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• 15 GDS vs 15 HC

• 2s vs 3s Event Frequency

• 50% vs 83% Reward Return

• Variable Reward Frequency
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TABLE I.
Summary for the Results of Imaging Studies Measuring DA D2 Receptor Availability
(Bmax/Kd) in the Dorsal Striatum (caudate and putamen) with [11C]raclopride in

Controls and in Drug Abusers

Controls Bmax/Kd Abusers Bmax/Kd p

Alcoholics 2.71 ! 0.6 (n " 17) 2.10 ! 0.5 (n " 10) 0.05
Heroin abusers 2.97 ! 0.5 (n " 11) 2.44 ! 0.4 (n " 11) 0.01
Cocaine abusers 2.90 ! 0.3 (n " 23) 2.59 ! 0.3 (n " 20) 0.01
METH abusers 2.81 ! 0.3 (n " 20) 2.45 ! 0.3 (n " 15) 0.001

sensitivity would lead to decreased motivational salience for day to day environmental
stimuli, possibly predisposing subjects to seek drug stimulation as a means to temporarily
activate these reward circuits. Indeed, imaging studies have started to provide evidence
of disrupted sensitivity to natural reinforcers in the reward circuits of drug-addicted
subjects. One study of opiate addicts showed that different from controls, these subjects
did not activate the meso-striatal and meso-corticolimbic circuits in response to natural
reinforcers (Martin-Soelch et al., 2001). We have also shown decreased sensitivity to
alcohol in brain reward circuits in active cocaine abusers when compared to controls
(Volkow & Fowler, 2000). These findings suggest an overall reduction in the sensitivity
of the reward circuits in the drug-addicted individual to natural reinforcers and possibly
to drugs that are not the drug of addiction, thereby providing a putative mechanism
underlying the dysphoria and the anhedonia experienced during withdrawal.
In detoxified cocaine abusers in whom we also measured regional brain glucose metabo-

lism, we showed that the reductions in DA D2 receptors were associated with decreased

FIG. 2. Brain images of DA D2 receptors at the level of the striatum in control subjects and drug abusers.
Images were obtained with [11C]raclopride.

Volkow et al. (2002). Neurobiology of Learning and Memory 78, 610–624 
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to the controls (Fisher's r to z transformation; z=2.03, p=.043), al-
though equivalent tests in the overall striatum for Negative Urgency
(z=1.48, p=.139) and Positive Urgency (z=0.97, p=.332) were
not signi!cant. Given the group increase in mood-related impulsivity
in the PG group, we also ran a post-hoc analysis to test for a quadratic
relationship between Urgency and [11C]-raclopride BPND in the
pooled sample, in light of a recent report of an ‘inverted U’ relation-
ship between ventral striatal raclopride binding and trait Sensation
Seeking in healthy volunteers (Gjedde et al., 2010). In regressing
[11C]-raclopride binding values in the limbic striatum (dependent
variable) onto Negative Urgency (predictor variable), the overall
model did not attain signi!cance (F(2,14)=3.65, p=.053) but there
was a signi!cant effect of the quadratic term (!=!4.07, t=!2.21,
p=.045) (Fig. 2C). These quadratic effects were not observed for Pos-
itive Urgency in the limbic striatum (!=!2.30, t=!1.40, p=.183),
or in the overall striatum (Negative Urgency: !=!3.10, t=!1.56,
p=.141; Positive Urgency: !=!1.75, t=!1.06, p=.306). A direct
attempt to replicate the quadratic effect for Sensation Seeking in the
limbic striatumwas also non-signi!cant (!=1.35, t=0.44, p=.664).

Voxelwise analysis

The voxelwise group comparison con!rmed no signi!cant dif-
ferences in [11C]-raclopride binding between PG and controls. The
voxelwise regression against Negative Urgency in the PG group con-
!rmed an inverse relationship with [11C]-raclopride binding in bilat-
eral foci extending from the ventral putamen to the head of caudate
on the right (peak co-ordinates: x=10, y=17, z=!5, cluster
size=227, pb0.001 cluster corrected) and the left caudate body
(peak co-ordinates: x=!10, y=13, z=2, cluster size=103, p=
0.001 cluster corrected). The regression against Positive Urgency
yielded bilateral foci extending from the nucleus accumbens and the

ventral putamen through to the caudate body on the right (peak co-
ordinates: x=21, y=15, z=!5, cluster size =409, pb0.001 cluster
corrected) and the left caudate and putamen (peak co-ordinates: x=
!25, y=13, z=!2, cluster size=297, pb0.001 cluster corrected)
(see Fig. 3). To assess the speci!city of these correlations to mood-
related impulsivity, we also entered (lack of) Planning as a predictor
of [11C]-raclopride binding; no supra-threshold voxels were detected.

Discussion

We detected no differences in striatal dopamine D2/D3 receptor
availability between males with PG attending a specialist treatment
service, and age-matched male healthy controls. In addition to quan-
tifying overall striatal D2/D3 receptor availability, the ROI analysis also
examined receptor availability in three functional subdivisions of the
striatum. The limbic subdivision comprises the nucleus accumbens,
ventral putamen and ventral caudate, and is implicated extensively
in addictive disorders including disordered gambling (Linnet et al.,
2011; O'Sullivan et al., 2011; Steeves et al., 2009). Our observation
of no differences in baseline striatal dopamine D2/D3 receptor avail-
ability between PG participants and controls is consistent with two
recent [11C]-raclopride studies that assessed the change in binding
as PG subjects performed different decision-making / gambling tasks
(Joutsa et al., 2012; Linnet et al., 2011), and with a third PET study
comparing patients with Parkinson's Disease with and without im-
pulse control disorders including PG, during the viewing of reward-
related images (O'Sullivan et al., 2011). We were unable to substanti-
ate the reduction in BPND values reported by Steeves et al (2009) in 7
cases with Parkinson's Disease, with dopamine-agonist induced PG. It
should be noted that their baseline scans involved motor selection
(serial choice between four card decks with meaningless feedback),
which could distort estimates of baseline availability (Egerton et al.,
2009).

Several possible inferences may be drawn from our !ndings in PG.
First, the reductions in dopamine D2/D3 receptor availability previous-
ly described in substance users (Fehr et al., 2008; Heinz et al., 2004;
Martinez et al., 2004; Volkow et al., 1997, 2001) may be precipitated

Fig. 1. [11C]-raclopride binding potentials (BPND) for the overall striatum region of
interest (bilateral) and limbic subdivision, for individual cases with Pathological Gam-
bling and healthy controls.

Fig. 2. Correlations in Pathological Gamblers between [11C]-raclopride BPND in overall striatum and UPPS-P Negative Urgency (A) and Positive Urgency (B). C: Quadratic relation-
ship between [11C]-raclopride BPND in limbic striatum and Negative Urgency in the pooled group of pathological gamblers (!lled circles) and healthy controls (open circles).

Table 2
Partial correlation co-ef!cients (controlling for age) in the Pathological Gamblers
between [11C]-raclopride BPND in the striatal regions of interest and trait Urgency
(Negative, Positive). Values in bold were statistically signi!cant after Bonferroni cor-
rection for multiple comparisons (p=.006).

PG Controls

Negative Positive Negative Positive

Overall !0.881 !0.941 !0.298 !0.085
Limbic !0.873 !0.857 0.193 0.311
Associative !0.864 !0.968 !0.365 !0.121
Sensorimotor !0.724 !0.720 !0.099 !0.248

43L. Clark et al. / NeuroImage 63 (2012) 40–46

Clark et al. (2012). Neuroimage: 63: 40-46



thereof among HC (see Table S1 in the Supporting
information). PG subjects additionally reported greater
trait impulsiveness.

Slot-machine game

Neither mean bet size nor number of trials played differed
by group. However, PG subjects reported significantly
greater subjective effects of the game than HC (all
t > 2.35, all P < 0.05) (Fig. 1). Repeated-measures analy-
ses of covariance (ANCOVAs) (controlling for final credit
tally, which could impact motivation/mood) of desire to
gamble (VAS) and mood (POMS) pre- and post-gambling
revealed that, relative to HC, PG had greater ‘desire to
gamble’ (F(1,21) = 34.91, P < 0.01) both before and after
gambling. Across time-points, gambling also decreased
‘confidence to refrain from gambling’ (F(1,21) = 6.75,
P = 0.02) in both groups, consistent with previous find-

ings of amphetamine-primed gambling reward [79]. A
time (pre- versus post-gambling) ¥ group (PG versus HC)
interaction in POMS scores revealed that gambling
increased self-reported vigour (F(1,21) = 36.7, P = 0.03) in
PG, but not HC. No other measures showed effects of
group or gambling.

PET measures

One HC subject did not undergo PET scanning (but com-
pleted all behavioural sessions), reducing the HC sample
size to 11, and one PG subject did not undergo the [11C]ra-
clopride scan. There were no significant between-group
differences in mass injected and specific activity for either
[11C]-(+)-PHNO or [11C]raclopride (Table 1).

ANOVAs investigating group differences in [11C]-(+)-
PHNO and [11C]raclopride binding within the ROIs
showed no significant differences between groups in any
of the regions (group ¥ ROI: [11C]-(+)-PHNO, F(6,132) =
1.08, P = 0.4; [11C]raclopride, F(4,84) = 0.52, P = 0.7) and
no main effect of group ([11C]-(+)-PHNO, F(1,22) = 0.42,
P = 0.5; [11C]raclopride, F(1,21) = 0.27, P = 0.6) (see
Fig. 2). Similarly, the voxel-wise approach did not detect
significant clusters of difference in PG versus HC (FWE
P > 0.05). Despite the lack of significant effects, inspec-
tion of ROI-extracted values indicated that both [11C]-(+)-
PHNO and [11C]raclopride binding were slightly lower
in PG than HC in dorsal striatum ([11C]-(+)-PHNO: -9% in
ADC, -11% in PDC; [11C]raclopride: -7% in ADP, -5% in
PDP). Specific t-tests for higher D3 levels in PG than
HC also did not identify the expected effects: PG had
4% higher [11C]-(+)-PHNO binding in the SN and a
12% greater D3/D2 ratio, but neither difference reached
statistical significance. Differences in [11C]-(+)-PHNO to
[11C]raclopride binding ratio across striatal regions
revealed a marginally greater ratio (10%) in PG than HC
in PDP (U = 33.0, P = 0.07) (Fig. S1 in the Supporting
information), potentially reflecting a region-dependent
group difference in D2/3 receptors in the high-affinity
state.

The negative results did not appear to reflect insuffi-
cient power. Partial eta-square (hr2) values for group dif-
ferences in all a priori regions of interest were small (VLS:
[11C]-(+)-PHNO hr2=0.024, [11C]raclopride hr2=0.001;

Figure 1 Self-reported visual analogue scale (VAS) items after
exposure to a slot machine gambling game. *P < 0.05. HC: healthy
control; PG: pathological gambler
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Figure 2 Regional (a) [11C]-(+)-propyl-
hexahydro-naphtho-oxazin (PHNO) and
(b) [11C]raclopride binding potential (BPND)
in gamblers (n = 13; filled symbols) and in
healthy control subjects (n = 11; open
symbols). SN: substantia nigra; VLS: ventral
striatum; ADC: anterior dorsal caudate;
PDC: posterior dorsal caudate; ADP: ante-
rior dorsal putamen; PDP: posterior dorsal
putamen; GP: globus pallidus
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Gambling Disorder Sufferers 
differ in magnitude of dopamine 

release when gambling

Fallacy II:



Volkow et al. (1997). Nature, Apr 24;386(6627), 830-3



Linnet et al. (2010). Acta Psychiatr Scand: 122: 326–333



Gambling Disorder Sufferers 
differ in magnitude of dopamine 

release when winning

Fallacy III:



Steeves et al. (2009). Brain: 132; 1376–1385



Parametric images revealed that patients with pathological

gambling presented greater release of dopamine in the ventral

striatum during performance of the gambling task (Fig. 2,

bottom figure, Figs 3 and 4). In Parkinson’s disease patients

with pathological gambling, [11C] raclopride binding potential

extracted from a region of interest centered at the statistical

peak revealed by the parametric map (X = –27, Y = 4, Z = –10;

t = 4.9, P50.05 corrected for multiple comparisons) was

1.42! 0.14 (mean ! SE) during control task and 1.22! 0.12

(mean ! SE) during gambling task (Fig. 4). In Parkinson’s disease
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Figure 3 Percent reduction in [11C] raclopride-binding
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