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Abstract: Pramipexole is widely prescribed to treat Parkinson’s disease. It has been found to cause
impulse control disorders such as pathological gambling. To examine how pramipexole modulates the
network of reward anticipation, we carried out a pharmacological functional magnetic resonance imag-
ing study with a double-blind, within-subject design. During the anticipation of monetary rewards,
pramipexole increased the activity of the nucleus accumbens (NAcc), enhanced the interaction between
the NAcc and the anterior insula, but weakened the interaction between the NAcc and the prefrontal
cortex. These results suggest that pramipexole may exaggerate incentive and affective responses to
possible rewards, but reduce the top-down control of impulses, leading to an increase in impulsive
behaviors. This imbalance between the prefrontal-striatum connectivity and the insula-striatum connec-
tivity may represent the neural mechanism of pathological gambling caused by pramipexole. Hum
Brain Mapp 32:800–811, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Pramipexole is a dopamine D2/D3 receptor agonist
which is widely prescribed to treat Parkinson’s disease,
targeting the dopamine deficit in the nigrostriatal pathway
[Bennett and Piercey, 1999]. Pramipexole and other dopa-
mine agonists have been reported to cause pathological

gambling, an impulse control disorder creating serious life
problems for afflicted individuals [Dodd et al., 2005; Wein-
traub et al., 2006]. For example, Dodd et al. [2005]
observed that seven of 11 Parkinson’s disease patients had
developed pathological gambling within 1–3 months of
achieving 4.5–7 mg pramipexole per day in therapy. This
change in behavior suggests a distortion of reward proc-
essing which is mediated by the ventral striatum (includ-
ing the nucleus accumbens, NAcc) and its interactions
with other cortical and subcortical structures (Camara
et al., 2009; Fehr and Camerer, 2007; Knutson and Greer,
2008]. Pramipexole may either change the way in which
individuals weigh possible rewards (reward anticipation),
experience reward outcomes (reward consummation), or
both. During reward consummation, healthy adults receiv-
ing moderate doses of pramipexole (0.5 mg) showed a
decreased NAcc activity in response to unexpected high
wins in a lottery game [Riba et al., 2008]. The hypoactive
pattern under pramipexole was similar to that observed in
pathological gamblers [Reuter et al., 2005]. It was reasoned
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that pramipexole-treated individuals tended to seek higher
rewards and make risky choices [Riba et al., 2008] to over-
come the blunted NAcc response. With respect to reward
anticipation, however, it remains unclear whether and
how pramipexole may impact neural and cognitive proc-
esses. In the present study, we will examine how prami-
pexole modulates the network of reward anticipation
using functional magnetic resonance imaging (fMRI). This
study may help us to understand the neural mechanisms
of pathological gambling caused by pramipexole.

The anticipation of monetary [Galvan et al., 2005; Knut-
son et al., 2000, 2001], taste [O’Doherty et al., 2002], and
social rewards [Izuma et al., 2008; Spreckelmeyer et al.,
2009] is subserved by a network of subcortical and cortical
structures, including the NAcc, the supplementary motor
cortex, the orbitofrontal cortex, the anterior cingulate cor-
tex, and the insular cortex. Among these regions, the
NAcc plays a primary role and discriminates between dif-
ferent levels of possible rewards. It is more activated for
cues signaling potential rewards than for cues signaling no
reward and activation is stronger for larger than smaller
potential rewards [the incentive effect, see Galvan et al.,
2005; Knutson et al., 2001].

Recent studies further linked the incentive effect to do-
pamine release in the ventral striatum. Knutson and co-
workers proposed that released NAcc dopamine may
change the postsynaptic membrane polarity by activating
dopamine D1 receptors and engaging metabolic processes
which eventually increase the local blood oxygen level de-
pendent (BOLD) signal [Bjork et al., 2004; Knutson and
Gibbs, 2007]. This hypothesis is supported by the observa-
tion that NAcc activity was correlated with NAcc dopa-
mine release during reward anticipation [Schott et al.,
2008]. According to this hypothesis, the NAcc activity in
response to possible rewards may be regulated by dopa-
mine autoreceptors D2 and D3, which can inhibit dopa-
mine synthesis and/or release [Elsworth and Roth, 1997].
Administration of dopamine D2/D3 receptor agonists (e.g.
pramipexole and amphetamine) may decrease NAcc dopa-
mine release and reduce the incentive effect, while
administration of dopamine receptor antagonists (e.g. olan-
zapine) may increase the NAcc dopamine release and
amplify the incentive effect [Knutson and Gibbs, 2007].
However, these predictions seem inconsistent with existing
findings. The D2 receptor agonist amphetamine (0.25 mg/
kg) decreased the NAcc activation during the anticipation
of monetary reward but did not affect the NAcc activation
during the anticipation of no reward [Knutson et al.,
2004]. The D2/D4 receptor antagonist olanzapine (5 mg)
did not affect the NAcc activation during the anticipation
of monetary reward but increased the NAcc activation
during the anticipation of no reward [Abler et al., 2007]. In
both cases, the incentive effects were reduced in the NAcc.
Inconsistencies between theoretical predictions and empiri-
cal observations may result from the multiple effects of
amphetamine which affects dopamine release as well as
dopamine uptake [Schmitz et al., 2001; see Discussion].

Different dosages in different studies may also contribute
to the inconsistencies in the literature [Lynch, 1991; Pugs-
ley et al., 1995]. If pramipexole decreases the NAcc dopa-
mine release as amphetamine does, we may observe a
reduced NAcc activity during the anticipation of monetary
reward. We may also obtain a reduced NAcc activity dur-
ing the anticipation of no reward, if the effect of pramipex-
ole shows up regardless of reward type. We will test this
hypothesis in the current study.

Although the NAcc undoubtedly is a major relay for
reward processing, it needs to be kept in mind that this
structure is intimately linked with other cortical and sub-
cortical regions. To gain a more complete picture of drug-
induced changes of reward processing, the assessment of
changes in the connectivity of the NAcc might be impor-
tant. Previous studies have shown that the prefrontal cor-
tex and the insular cortex are consistently activated during
reward anticipation (for a meta-analysis, see Knutson and
Greer, 2008]. The prefrontal cortex is assumed to control
impulsive behavior and is deemed important for emotion
regulation during decision making [Casey et al., 2008;
Ernst et al., 2006; McClure et al., 2004]. Individuals who
reported themselves as tending to continue previously
rewarded behaviors (vs. impulsive behaviors) showed
stronger white matter fiber connections between the stria-
tum and frontal regions including the SMA and the orbito-
frontal cortex [Cohen et al., 2009]. The insular cortex is
associated with the general processing of emotions [Britton
et al., 2006; Phillips et al., 1997; Takahashi et al., 2008] and
has been shown to be functionally connected with the
NAcc after reward delivery [Camara et al., 2008]. More-
over, insula activity correlates with the positive arousal
experienced by individuals [Samanez-Larkin et al., 2007].
An imbalance between the prefrontal-striatal circuitry and
the insula-striatal circuitry may thus lead to impulsive
behaviors and suboptimal choices. For example, adoles-
cents, who have a functionally mature limbic system but
an immature prefrontal control system, have been charac-
terized by risk-taking behaviors [Casey et al., 2008; see
also, Galvan et al., 2006; Van Leijenhorst et al., 2010]. Pra-
mipexole may cause a similar imbalance between different
striatum-related circuitries by changing the strength of
interregional interaction which in turn might be related to
pathological gambling. We will test this hypothesis with a
functional connectivity approach.

To test these hypotheses, we employed a double-blind,
within-subject cross-over design in conjunction with the
monetary incentive delay task [the MID task, Knutson
et al., 2000; Fig. 1]. In the MID task, participants are asked
to press a button whenever a white square appears. Before
the square, they see a cue, which indicates the potential
reward of a trial (reward anticipation). After the square,
they see a feedback, which indicates the obtained reward
of the trial (reward consummation). Each participant was
tested twice in two separate sessions, once under
pramipexole and once under placebo. To investigate the
functional connections between the NAcc and other
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cortical and subcortical regions, we used the ‘‘beta series
correlation’’ method proposed by Rissman et al. [2004].
Unlike other connectivity techniques (e.g. psychophysio-
logical interactions), this method has been developed to
model the interregional interactions during distinct stages
of a cognitive task (e.g. reward anticipation vs. consumma-
tion). This approach is implemented on the basis of the
general linear model (GLM), using separate covariates to
model hemodynamic responses of a particular stage in
each single trial and giving rise to series of parametric esti-
mates (beta values) for each stage. If two regions interact
within a network, their beta series should be strongly
correlated.

METHOD

All procedures had been cleared by the ethical review
board of the University of Magdeburg. Experiments were
carried out according to the declaration of Helsinki.

Participants

Only male subjects were included in this study to avoid
problems that could arise with unknown pregnancies in
female volunteers. Sixteen male volunteers (mean age 25

years, range: 21–28 years) participated in this study. They
were right-handed and had normal or corrected-to-normal
vision. None of them had a history of neurological or psy-
chiatric disorder. All of them gave written informed con-
sent and were paid according to their performance in the
MID task (see below).

Design and Drugs

This study was carried out according to a double-blind
randomized crossover design. Participants received prami-
pexole and placebo in two different sessions, which were
separated by at least one week. In each session, participants
received 20 mg domperidone in a nonblind fashion to antag-
onize potential nausea induced by pramipexole. At the same
time, they received 0.5 mg pramipexole or placebo in a dou-
ble-blind fashion according to a randomization table. The
dose of pramipexole used in this study was similar to that
used in a previous pharmacological-fMRI study of our lab
[Riba et al., 2008] but less than that used in patients with
Parkinson’s disease (4.5–7 mg per day). Seven of them
received pramipexole in the first session and the rest in the
second session. The scanning started 2 h after the medica-
tion administration. After scanning, participants completed a
questionnaire about their feelings. None of them reported
nausea in the pramipexole session.

Figure 1.

(A) Timing of a single trial of the monetary incentive delay task. (B) Four types of cues (left)

indicate different levels of potential rewards (middle). If participants exceed a response deadline

for the button press to the target (miss) they get no reward (right).
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Stimuli and Task

In the MID task [Knutson et al., 2000; Fig. 1], partici-
pants are told that they will be paid according to their per-
formances. They are asked to press a button as fast as
possible whenever a white square appears on the screen.
The target square is preceded by a cue, which indicates
the potential monetary reward. On trials cued by a circle
(66 trials), participants can earn money if they respond
before the target disappears (response deadline). On trials
cued by a triangle (22 trials), they will get no money even
if they answer the target in time. There were three levels
of potential rewards (22 trials each), which were indicated
by the number of horizontal lines in the circle: 0.20 € (one
horizontal line), 0.50 € (two horizontal lines), and 1.00 €
(three horizontal lines). The target square is followed by a
feedback indicating the reward obtained by displaying pic-
tures of coins (0.20 €, 0.50 €, or 1.00 €). If participants
exceed the response deadline or if the trial is cued by
the triangle, a coin-sized white circle appears. The cue is
presented for 250 ms and the cue-target interval
varies between 2,250 and 2,750 ms. The feedback starts
300 ms after target onset and lasts for 1,650 ms. The dura-
tion of the target is adjusted for each participant according
to his reaction times in a practice session to achieve
an approximate hit rate of 66%. Trial sequence is pseu-
dorandomized with intertrial intervals varying between
2,500 and 5,000 ms.

fMRI Data Acquisition

Data were collected in a neuro-optimized 1.5-T GE Signa
Horizon LX scanner with a standard quadrature head coil.
Functional images were obtained using a T2*-weighted
echo planar imaging (EPI) sequence, with 2,000-ms time
repetition, 35-ms time echo, and 80� flip angle. Each func-
tional image consisted of 23 axial slices, with 64 � 64
matrix, 200 mm � 200 mm field of view (FOV), 5-mm
thickness, 1-mm slice gap, and 3.125 mm � 3.125 mm in-
plane resolution. Structural images were obtained using a
T1-weighted 3D SPGR sequence. Each structural image
consisted of 124 contiguous slices, with 256 � 256 matrix,
200 cm � 200 cm FOV, and 1.5-mm thickness.

fMRI Data Analysis

Data were analyzed with SPM5 (http://www.fil.ion.
ucl.ac.uk/spm). The first five volumes were discarded
because of equilibration effects. Functional images were
first phase-shifted with reference to the middle slice to cor-
rect differences in slice acquisition time. They were then
realigned with a least squares approach and a rigid body
spatial transformation to remove movement artifacts. Esti-
mated movement parameters (six parameters per image: x,
y, z, pitch, roll, and yaw) were involved in statistical anal-
yses to minimize signal-correlated motion effects. Real-
igned images were normalized to the MNI-T1 template

(resampled to 2 � 2 � 2 mm3 voxel) by matching gray
matter to a gray matter reference and white matter to a
white matter reference [Ashburner and Friston, 2005]. Nor-
malized images were smoothed with a Gaussian kernel of
8 mm full-width half-maximum and filtered with a high-
pass filter of 128 s.

We carried out two statistical analyses, i.e. the standard
univariate analysis and the functional connectivity analysis

Standard univariate analysis

The standard univariate analysis was performed to
examine whether the NAcc was more activated for reward
than no-reward cues or for pramipexole than placebo. He-
modynamic responses were modeled on the basis of a
GLM with a canonical hemodynamic response function.
The following events were specified and time-locked to
their onsets: four types of cues (0 €, 0.20 €, 0.50 €, and 1.00
€), two types of targets (hit and miss), and five types of
feedback (white circles in no-reward trials, 0.20 € coins,
0.50 € coins, 1.00 € coins, white circles in missed trials).
For hits, reaction times were included as parametric mod-
ulators to account for trial-specific effects. Classical param-
eter estimation was applied with a one-lag autoregressive
model to whiten temporal noise to correct the probability
(P) of a false-positive voxel on the subject level. With the
subject-level correction, there is no need for further correc-
tion on the group level [Smith et al., 2007]. Thus, we
report uncorrected P values in group-level statistics. We
analyzed both the cue and the feedback stages. We con-
centrated on the cue stage in the present communication.
The result of the feedback stage is shown as Supporting
Information (Supporting Information Fig. S1). For the cue
stage, we first tested the effect of cue separately for pla-
cebo and pramipexole. For each participant, a contrast
map was calculated by comparing reward (0.20 €, 0.50 €,
and 1.00 €) and no-reward cues (0 €) in each medication
condition. The contrast maps were entered into two one-
sample t-tests (random effect) on the group level. Result-
ing maps were considered at P < 0.001 (uncorrected) with
a minimum cluster of 20 voxels. Then we tested the main
effects of cue (reward > no-reward cues) and medication
(pramipexole > placebo). For each participant, eight con-
trast maps were calculated by comparing each condition
with signal baseline. The contrast maps were entered into
a flexible factorial test (random effect) on the group level
with two factors, i.e. cue (four levels) and medication (two
levels). The main effect of cue was considered at P < 0.001
(uncorrected) with a minimum cluster size of 20 voxels.
The main effect of medication was considered at P < 0.01
(uncorrected) with a minimum cluster size of 20 voxels.
The latter threshold was relatively liberal because of the
subtle medication effect.

The whole brain analysis was followed by a region-of-
interest (ROI) analysis. The bilateral NAcc ROIs were
defined on the atlas of Anatomical Automatic Labeling
[AAL, Tzourio-Mazoyer et al., 2002] according to Mawlawi
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et al. [2001] and Martinez et al. [2003]. For each partici-
pant, the percentages of signal change were extracted from
the eight conditions and averaged within each ROI for
each condition. The values of percent signal changes were
entered into a repeated-measures ANOVA with three fac-
tors: cue (0 € vs. 0.20 € vs. 0.50 € vs. 1.00 €), medication
(pramipexole vs. placebo), and hemisphere (left vs. right).
Results were considered with Bonferroni correction.

Functional connectivity analysis

The functional connectivity analysis was performed to
examine how the interactions between the NAcc and other
regions were changed by pramipexole during reward
anticipation. This approach is based on the hypothesis that
if two regions interact within a network, their activity pat-
terns should be strongly correlated [Rissman et al., 2004].
This analysis was implemented on the basis of another
GLM using separate covariates to model hemodynamic
responses of a particular stage (cue) in each single trial.
For each participant, parameter estimates (beta values) of
cues were extracted to form a set of cue-specific beta se-
ries. We analyzed both the left and the right NAcc. We
concentrated on the left NAcc in the present communica-
tion. The result of the right NAcc is shown as Supporting
Information (Supporting Information Fig. S2). Beta series
of the left NAcc ROI were averaged across voxels within
the critical region and correlated with beta series of every
other voxel in the whole brain. We first tested the connec-
tivity patterns separately for reward and no-reward cues
and separately for placebo and pramipexole. In this step,
we did not distinguish between the cues of 0.20 €, 0.50 €,
and 1.00 €. Four maps of correlation coefficients were cal-
culated for each participant. All correlation maps were
normalized using an arc-hyperbolic tangent transform for
further statistical inference. Normalized maps were
entered into four one-sample t tests (random effect) on the
group level. Resulting maps were considered at P < 0.001
(uncorrected) with a minimum cluster of 20 voxels. The
resulting map showed regions correlated with the left
NAcc in beta series and were inferred to be functionally
connected with the left NAcc in a particular condition.
Then we tested the main effects of medication (pramipex-
ole > placebo, placebo > pramipexole) and cue (reward >
no-reward cues, no-reward > reward cues). In this step
the cues of 0.20 €, 0.50 €, and 1.00 € were treated sepa-
rately in beta correlation. Eight maps of correlation coeffi-
cients were calculated for each participant. All correlation
maps were normalized by using an arc-hyperbolic tangent
transform for further statistical inference. Normalized
maps were entered into a flexible factorial test (random
effect) on the group level with two factors, i.e. medication
(two levels) and cue (four levels). Both main effects were
considered at P < 0.001 (uncorrected) with a minimum
cluster of 20 voxels.

The whole brain analysis was followed by a ROI analy-
sis. Functional ROIs were defined as spheres with 4-mm

radius in the medial superior frontal gyrus (coordinates in
MNI: 0, 46, 34) and the right anterior insula (40, 22, 2).
The coordinates were from the flexible factorial test. For
each participant, the normalized correlation coefficients (r)
were extracted from the eight correlation maps and aver-
aged within each ROI for each condition. The normalized
r values were entered into a repeated-measures ANOVA
with two factors: medication (pramipexole vs. placebo)
and cue (0 € vs. 0.20 € vs. 0.50 € vs. 1.00 €). Results were
considered with Bonferroni correction.

Behavioral Data Analysis

The percentage of responses within the response dead-
line (hit rate) was calculated for each participant in each
condition. The hit rates were first entered into a repeated-
measures ANOVA with two factors, medication (placebo
vs. pramipexole) and cue (0 € vs. 0.20 € vs. 0.50 € vs. 1.00
€), to test whether behavioral responses were modulated
by medication or cue. They were then entered into another
ANOVA with two factors, Session (first vs. second) and
cue, to test whether participants were more accurate in
their second than first sessions (practice effect).

RESULTS

Behavioral Results

Under placebo, percentages of responses within the
response deadline were 61% (SE ¼ 6%) for 0 €, 81% (4%)
for 0.20 €, 79% (4%) for 0.50 €, and 85% (4%) for 1.00 €.
Under pramipexole, hit rates were 56% (SE ¼ 4%) for 0 €,
79% (3%) for 0.20 €, 80% (2%) for 0.50 €, and 86% (2%) for
1.00 €. There was a main effect of Cue (F(3,45) ¼ 29.73,
P < 0.001) but neither a main effect of medication nor an
interaction between medication and cue (F < 1). Partici-
pants were more accurate for reward than no-reward cues
(1.00 € vs. 0 €, 0.50 € vs. 0 €, and 0.20 € vs. 0 €: P < 0.001,
pair-wise, Bonferroni corrected). In the first session, hit
rates were 60% (5%) for 0 €, 81% (4%) for 0.20 €, 81% (3%)
for 0.05 €, and 86% (3%) for 1.00 €. In the second session,
hit rates were 57% (5%) for 0 €, 79% (3%) for 0.20 €, 79%
(3%) for 0.50 €, and 85% (2%) for 1.00 €. No effect of ses-
sion or interaction between session and cue was obtained
(F < 1), indicating that participants were equally accurate
in the two sessions.

Standard Univariate Results

Table I and Figure 2 show regions more activated for
reward than no-reward cues in different medication condi-
tions. The NAcc was anatomically defined and marked
with a black outline in the figures. As revealed by the one-
sample t tests, the bilateral NAcc were more activated for
reward than no-reward cues under both placebo and pra-
mipexole (Fig. 2A). In both medication conditions, the
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bilateral NAcc were coactivated with a distributed set of
brain structures including putamen/pallidum, insula, sup-
plementary motor area, anterior and middle cingulate cor-
tex, middle and inferior frontal gyrus, pre- and postcentral
gyrus, Rolandic operculum, middle and inferior temporal
gyrus, inferior parietal lobule, inferior occipital gyrus, mid-
brain, and cerebellum. Specifically, activations of the supe-
rior frontal gyrus, superior temporal gyrus, and superior
occipital gyrus were only observed under placebo,
whereas activations of the superior parietal lobule, middle
occipital gyrus and cuneus were only observed under pra-
mipexole. In addition to the main effect of cue in the bilat-

eral NAcc (left: t ¼ 4.73, P < 0.001; right: t ¼ 4.17, P <
0.001), the flexible factorial test revealed a main effect of
medication (Fig. 2B). The bilateral NAcc were more acti-
vated under pramipexole than under placebo (left: t ¼
2.35, P < 0.01; right: t ¼ 2.95, P < 0.01). Although being
subtle, the medication effect in the NAcc was confirmed
by the independent ROI analysis (Fig. 2C). With the per-
centage of signal change extracted from the NAcc, we
observed a main effect of medication (F (1, 15) ¼ 4.85, P <
0.05), indicating that the NAcc was more activated under
pramipexole than under placebo. In addition, a main effect
of cue (F (3, 45) ¼ 22.43, P < 0.001) was obtained,

TABLE I. Regions more activated for reward than no-reward cues

Region BA H

Placebo Pramipexole

x y z t Size x y z t Size

Nucleus accumbens/caudate nucleus L �2 8 �10 4.53 962 �4 8 �10 5.98 962
R 18 8 �12 8.12 994 8 4 �10 5.95 994

Putamen/pallidum L �20 2 �10 7.24 1302 �24 8 �8 8.08 1302
R 14 0 �4 7.91 1344 �22 �4 12 6.80 1344

Insula L �32 6 4 5.19 109 �32 0 4 4.44 1858
R 32 14 6 4.39 33 26 28 2 3.99 1770

Supplementary motor area 6 R 12 �6 64 5.69 2371 10 0 54 7.55 2147
Anterior cingulate cortex 32 L �8 46 12 6.12 321 �8 42 12 4.58 45
Middle cingulate cortex 24/32 L �10 18 38 4.14 25

R 8 4 34 4.65 33
Superior frontal gyrus 9 L �24 34 38 4.42 66
Middle frontal gyrus 46 L �36 40 16 4.05 50 �42 50 6 5.01 45

R 40 44 32 5.71 21
Inferior frontal gyrus 44/45 L �38 38 8 5.17 50 �62 6 8 4.30 30

R 50 8 28 5.26 75
Precentral gyrus 6/4 L �34 �24 62 7.25 3526 �54 �2 26 4.23 3526

R 32 �16 56 7.68 3381 30 �12 68 4.95 238
Postcentral gyrus 4/3 L �54 �4 22 5.55 3892 �52 �10 30 8.03 3892

R 42 �32 54 4.31 83
Rolandic operculum L �50 �10 12 5.55 405

R 48 �26 22 6.07 284 48 �12 12 5.34 81
Superior temporal gyrus 42 L �48 �40 12 5.84 44

R 56 �38 20 4.32 284
Middle temporal gyrus 21/20/37 L �66 �24 �10 5.80 104 �54 �14 �20 4.47 22

R 46 �70 8 4.45 27
Inferior temporal gyrus 20/37 R 52 �46 �24 7.44 2827 54 �62 �4 4.83 55
Superior parietal lobule 7 L �22 �60 56 5.01 79
Inferior parietal lobule 40 L �40 �48 44 4.56 44 �38 �40 34 5.47 167
Precuneus 7 L �12 �68 44 5.30 257
Superior occipital gyrus 7 R 22 �66 38 7.36 2222
Middle occipital gyrus 18/19 L �32 �68 36 4.81 40

R 32 �88 8 4.70 46
Inferior occipital gyrus 18/19 L �28 �92 �12 6.05 1148 �42 �74 �12 5.54 52

R 28 �92 �12 7.82 503 36 �92 �2 4.04 46
Calcarine 17/18 L �12 �66 12 5.35 78

R 8 �70 16 5.18 77 18 �98 �6 5.07 69
Cuneus L �12 �72 28 6.26 257
Midbrain 6 �24 �4 5.16 1057 4 �20 �2 6.03 1100
Cerebellum L �16 �68 �46 4.42 22 �2 �58 �24 6.66 2422

R 4 �72 �36 6.20 1795 4 �74 �44 7.49

BA, Brodmann area; H, hemisphere; coordinates in MNI; t, statistic values; L, left; R, right; Size, number of voxels.

r Pramipexole Modulates the Reward Network r

r 805 r



indicating that the NAcc showed greater activations for
potential rewards than no reward (1.00 € vs. 0 €, 0.50 € vs.
0 €, and 0.20 € vs. 0 €: P < 0.05, pair-wise, Bonferroni cor-
rected), and for larger than smaller potential rewards (1.00
€ vs. 0.50 €, 1.00 € vs. 0.20 €, and 0.50 € vs. 0.20 €: P <
0.05). There was no interaction between medication and
cue (F < 1) or any effect of hemisphere (P > 0.29).

Functional Connectivity Results

Figure 3A shows regions interacting with the left NAcc
in different cue and medication conditions. For both
reward and no-reward cues, the left NAcc showed stron-
ger connections with the prefrontal cortex (PFC) under

placebo but stronger connections with the insula (espe-
cially in the right hemisphere) under pramipexole. The
visual inspection was supported by the flexible factorial
test (Fig. 3B and Table II). The connectivity between the
left NAcc and the bilateral insula was stronger under pra-
mipexole than under placebo, whereas the connectivity
between the left NAcc and the medial superior frontal
gyrus/anterior cingulate cortex (mSFG/ACC), medial orbi-
tofrontal cortex (mOFC), supplementary motor area/mid-
dle cingulate cortex (SMA/MCC), superior frontal gyrus
(SFG), and inferior frontal gyrus (IFG) was stronger under
placebo than pramipexole. There was no significant differ-
ence between reward and no-reward cues in either direc-
tion. Figure 3C illustrates the normalized correlation

Figure 2.

Activations in the NAcc (marked by a black outline) during reward

anticipation. (A) Activity larger for reward than no-reward cues

(RC > NRC) under placebo (Plb) or under pramipexole (Prm).

(B) Activity larger for reward than no-reward cues (RC > NRC)

across medication conditions and activity larger under pramipex-

ole than under placebo (Prm > Plb) across cues. Color scale indi-

cates t values. Coordinates in MNI; L, left; R, right. (C) Percentage

of signal change in the bilateral NAcc during reward anticipation

under placebo (black) and pramipexole (white). Bars show means

and error bars indicate standard errors.
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coefficients (r) in each condition for the mSFG and the
right anterior insula. For the mSFG, we obtained a main
effect of medication (F (1, 15) ¼ 12.78, P < 0.01), indicating
that the NAcc-mSFG correlation was stronger under pla-
cebo than under pramipexole. For the right anterior insula,

we obtained another main effect of medication (F (1, 15) ¼
29.52, P < 0.001), indicating that the NAcc-insula correla-
tion was stronger under pramipexole than under placebo.
There was no main effect of Cue (F < 1) or interaction
between medication and cue (P > 0.24) in either ROI.

Figure 3.

Functional connectivity between the left NAcc and other areas dur-

ing reward anticipation. (A) For both reward (RC) and no-reward

cues (NRC), the NAcc showed more connections with the prefron-

tal cortex (PFC) under placebo (Plb) but more connections with the

insula under pramipexole (Prm). (B) The NAcc-connectivity was

stronger under pramipexole than under placebo (Prm > Plb) in the

Insula. The NAcc-connectivity was stronger under placebo than

under pramipexole (Plb > Prm) in prefrontal regions such as the

medial superior frontal gyrus/anterior cingulate cortex (mSFG/

ACC), supplementary motor area/middle cingulate cortex (SMA/

MCC), medial orbitofrontal cortex (mOFC), superior frontal gyrus

(SFG), and inferior frontal gyrus (IFG). There was no significant dif-

ference in functional connectivity between reward and no-reward

cues (neither for RC > NRC nor for NRC > RC). Color scale indi-

cates t values. Coordinates in MNI; L, left; R, right. (C) Normalized

correlation coefficients (r) in the mSFG and the right insula during

reward anticipation under placebo (black) and pramipexole (white).

Bars show means and error bars indicate standard errors.
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DISCUSSION

In this study, we found that pramipexole modulated the
network of reward anticipation by changing the local ac-
tivity of the NAcc, and by altering its connectivity with
cortical regions. Consistent with previous studies [Galvan
et al., 2005; Knutson et al., 2001], we observed the incen-
tive effect of the NAcc during reward anticipation. Under
placebo and pramipexole the NAcc showed more activa-
tion for potential rewards than no reward, and for larger

than smaller potential rewards. Pramipexole increased the
NAcc activity during the anticipation of monetary reward
and during the anticipation of no reward. In addition, we
found a shift in connectivity patterns regarding prefrontal-
striatal circuitry and insula-striatal circuits: Specifically,
the NAcc showed strong connections with the medial
superior frontal gyrus (mSFG), medial orbitofrontal cortex
(mOFC), supplementary motor area (SMA), anterior and
middle cingulate cortex (ACC and MCC), superior and in-
ferior frontal gyrus (SFG and IFG) under placebo. By

TABLE II. NAcc-connectivity stronger under pramipexole than under placebo or that stronger under placebo than

under pramipexole

Region BA H x y z t Size

Pramipexole > placebo
Insula L �44 10 �4 3.97 27

R 40 22 2 6.22 367
Nucleus accumbens R 6 16 �2 4.06 41
Middle frontal gyrus 46 R 30 32 26 5.32 122
Superior ortitofrontal cortex 11 R 16 46 �22 4.40 31
Superior temporal gyrus 21/22 R 42 �24 2 4.23 29
Middle occipital gyrus 37 L �40 �66 4 3.98 42
Calcarine 17 R 10 �80 14 4.38 20
Thalamus R 16 �20 12 3.70 21
Cerebellum L �34 �48 �24 5.42 121

R 44 �72 �40 5.52 64
Placebo > pramipexole

Medial superior frontal gyrus 9 L/R 0 46 34 4.32 156
Anterior cingulate cortex 32 L/R 0 38 26 4.18
Middle cingulate cortex 23 L/R 0 �32 40 4.31 54
Supplementary motor area 4 R 8 �28 54 4.24 146
Superior frontal gyrus 11 L �30 58 4 5.27 426

6 R 16 10 50 4.58 397
Middle frontal gyrus 46 L �40 16 42 4.46 37
Inferior frontal gyrus 45 L �40 30 2 5.25 119

6 R 50 6 22 5.60 350
Medial orbitofrontal cortex 11 L/R 12 40 �12 4.69 242
Rectus 11 R 6 56 �22 4.48 99
Precentral gyrus 3 R 40 �22 54 4.30 27
Postcentral gyrus 4 L �46 �16 50 5.03 156

R 20 �36 72 4.46 38
Superior parietal gyrus 7 L �30 �72 52 4.40 24
Inferior parietal gyrus 40/39 L �40 �58 46 5.51 308

R 54 �44 50 4.61 40
Supramarginal gyrus 40 L �56 �24 28 4.62 70
Superior temporal gyrus 41 R 50 �28 18 3.97 40
Middle temporal pole 20 R 40 8 �38 4.42 57
Inferior temporal gyrus 37 L �60 �56 �10 4.13 46

20 R 54 �14 �28 5.21 139
Fusiform gyrus 20 L �28 �26 �28 4.37 92

19 R 34 �70 �8 4.73 55
Middle occipital gyrus 19 R 48 �78 10 6.45 111
Inferior occipital gyrus 19 R 32 �86 �18 4.21 43
Cuneus 19 L �4 �88 30 4.47 88

18 R 18 �92 12 4.04 29
Caudate L �18 18 8 4.87 155
Cerebellum L �2 �46 �28 4.65 81

BA, Brodmann area; H, hemisphere; coordinates in MNI; t, statistic values; L, left; R, right; Size, number of voxels.
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contrast, NAcc’s connections with these frontal regions
decreased under pramipexole. Instead, enhanced connec-
tivity with the anterior insula was observed.

Our observation that pramipexole increased rather than
decreased the NAcc activation during reward anticipation,
seems inconsistent with the prediction of Knutson and Gibbs
[2007] and also with previous observations regarding the
effect of amphetamine in a rather similar paradigm [Knutson
et al., 2004]. The current pattern of results is, however, con-
sistent with predictions that follow from the tonic-phasic do-
pamine hypothesis proposed by Grace [2000] and Bilder et al.
[2004]. This hypothesis assumes that dopamine dynamics in
the striatum are driven by the interactions of phasic and tonic
dopamine release. Phasic dopamine release is triggered by ex-
ogenous stimuli (e.g, reward cues). The transiently released
dopamine is rapidly removed from the synaptic cleft via
reuptake processes and is unlikely to influence extracellular
dopamine levels. By contrast, tonic dopamine release is regu-
lated by glutamatergic projections from the prefrontal cortex.
The slowly but constantly released dopamine determines the
general level of extracellular dopamine and therefore sets the
rather stable baseline level of dopamine receptor stimulation.
Alterations in tonic dopamine release may induce homeo-
static processes that serve to restore the original stable level of
dopamine receptor stimulation. In the current case, prami-
pexole may modulate the NAcc dopamine release via both
processes. On the one hand, pramipexole may reduce phasic
dopamine release by activating dopamine autoreceptors D2/
D3. On the other hand, it may change tonic dopamine release
by affecting prefrontal-striatum glutamatergic projections. It
has been reported that the stimulation of cortical dopamine
D2 receptors may directly inhibit the activity of glutamate
neurons in the prefrontal cortex and subsequently the activity
of dopamine neurons in the NAcc, eventually leading to a
decrease in extracellular dopamine level [Beyer and Steketee,
2000; Del Arco and Mora, 2005]. To compensate the change in
dopamine receptor stimulation, the amplitude of dopamine
efflux is increased. The effect of pramipexole on phasic proc-
esses may be overridden by the effect of pramipexole on tonic
processes, resulting in the increased NAcc activity during
reward anticipation. The increased NAcc activity may reflect
exaggerated incentive responses to possible rewards, and
could be followed by impulsive behaviors and suboptimal
choices [Kuhnen and Knutson, 2005].

Differences between the current results and the findings
for amphetamine [Knutson et al., 2004] may originate from
the multiple effects of amphetamine. Amphetamine can not
only activate dopamine D2 receptors but can also bind to
dopamine transporters inhibiting dopamine uptake
[Schmitz et al., 2001]. Consequently, released dopamine can-
not be removed from the synaptic cleft immediately, leading
to an increase in extracellular dopamine level. In this case,
the amplitude of dopamine efflux may be decreased to
restore the initial stable level of dopamine receptor stimula-
tion. In line with this assumption, previous studies reported
that the amount of dopamine released per pulse can be sig-
nificantly reduced by amphetamine [Schmitz et al., 2001].

The decreased NAcc dopamine release may underlie the
reduced NAcc activity observed by Knutson et al. [2004]1.

An important and novel finding of this study is that prami-
pexole changed connectivity patterns of the NAcc. Under pra-
mipexole, prefrontal regions such as the mSFG, mOFC, SMA,
ACC, MCC, SFG, and IFG were less positively correlated with
the NAcc. This weakened connectivity between the NAcc and
the prefrontal cortex suggests that top-down executive control
of impulsive decisions, usually ascribed to the medial prefron-
tal cortex [Bechara, 2005; Cohen et al., 2009; McClure et al.,
2004], may be impaired under pramipexole. The enhanced
connectivity between the NAcc and the anterior insula, on the
other hand, may amplify emotional influences on decision
making. Such an imbalanced network may lead to an overesti-
mation of potential rewards but to an underestimation of pos-
sible risks. This change in connectivity patterns might thus
contribute the tendency of pramipexole treated patients to de-
velop pathological gambling and other impulse-control disor-
ders. It is interesting to note that similar ideas have been
proposed to interpret the increased occurrence of risky behav-
iors in adolescents [Casey et al., 2008; Ernst et al., 2005; Van
Leijenhorst et al., 2010]. Casey et al. [2008] proposed that deci-
sion making in adolescents is biased by limbic regions (e.g.
NAcc) rather than prefrontal regions because the NAcc devel-
opment precedes the prefrontal development. During adoles-
cence, the functionally more mature limbic system has a great
sensitivity to upcoming rewards, while the immature prefron-
tal system cannot guide appropriate estimations of risky
choices. In the face of emotionally salient stimuli such as
money, adolescents showed more activations in the NAcc and
the anterior insula [Van Leijenhorst et al., 2010], but less focal
activation in the prefrontal cortex [Galvan et al., 2006], as com-
pared to young adults who have a fully mature prefrontal con-
trol system. A similar antagonistic interplay of limbic and
prefrontal regions has also been proposed to underlie inter-
temporal choice behavior. Although activity in limbic regions
is driven by smaller but immediately available rewards,
choices for larger but delayed rewards engage prefrontal areas
[McClure et al., 2004].

In conclusion, we found that pramipexole modulates the
network of reward anticipation by increasing the local activity
of the NAcc, enhancing the insula-striatal connectivity, and
weakening the prefrontal-striatal connectivity. These

1We also analyzed the impact of pramipexole during reward out-
come. Pramipexole increased the NAcc activity in response to
obtained rewards, although the main effect of Medication only
reached significance in the right hemisphere (see Supp. Info. Fig. S2).
This result seems inconsistent with that of Riba et al. [2008], in which
pramipexole decreased the NAcc activity in response to unexpected
high wins. This inconsistency may come from the difference in ex-
pectancy during reward consummation. Themagnitude of reward is
predictable in the current MID task (as indicated by the preceding
cue) but not in the gambling task used by Riba et al. [2008]. It is
unclear, however, how the NAcc activity is modulated by the inter-
action of pramipexole and expectancy and further studies are
needed to investigate this issue.
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alternations may reflect exaggerated incentive and affective
responses to possible rewards and insufficient top-down con-
trol of impulsive choices. This imbalanced network of reward
anticipation may underlie impulse control disorders, espe-
cially pathological gambling, observed in patients with Parkin-
son treated by pramipexole and other dopaminergic agonists.

REFERENCES

Abler B, Erk S, Walter H (2007): Human reward system activation
is modulated by a single dose of olanzapine in healthy subjects
in an event-related, double-blind, placebo-controlled fMRI
study. Psychopharmacology (Berl) 191:823–833.

Ashburner J, Friston KJ (2005): Unified segmentation. NeuroImage
26:839–851.

Bechara A (2005): Decision making, impulse control and loss of
willpower to resist drugs: A neurocognitive perspective. Nat
Neurosci 8:1458–1463.

Bennett JP Jr, Piercey MF (1999): Pramipexole-a new dopamine
agonist for the treatment of Parkinson’s disease. J Neurol Sci
163:25–31.

Beyer CE, Steketee JD (2000): Intra-medial prefrontal cortex injec-
tion of quinpirole, but not SKF 38393, blocks the acute motor-
stimulant response to cocaine in the rat. Psychopharmacology
(Berl) 151:211–218.

Bilder RM, Volavka J, Lachman HM, Grace AA (2004): The cate-
chol-o-methyltransferase polymorphism: Relations to the tonic–
phasic dopamine hypothesis and neuropsychiatric phenotypes.
Neuropsychopharmacology 29:1943–1961.

Bjork JM, Knutson B, Fong GW, Caggiano DM, Bennett SM,
Hommer DW (2004): Incentive-elicited brain activation in ado-
lescents: Similarities and differences from young adults. J Neu-
rosci 24:1793–1802.

Britton JC, Taylor SF, Sudheimer KD, Liberzon I (2006): Facial
expressions and complex IAPS pictures: Common and differ-
ential networks. NeuroImage 31:906–919.

Camara E, Rodriguez-Fornells A, Münte TF (2008): Functional
connectivity of reward processing in the brain. Front Hum
Neurosci 2:19.

Casey BJ, Getz S, Galvan A (2008): The adolescent brain. Dev Rev
28:62–77.

Cohen MX, Schoene-Bake J-C, Elger CE, Weber B (2009): Connec-
tivity-based segregation of the human striatum predicts per-
sonality characteristics. Nat Neurosci 12:32–34.

Del Arco A, Mora F (2005): Glutamate-dopamine in vivo interac-
tion in the prefrontal cortex modulates the release of dopamine
and acetylcholine in the nucleus accumbens of the awake rat.
J Neural Trans 112:97–109.

Dodd ML, Klos KJ, Bower JH, Geda YE, Josephs KA, Ahlskog JE
(2005): Pathological gambling caused by drugs used to treat
Parkinson disease. Arch Neurol 62:1377–1381.

Elsworth JD, Roth RH (1997): Dopamine synthesis, uptake, metab-
olism, and receptors: Relevance to gene therapy of Parkinson’s
disease. Exp Neurol 144:4–9.

Ernst M, Pine DS, Hardin M (2006): Triadic model of the neurobi-
ology of motivated behavior in adolescence. Psychol Med
36:299–312.

Fehr E, Camerer CF (2007): Social neuroeconomics: The neural cir-
cuitry of social preferences. Trends Cogn Sci 11:419–427.

Galvan A, Hare TA, Davidson M, Spicer J, Glover G, Casey BJ
(2005): The role of ventral frontostriatal circuitry in reward-
based learning in humans. J Neurosci 21:8650–8656.

Galvan A, Hare TA, Parra CE, Penn J, Voss H, Glover G, Casey BJ
(2006): Earlier development of the accumbens relative to orbi-
tofrontal cortex might underlie risk-taking behavior in adoles-
cents. J Neurosci 26:6885–6892.

Grace AA (2000): Gating of information flow within the limbic
system and the pathophysiology of schizophrenia. Brain Res
Rev 31:330–341.

Izuma K, Saito DN, Sadato N (2008): Processing of social and
monetary rewards in the human striatum. Neuron 58:284–294.

Knutson B, Gibbs SEB (2007): Linking nucleus accumbens dopamine
and blood oxygenation. Psychopharmacology (Berl) 191:813–822.

Knutson B, Greer SM (2008): Anticipatory affect: Neural correlates
and consequences for choice. Philos Trans R Soc Lod B Biol Sci
363:3771–3756.

Knutson B, Westdorp A, Kaiser E, Hommer D (2000): FMRI visu-
alization of brain activity during a monetary incentive delay
task. NeuroImage 12:20–27.

Knutson B, Adams CM, Fong GW, Hommer D (2001): Anticipa-
tion of increasing monetary reward selectively recruits nucleus
accumbens. J Neurosci 21:RC159.

Knutson B, Bjork JM, Fong GW, Hommer D, Mattay VS, Wein-
berger DR (2004): Amphetamine modulates human incentive
processing. Neuron 43:261–269.

Kuhnen CM, Knutson B (2005): The neural basis of financial risk
taking. Neuron 47:763–770.

Lynch MR (1991): Dissociation of autoreceptor activation and be-
havioral consequences of low-dose apomorphine treatment.
Prog Neuropsychopharmacol Biol Psychiatry 15:689–698.

Mawlawi O, Martinez D, Slifstein M, Broft A, Chatterjee R,
Hwang D-R, Huang Y, Simpson N, Ngo K, Van Heertum R,
Laruelle M (2001): Imaging human mesolimbic dopamine
transmission with positron emission tomography. I. Accuracy
and precision of D2 receptor parameter measurements in ven-
tral striatum. J Cereb Blood Flow Metab 21:1034–1057.

Martinez D, Slifstein M, Broft A, Mawlawi O, Hwang D-R, Huang
Y, Cooper T, Kegeles L, Zarahn E, Abi-Dargham A, Haber SN,
Laruelle M (2003): Imaging human mesolimbic dopamine
transmission with positron emission tomography. II. Ampheta-
mine-induced dopamine release in the functional subdivisions
of the striatum. J Cereb Blood Flow Metab 23:285–300.

McClure SM, Laibson DI, Loewenstein G, Cohen JD (2004): Sepa-
rate neural systems value immediate and delayed monetary
rewards. Science 306:503–507.

O’Doherty JP, Deichmann R, Critchley HD, Dolan RJ (2002): Neu-
ral responses during anticipation of a primary taste reward.
Neuron 33:815–826.

Phillips ML, Young AW, Senior C, Brammer M, Andrew C,
Calder AJ, Bullmore ET, Perrett DI, Rowland D, Williams SCR,
Gray JA, David AS (1997): A specific neural substrate for per-
ceiving facial expressions of disgust. Nature 389:495–498.

Pugsley TA, Davis MD, Akunne HC, MacKenzie RG, Shih YH,
Damsma G, Wikstrom H, Whetzel SZ, Georgic LM, Cooke LW,
Demattos SB, Corbin AE, Glase SA, Wise LD, Dijkstra DD,
Heffner TG (1995): Neurochemical and functional characteriza-
tion of the preferentially selective dopamine D3 agonist PD
128907. J Pharmacol Exp Ther 275:1355–1366.

Reuter J, Raedler T, Rose M, Hand I, Gläscher J, Büchel C (2005):
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