect symptoms of stimulant withdrawal, is unlikely to
have accounted for differences in performance.
Finally, since we did not include tests other than the PROB
in this study, we were unable to assess to what extent deficits on
different cognitive processes, for example working memory,
procedural memory or inhibitory control, might have impacted
on the profound deficits apparent in the cocaine users. Future
studies of reversal-learning in cocaine users should employ
such measures to help elucidate the cognitive mechanisms
underpinning the deficit in reversal-learning we identified.
In summary, we investigated the ability to adapt behaviour according to changes in reward contingencies using a
probabilistic reversal-learning task. We found that chronic
cocaine users were insensitive to changes in reward
contingencies, showing marked perseveration to the previously rewarded stimulus. The size of this effect is striking
given that these findings were not confounded by depression, impulsivity, duration of drug use, co-morbid alcohol
abuse, current use of other illicit substances or gender
balance. Task performance in amphetamine, opiate users
and former drug users was not measurably impaired. These
data suggest that chronic cocaine use specifically results in a
significant impairment in adjusting behaviour during changing reinforcement contingencies, which may partly account
for maladaptive behaviour seen in chronic cocaine users.
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