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Stimulant-induced dopamine increases are markedly blunted in
active cocaine abusers
ND Volkow1, D Tomasi1, G-J Wang2, J Logan2, DL Alexoff2, M Jayne1, JS Fowler2, C Wong1, P Yin3 and C Du3

Dopamine signaling in nucleus accumbens is essential for cocaine reward. Interestingly, imaging studies have reported blunted
dopamine increases in striatum (assessed as reduced binding of [11C]raclopride to D2/D3 receptors) in detoxified cocaine abusers.
Here, we evaluate whether the blunted dopamine response reflected the effects of detoxification and the lack of cocaine-cues
during stimulant exposure. For this purpose we studied 62 participants (43 non-detoxified cocaine abusers and 19 controls) using
positron emission tomography and [11C]raclopride (radioligand sensitive to endogenous dopamine) to measure dopamine
increases induced by intravenous methylphenidate and in 24 of the cocaine abusers, we also compared dopamine increases when
methylphenidate was administered concomitantly with a cocaine cue-video versus a neutral-video. In controls, methylphenidate
increased dopamine in dorsal (effect size 1.4; Po0.001) and ventral striatum (location of accumbens) (effect size 0.89; Po0.001),
but in cocaine abusers methylphenidate’s effects did not differ from placebo and were similar whether cocaine-cues were present
or not. In cocaine abusers despite the markedly attenuated dopaminergic effects, the methylphenidate-induced changes in ventral
striatum were associated with intense drug craving. Our findings are consistent with markedly reduced signaling through D2

receptors during intoxication in active cocaine abusers regardless of cues exposure, which might contribute to compulsive
drug use.
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INTRODUCTION
Drugs of abuse increase extracellular dopamine (DA), which in the
nucleus accumbens (NAc), is associated with their reinforcing
effects.1–3 Imaging studies in healthy controls have shown that
stimulant-induced increases in DA in the striatum (including the
ventral striatum (VS) where the NAc is located) are associated with
‘euphoria’ and ‘high’.4–6 Paradoxically, in detoxified cocaine
abusers the increases in extracellular DA in striatum (dorsal and
ventral) produced by intravenous (i.v.) administration of stimulants
drugs (including methylphenidate (MP), which is pharmacologi-
cally similar to cocaine) were markedly attenuated even when
they triggered intense drug craving.7,8 This is surprising as the
attenuated drug-induced DA increases make it difficult to under-
stand why cocaine abusers would have such a markedly
exaggerated motivation for cocaine intake. This suggests that
non-pharmacological effects (that is, conditioning to cues that
predict drug reward) are involved in the enhanced incentive value
of drugs in addiction. Indeed, there is increasing evidence that DA
encodes for a ‘reward prediction error’ rather than reward itself,
and preclinical studies show that with repeated exposure to
natural rewards (food), DA cells stop firing for the reward and
instead fire for the cue that predicts the reward.9 Similarly
exposure to cocaine-cues increases DA in NAc in rodents10 and in
striatum in cocaine abusers.11,12 Thus, we hypothesized that in
addicted subjects the cues that precede drug administration
might contribute to the DA increases occurring during drug
intoxication. Here, we test this hypothesis and predicted that in
cocaine abusers concomitant cocaine-cue exposure would
enhance stimulant-induced DA increases. Also as prior studies

had been done in detoxified cocaine abusers (with at least 15 days
of abstinence)7,8 and preclinical studies have shown attenuated
DA signaling 14 days following cocaine withdrawal,13 we also
wanted to assess whether blunted DA responses were present in
active cocaine abusers (non-detoxified).
For this purpose, we measured changes in extracellular DA

induced by MP in the brain of 62 males (43 non-detoxified cocaine
abusers and 19 controls) using positron emission tomography
(PET) and [11C]raclopride.14 In 24 of the cocaine abusers (cohort #1)
we compared MP effects when given concomitantly with a
cocaine cue-video versus when given with a neutral-video;11 and
in controls and in 19 of the cocaine abusers (cohort #2) we
measured the effects of MP with no stimulation (no video). We
used MP since, like cocaine, it increases DA by blocking DA
transporters,15 and cocaine abusers report it to have effects similar
to that of cocaine.16

SUBJECTS AND METHODS
Subjects
This study included 62 male participants comprised of 43 active cocaine-
addicted subjects and 19 healthy non-drug abusing controls recruited
through advertisements in local newspapers. Participants (controls and
cocaine abusers) were recruited specifically for this study and there is no
overlap with previously published samples. Cocaine abusers fulfilled DSM-
IV criteria for cocaine dependence and were active users for at least the
prior 6 months (at least ‘4 g’ a week). The cocaine abusers were
predominant crack users and consisted of two independent cohorts:
cohort #1 (N=24; 45 ± 4 years of age; 18 ± 7 years of cocaine use; cocaine
dose 3.6 ± 2.5 g per day, last day of use 7 ± 6 days; 14/24 smokers) was
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recruited to assess the effects of cocaine-cues on i.v. MP and cohort #2
(N= 19; 45 ± 3 years of age; 28 ± 6 years of cocaine use; cocaine dose
3.9 ± 3 g per day, last day of use 3 ± 3 days; 10/19 smokers) was recruited to
assess the effects of i.v. MP without stimulation (no videos) just as for the
controls (N= 19, 42 ± 4 years of age; 3/19 smokers). Exclusion criteria for
participants included: current or past psychiatric disease other than
cocaine dependence for the cocaine abusers, or nicotine dependence as
defined by DSM-IV; past or present history of neurological, cardiovascular
or endocrinological disease; history of head trauma with loss of
consciousness 430min; and current medical illness. Cocaine abusers
differed from controls in that they were on average 3 years older and had a
higher percentage of tobacco smokers. Written informed consent was
obtained from all subjects and the studies were reviewed and approved by
the Institutional Review Board at the Stony Brook University.

Behavioral self-reports and scales
To study behavioral effects of MP, we assessed self-reports for ‘high’ using
analog scales (rated from 1 to 10) that were obtained at 30 and 60min
after MP administration. To assess cocaine craving, we used a brief version
of the cocaine craving questionnaire (CCQ),17 which evaluates current
cocaine craving on a seven-point scale. The CCQ was obtained four times:
before video exposure, 20 min after initiation of video (just before placebo
or MP injection), at the end of video (50min from video initiation and
30min post MP or placebo) and at the end of study (60 min post MP or
placebo).

PET scan
We used an HR+ scanner (resolution 4.5 × 4.5 × 4.5 mm full width half-
maximum) with [11C]raclopride 4–8mCi (specific activity 0.5–1.5 Ci per μM
at end of bombardment) using procedures previously described.18 Briefly,
20 dynamic emission scans were obtained immediately after injection up
to 54min. Arterial sampling was used to quantify total carbon-11 and
unchanged [11C]raclopride in plasma. Cocaine abusers from cohort #1
(n=24) were scanned with [11C]raclopride three times: (1) placebo when
given with a neutral-video, (2) MP when given with a cocaine cue-video
and (3) MP when given with a neutral-video, over a 2-day period. The MP
scans were done at least 24 h apart from each other under randomly
ordered conditions, once while watching a neutral-video (non-repeating
segments of nature stories) and another while watching a cocaine cues-
video (non-repeating segments portraying scenes that simulated purchase,
preparation and smoking of cocaine) that were previously published.11 The
placebo scan was done 2 h before MP injection scan. Videos were started
20min before [11C]raclopride injection and continued for 30min after
radiotracer injection (total of 50 min). Cocaine abusers from cohort #2
(n=19) and controls were scanned with [11C]raclopride two different times
(placebo and MP) with no stimulation and randomized over a 2-day period.
For all the groups, MP (0.5 mg kg− 1) and placebo (3 cc saline) were
administered i.v. 2 min before [11C]raclopride injection.

PET image analysis
We analyzed the non-displaceable binding potential (BPND) images using
Statistical Parametric Mapping (SPM8; Wellcome Trust Centre for
Neuroimaging, London, UK), which enabled us to make comparisons on
a pixel by pixel basis.19 Specifically, we estimated for each voxel the
distribution volume, which corresponds to the equilibrium measurement
of the ratio of the radiotracer’s tissue concentration to that of its plasma
concentration using a graphical analysis technique for reversible systems.20

These images were then spatially normalized to the stereotactic space of
the Montreal Neurological Institute using a 12-parameter affine transfor-
mation as previously described.21 The intensity of the distribution volume
images was normalized to that in cerebellum to obtain images of the
distribution volume ratios, which correspond to BPND in each voxel.

Statistical analyses
The brain maps (BPND) were spatially smoothed in SPM8 using an 8-mm
isotropic Gaussian kernel. One-way repeated analysis of variance (ANOVA)
was used to assess drug effects (placebo vs MP) and to assess the effects of
condition (neutral-video vs cocaine-cue video). Two-way ANOVA with
group as the between factor (cocaine abusers and controls) and drug as
the within factor (MP and placebo) was used to assess whether MP-
induced BPND changes differed between controls and cocaine abusers
(cohort #1) when tested with the cocaine cues-video and when tested with

the neutral-video. A two-way ANOVA was done to compare the controls
with the cocaine abusers from cohort #2 (tested with no video exposures)
with group as the between factor, and drug as the within factor, and to
assess the group by drug interaction. The controls were younger than
cocaine abusers, so to correct for potential age confounds on MP’s effects,
we used age as a covariate. Significance was set as PFWEo0.05 corrected
for multiple comparisons at the cluster level using the random field theory
with a family wise error (FWE) correction.
The SPM findings were corroborated with an independent region-of-

interest (ROI) analysis on preselected ROI in putamen and VS (described18)
and prefrontal cortex (described22). These ROI were used to estimate effect
sizes and for correlation analysis. Significance was set at Po0.05 if it
corroborated SPM findings.
To compare self-reports of ‘high’ induced by MP between groups, we

used ANOVA with groups as the between factor and drug as the within
factor (placebo, MP 30min and MP 60min) and to assess their Interaction.
To assess the effects of MP on cocaine craving in cocaine abusers (cohort
#1) with or without exposure to cocaine-cues, we used repeated ANOVA
with two conditions (cocaine-cues and neutral-video) and time (baseline,
post video, 30 min post MP). Significant findings (Po0.05) were followed
by post hoc t-test analyses. Effect sizes were estimated using Cohen’s ‘d’.23

Pearson product–moment correlations were computed between MP-
induced changes in DA (BPND placebo− BPND MP) and self-reports of high
(placebo−MP) for the measures taken at 30min post MP. For the corre-
lations with craving, we used the difference scores for CCQ (placebo−MP)
obtained at the end of the video stimulations (30min post MP), for the
neutral and the cocaine-cue conditions. Correlations were considered
significant at Po0.05.

RESULTS
Comparisons with cocaine abusers from cohort #1
Behavioral effects of MP. MP significantly increased self-reports of
‘high’ in controls (d= 1.49) and in cocaine abusers (d= 1.50)
(ANOVA drug effect, F= 50, P= 0.0001), but the drug by group
interaction effect was not significant, neither when MP was given
with the neutral-video nor the cues-video (Figure 1a). Compar-
isons of MP-induced ‘high’ in the cocaine abusers did not differ
between the cocaine-cue and the neutral-video conditions
(Figure 1a).
Exposure to the cocaine-cue video significantly increased

craving (CCQ) at 20min (F= 13.6, P= 0.002; d= 0.24), whereas
exposure to the neutral-video did not. Craving scores at 20 min
(measure taken before MP) were significantly higher for the cue-
video than the neutral-video conditions (F= 5.2, P= 0.04; d= 0.32)
(Figure 1b). The CCQ scores post MP did not differ between cue-
video and neutral-video conditions, which was explained by the
intense craving triggered by MP (cue-video F= 22, Po0.0001,
d= 0.68; neutral-video F= 15, P= 0.001, d= 0.55) that was sig-
nificantly higher than the craving triggered by the cues (before
MP) (F= 15, P = 0.001, d= 0.87) (Figure 1b). The magnitude of the
craving triggered by MP did not differ whether cues were present
or not, which suggests that cues have little effect when the drug is
in the system.

Effects of MP on [11C]raclopride. SPM revealed that in controls, MP
significantly decreased BPND in striatum and medial prefrontal
cortex (brodmann area (BA) 10) (Pco0.05) (Figure 2; Table 1)
compared with placebo. In contrast, in cocaine abusers, MP’s
effects were not significant (Pco0.05) and only achieved signifi-
cance in VS when the threshold for significance was uncorrected
for multiple comparisons (Puo0.05) (Figure 2; Table 1). MP’s
effects did not differ when given with the neutral-video versus
when given with the cocaine cue-video (Figure 2) and the
comparisons with the controls yielded similar findings for both
conditions (Figure 3). MP-related BPND decreases were significantly
stronger for controls than cocaine abusers in dorsal striatum, VS
and BA 10 (Table 1). Covarying for age did not alter the results.
The independent ROI analysis, corroborated that MP-induced

decreases in BPND in dorsal and VS, and in BA 10 were significant
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Figure 1. Behavioral effects of intravenous methylphenidate (MP). (a) Self-reports of ‘high’ in the controls and in cocaine abuser both when MP
was given concomitant to cocaine cue-video or when it was given with the neutral-video. *Significantly different from controls (Po0.05). (b)
Scores on cocaine craving questionnaire (CCQ) in the cocaine abusers at baseline (prior to any stimulation), 20 min after exposure to the
cocaine cue- or the neutral- video, 30min after MP (end of 50min of video stimulation) and 60min after MP. *Significantly different from
baseline measures at Po0.05 and at ***Po0.001. (c) Correlations between MP-induced changes in non-displaceable binding potential (BPND)
in ventral striatum (VS) and the changes in craving scores (cocaine craving questionnaire or CCQ) both when it was given with the cocaine
cues-video (r= − 0.51, P= 0.02) and when given with the neutral-video (r= − 0.50, P= 0.02).

Figure 2. Brain maps obtained with SPM showing significant differences in non-displaceable binding potential (BPND) for [
11C]raclopride

between placebo and methylphenidate (MP) for the contrast PL4MP in controls and in cocaine abusers (cohort #1) when MP was given
concomitant to the cocaine cues-video (CUES) and when given concomitant with the neutral-video (NEUTRAL). Significance for controls
corresponds to Puo0.001, clusters4100 voxels; and for the cocaine abusers to Puo0.05, clusters4100 voxels.
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in controls but not in cocaine abusers (Table 2). The group by
drug interaction was significant and showed that MP-induced
decreases in BPND were significantly larger in controls than in
cocaine abusers (Table 2).

Correlations between MP-induced BPND changes and behavior. In
the cocaine abusers, MP-induced increases in craving (CCQ scores)
were negatively correlated with changes in BPND in VS for
the neutral-video (r= 0.50, P= 0.02) and the cocaine cues-video
(r= 0.51, P= 0.02); such that the larger the BPND decreases the
greater the CCQ increases (Figure 1c). The comparison of the
strength of the correlations between both conditions was not
significant.
Correlation analysis between MP-induced changes in self-

reports of ‘high’ and in BPND when including controls and cocaine
abusers was not significant. However, the correlation analysis
when done separately on the cocaine abusers showed a negative

correlation between changes in ‘high’ and BPND changes in VS for
the neutral-video condition (r= 0.56, P= 0.01) but was not
significant for the cue-video condition. When MP was given with
the neutral-video the larger the BPND decreases in VS (reflecting
DA increases) the greater the ‘high’. The correlation analysis when
done separately in the controls was not significant. Comparison of
the correlations between groups was not significant.

Order effects. To control for potential order in the cocaine abusers
who were tested twice with MP, we compared the first and the
second MP administration and showed no significant differences
between them (data not shown).

Comparisons with cocaine abusers from cohort #2
Behavioral effects of MP. MP significantly increased self-reports of
‘high’ in controls (F= 32, P= 0.0001; d= 1.62) and cocaine abusers

Table 1. Statistical significance for MP-induced DA increases (measured as decreases in BPND) in controls and in cocaine abusers from cohort #1
(both for neutral- and cocaine cue- videos) and for regions where controls had significantly greater increases than cocaine abusers

Region BA MNI coord (mm) PL4MP (T (P))

x y z Controls COC Controls4COC

Putamen − 26 − 6 0 7.1 (3.5 × 10−7) NS 4.3 (1.7 × 10−4)
VS − 4 12 − 8 4.6 (8.7 × 10−5) 1.9 (0.03) 1.9 (0.03)
Putamen 30 − 8 0 6.4 (1.5 × 10−6) NS 3.8 (5.6 × 10−4)
VS 10 12 − 6 4.0 (3.0 × 10−4) 1.6 (0.06) 1.7 (0.05)
Prefrontal 10 − 30 64 10 3.4 (1.4 × 10−3) NS 2.7 (6.9 × 10−3)

Abbreviations: BA, brodmann area; COC, cocaine; MNI, Montreal Neurological Institute; MP, methylphenidate; NS, non significant; PL, placebo; VS, ventral
striatum. The effects of MP in BPND in the cocaine abusers did not differ when given concomitantly with the cocaine cues-video or the neutral-video, so we
averaged the results from both conditions for the comparisons with the controls. The locations of the clusters are based on the coordinates from the
stereotactic space of the MNI in (x, y and z). The values correspond to the T-scores and in parenthesis the significance (P).

Figure 3. Brain maps obtained with SPM showing significant differences for the comparisons of the responses (delta: PL−MP) between
controls and cocaine abusers (cohort #1) when MP was given concomitantly with the cocaine cues-video (CUE) and when MP was given
concomitantly with the neutral-video (NEUTRAL), and comparisons between the controls and the cocaine abusers (cohort #2) who were not
exposed to videos (placebo4MP). These comparisons highlight the differences in the response to MP between controls and cocaine abusers
(drug by group interaction). Significance corresponds to Puo0.001, clusters4100 voxels.
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(F= 13.8, P= 0.002, d= 1.07) (ANOVA drug effect F= 46, P= 0.0001)
and the interaction showed a trend of an effect (F= 2.8, P= 0.10).
Post hoc t-tests showed that the ‘high’ at 30 min was lower in
cocaine abusers than in controls (3.6 ± 3 vs 5.7 ± 3, P= 0.05;
d= 0.63) and showed a trend at 60 min (2.1 ± 2 vs 3.6 ± 3; P= 0.07;
d= 0.59).

Effects of MP on [11C]raclopride. In cocaine abusers of cohort #2,
MP’s effects on BPND did not differ from placebo (Table 2). The
comparison for MP-related BPND decreases between controls and
cocaine abusers showed that MP-induced BPND decreases in
dorsal and VS differed significantly between the groups, being
significantly larger for controls than for cocaine abusers (Figure 3;
Table 2).
The ROI analysis corroborated that MP-induced decreases in

BPND in striatum and BA 10 were significant in controls but did not
differ from placebo in cocaine abusers (Table 2). The group by
drug interaction was significant and showed that striatal DA
increases were significantly larger in controls than cocaine abusers
(Table 2). For BA 10, the group by drug interaction only showed a
trend of an effect (P= 0.08).

Effects of smoking on MP’s effects (cohorts #1 and #2)
To assess whether cigarette smoking influenced MP’s effects on
BPND, we compared cocaine abusers who were smokers and those
who were not. For cohort #1, MP’s effects in striatal BPND did not
differ between smokers (n= 14; -5.0 ± 7% change) and non-
smokers (n= 10; − 3.2 ± 16% change) (P= 0.68). Similarly for cohort
#2, MP’s effects in striatal BPND did not differ between smokers
(n= 10; − 0.3 ± 15%) and non-smokers (n= 9; +2.5 ± 10% change)
(P= 0.70). This indicates that differences between controls and
cocaine abusers on MP’s effects are not due to tobacco smoking.

Baseline measures of D2/D3 receptor availability (cohorts #1 and
#2)
The SPM comparisons for baseline D2/D3 receptor availability
between controls and cocaine abusers did not differ for cohort #1
or cohort #2 (PcFWEo0.05). In contrast, the ROI analysis revealed
that baseline D2/D3 receptor availability in VS was significantly
lower in cocaine abusers than in controls for cohort #1 and cohort
#2 (Table 2). The discrepancy between SPM and ROI probably
reflects the high threshold of significance for SPM when correcting

for multiple comparisons (corrected PcFWEo0.05); indeed SPM
differences in VS were significant when uncorrected (Puo0.05).

DISCUSSION
Here, we show that in non-detoxified cocaine abusers MP-induced
increases in DA were profoundly attenuated, whether cocaine-
cues were present or not. Moreover, in the cocaine abusers, MP’s
effects did not differ from placebo (with or without cocaine-cues).
These findings indicate that dopaminergic attenuation during
stimulant intoxication in cocaine abusers is not due to detoxifica-
tion, nor to a lack of cocaine-cues.

Effects of MP on extracellular DA
The profound attenuation of MP’s dopaminergic effects in active
cocaine abusers corroborates prior findings in cocaine abusers
tested at least 15 days after detoxification7,8 revealing an even
larger degree of blunting (MP’s effects did not differ from placebo;
whereas in prior studies they did). It is also consistent with
findings in rodents showing that chronic cocaine almost abolished
the stimulation of striatal D2R-expressing neurons during cocaine
intoxication.24 Despite this attenuation MP induced intense
craving, which indicates that the enhanced incentive value of
cocaine in cocaine abusers, cannot be attributed to sensitized
drug-induced DA release. However, because our PET measures
identify DA changes over a 30-min period and over relatively large
brain areas, we cannot exclude the possibility of short-lasting DA
increases and/or dopaminergic stimulation of restricted neuronal
ensembles within the NAc25 in the enhanced incentive motivation
for cocaine in addiction.

Effects of MP as a function of cue exposure
In a prior study, we showed that cocaine-cues exposure in cocaine
abusers was associated with DA increases in striatum,11 which led
us to hypothesize that MP’s effects would be amplified by cocaine-
cues as compared with when given with neutral-cues.26 Failure to
observe a difference between both conditions could reflect MP’s
peripheral effects, which might have acted as cues as has been
documented for cocaine,27 such that the cocaine-cue video could
not add much. It is also possible that the co-mingling of the two
phases of reward (expectation and receipt) might reduce or
eliminate the DA-signaling effects of the cues. Indeed, shorter

Table 2. Values for BPND estimated with independent ROI analysis for the regions where SPM showed that MP’s effects differed between groups for
the measures taken during placebo (PL) and methylphenidate (MP), and for the difference between them (delta) for the controls (n= 19), for the
cocaine abusers tested with exposure to neutral- and cocaine cue-videos (cohort #1, n= 24) and for the cocaine abusers tested with no video
stimulation (cohort #2; n= 19) along with the effect size (Cohen’s d) for the within (row) and between comparisons (columns)

Controls COC abusers cohort #1 Effect size COC abusers cohort #2 Effect size

Putamen PL 2.58± 0.24 2.46± 0.53 2.51± 0.41
Putamen MP 2.16± 0.30 2.36± 0.51 2.48± 0.50
Delta Putamen −0.42±0.30 −0.11± 0.28*** 1.1 −0.04±0.32*** 1.22
Effect size 1.4 NS NS
VS PL 2.74 ± 0.49 2.33 ± 0.38** 2.15 ± 0.38***

VS MP 2.35± 0.42 2.33 ± 0.31 2.14± 0.40
Delta VS −0.39±0.44 −0.00±0.28*** 1.1 −0.01±0.35** 0.96
Effect size 0.89 NS NS
BA 10 PL 1.04 ± 0.04 1.03 ± 0.06 1.04 ± 0.09
BA 10MP 0.99 ± 0.10 1.04 ± 0.07 1.04 ±0.07
Delta BA 10 −0.05 ±0.10 0.01 ± 0.05* 0.75 0.00 ± 0.07 0.54
Effect size 0.65 NS NS

Abbreviations: BA, brodmann area; COC, cocaine; MP, methylphenidate; NS, non significant; PL, placebo; VS, ventral striatum. Comparisons between controls
and cocaine abusers correspond to post hoc t-tests *Po0.05; **Po0.005 and ***Po0.001. The within-group comparison between PL and MP were only
significant in the controls for putamen (Po0.001), VS (Po0.002) and brodmann area 10 (Po0.05).
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delays between the cues and reward delivery have been shown to
result in lower DA increases than longer delays.28

Baseline D2R availability in cocaine abusers
Cocaine abusers (cohorts #1 and #2) had lower baseline D2/D3

receptor availability in VS than controls, which is consistent with
prior studies (reviewed29). Low striatal D2R availability has been
associated with impulsivity and compulsive drug intake.30,31

Moreover, in preclinical studies, strengthening striatal D2R signal-
ing results in resilience toward compulsive cocaine intake,32,33 and
in imaging studies of non-drug-abusing controls, high striatal D2R
availability is associated with aversive responses to i.v. MP.34,35

Low striatal D2R availability in cocaine abusers is associated with
reduced activity in prefrontal regions involved with self-control,18

which could be a mechanism through which reduced striatal D2R
signaling mediates compulsive drug intake. Indeed, in cocaine and
methamphetamine abusers, reduced striatal D2R availability is
associated with worse clinical outcomes.36,37

Behavioral effects of MP
Despite the markedly attenuated DA effects of MP in the cocaine
abusers they still experienced a ‘high’. The greater group
differences for MP-induced DA changes, which differed signifi-
cantly between groups, than for the ‘high’, which while somewhat
lower in cocaine abusers did not differ from controls, could reflect
the fact that PET measures represent DA binding to D2R (also D3R)
and D2R are not necessary for cocaine reward. In fact, stimulant
drugs (including cocaine) are still rewarding when D2R are
blocked,38 inhibited32 or not expressed (knockouts).39,40 However,
it is possible that in cocaine abusers MP triggered a short-lasting
increase in DA that could have activated D1 receptors (D1R), which
are necessary for cocaine reward41 but which the limited temporal
resolution of [11C]raclopride (30 min) could not detect. Alterna-
tively other neurotransmitters (opioids)42 might have contributed
to the ‘high’.
In cocaine abusers MP-induced cocaine craving and ‘high’ were

associated with DA increases in VS (location of NAc), which is
consistent with preclinical studies that identify the NAc as part of
the circuitry that mediates cue-induced relapse to cocaine-
seeking43 and with findings in cocaine abusers in whom purpo-
seful inhibition of craving decreased NAc activity.44 As the NAc
expresses high-D3R levels, which are upregulated in cocaine
abusers,45 the relationship with craving (perhaps also with ‘high’)
might be mediated by DA stimulation of D3R. Indeed, in preclinical
studies, enhanced cocaine-cue reactivity following chronic cocaine
was associated with upregulation of D3R in NAc.46

We recently showed that oral MP reduced brain limbic reactivity
induced by cocaine-cues in cocaine abusers,47 whereas here we
show that i.v. MP increased craving. This most likely reflects
pharmacokinetic differences between oral and i.v. MP; the former
emulating the gradual and steady DA increases associated with
tonic DA firing, whereas the later emulating the fast and sharp DA
increases associated with phasic DA (reviewed29).

Study limitations
The PET [11C]raclopride method cannot distinguish between D2R
and D3R and has limited temporal (30 min) and spatial resolution
(4 mm). Our cocaine abusers differed from controls in that they
were older and had more smokers; however, this is unlikely to
account for the differences as the results did not change after
covarying for age and there were no differences between smokers
and non-smokers. In our study, we cannot ascertain whether the
attenuation of DA increases with MP in cocaine abusers might
have preceded their cocaine abuse but the fact that in preclinical
studies chronic cocaine markedly attenuates D2R signaling during
cocaine intoxication24 suggests that they are causally linked.

The mechanisms(s) that underlie the attenuated DA responses in
cocaine abusers are not addressed by our study and merit
investigation. Here, we also document significant decreases in
BPND with MP in BA 10 in the controls that would be consistent
with DA increases in prefrontal cortex and which was not present
in abusers. However, the limited sensitivity of [11C]raclopride to DA
changes in cortical areas lead us to interpret these as preliminary
and in need of replication.

CONCLUSION
We show a profound attenuation of MP-induced DA increases in
the striatum of cocaine abusers (regardless of cue exposures)
although MP triggered intense drug craving. The reduced DA
responses triggered by MP in the cocaine abusers could drive
them to increase the doses abused and explain their tolerance to
the drug’s effects.48 On the other hand the discrepancy between
the expected and the actual reward (attenuated DA signals in VS)
might trigger craving as a means to compensate for the deficit.
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