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Abstract
Interactions between motivational, cognitive, and motor regions of the striatum are crucial for implementing behavioral
control. Work with experimental animals indicates that such interactions are sensitive to modulation by dopamine. Using
systematic pharmacological manipulation of dopamine D2-receptors and resting-state functional imaging, we defined the
functional architecture of the human striatum and quantified the effects of dopaminergic drugs on intrinsic effective
connectivity between striatal subregions.We found that dopaminemodulates interactions betweenmotivational and cognitive
regions, as well cognitive and motor regions of the striatum. Stimulation and blockade of the dopamine D2-receptor had
opposite (increasing and decreasing) effects on the efficacy of those interactions. Furthermore, trait impulsivitywas specifically
associated with dopaminergic modulation of ventral-to-dorsal striatal connectivity. Individuals with high trait impulsivity
exhibited greater drug-induced increases (after stimulation) and decreases (after blockade) of ventral-to-dorsal striatal
connectivity than those with low trait impulsivity. These observations establish a key link between dopamine, intrinsic
effective connectivity between striatal subregions, and trait impulsivity.
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Introduction
The striatum subserves many functions, ranging from incentive
motivation to goal-directed action selection andhabitual response
control, and is implicated in a wide range of neuropsychiatric dis-
orders such as addiction, attention deficit hyperactivity disorder,
and Parkinson’s disease. These various striatal functions have
long been thought to depend on information processing within
relatively segregated motivational, cognitive, and motor regions
of the striatum (Alexander et al. 1986). However, recent evidence
has highlighted an important functional role for interactions be-
tween these different regions of the striatum (Haber and Knutson
2010; Aarts et al. 2011). For example, according to current theories
of addiction, the transition from impulsive to compulsive drug use
correspondsto a transition fromventral to dorsal striatal control of

drug-seeking behavior (Everitt et al. 2008). Despite the importance
of these hierarchical intrastriatal interactions, they have received
little attention in human research.

Neuroanatomical data from nonhuman primates have
suggested that the communication between striatal regions
is subserved by a network of spiraling connections between the
dopaminergic midbrain and the striatum (Haber et al. 2000).
Thus, dopamine is ideally suited for mediating information flow
along the mediolateral striatal gradient through serial reciprocal
connections between the striatumand themidbrain. This hypoth-
esis concurs with evidence from work with behaving rodents, in-
dicating that the transition from impulsive to compulsive drug
use, and the corresponding transition of behavioral control from
the ventral to the dorsolateral striatum, can be promoted by dopa-
mine (Dalley et al. 2007; Belin and Everitt 2008; Belin et al. 2008).
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Here, we aim to assess how dopamine modulates intrinsic
human striatal connectivity by administering dopaminergic
drugs and by exploiting interindividual variability in the direction
and extent of dopaminergic drug effects (Cools and D’Esposito
2011). Individual differences in the personality trait of impulsivity
have been shown to correspond with individual differences in
dopamine receptor availability (Dalley et al. 2007; Buckholtz et al.
2010) and with the effects of dopaminergic drugs on striatal func-
tion (Cools et al. 2007). Specifically, trait impulsivity is associated
with low D2-receptor density in the ventral striatum (Dalley
et al. 2007).Moreover, trait impulsivity hasbeen shown topromote
the transition of control of reward-seeking behavior from ventral
to dorsal striatal regions (Belin and Everitt 2008; Belin et al. 2008).
On the basis of this literature, we predict that administration of
D2-receptor drugs to healthy volunteers will alter the influence
of the ventral striatum on the dorsal putamen, through the dorsal
caudate nucleus, in a manner that depends on trait impulsivity.
Following prior work (Cools et al. 2007; Dalley et al. 2007;
Clatworthy et al. 2009), we hypothesize that dopaminergic drugs
would have greater effects in high-impulsive subjects (with puta-
tively low D2-receptor density) than in low-impulsive subjects.

We employed a 2 × 2 factorial pharmacological design and
manipulated dopamine receptor stimulation in a group of healthy
participants by administration of a dopamine D2-receptor agonist
(bromocriptine), a dopamine D2-receptor antagonist (sulpiride), a
combination of the agonist and antagonist, and a placebo, in a
four-session, within-subject, double-dummy, placebo-controlled
cross-over design. This factorial pharmacological design allowed
us to assess the neurochemical specificity of effects. If any effects
of the D2-receptor agonist bromocriptine depend on dopamine’s
action on D2-receptors, then they should be blocked by pretreat-
ment with sulpiride.

Blood oxygenation level-dependent (BOLD) signal was mea-
sured using functional magnetic resonance imaging (fMRI) dur-
ing rest. This approach allowed us to relate task-independent
features of intrinsic striatal connectivity to trait-related individ-
ual differences in mesostriatal dopamine systems. We used sto-
chastic dynamic causal modeling (DCM; Friston et al. 2011;
Li et al. 2011; Daunizeau et al. 2012) tomodel interactions between
motivational, cognitive, and motor portions of the striatum and
their modulation by dopamine. This method estimates the ex-
tent to which fluctuations in activity of one region cause fluctua-
tions in another region. The results demonstrate that dopamine
modulates intrastriatal connectivity and that the degree of dopa-
minergic modulation of dorsomedial striatum (dorsal caudate
nucleus) by ventral striatum is associated with trait impulsivity.

Materials and Methods
Participants

Twenty-eight participants gave informed consent approved by the
local ethical committee (“Commissie Mensgebonden Onderzoek,”
Arnhem-Nijmegen, number: 2008/078). Three participants were
excluded from the analysis: 2 participants withdrew before

completing all 4 sessions; one dataset was unusable due to a tech-
nical problem. The 25 participants included in the analysis were
right-handed (13 women; mean age 22 years, range 18–30 years),
with no relevant medical or psychiatric condition 3 years prior to
testing.

Factorial Pharmacological Design

We employed a 2 × 2 factorial pharmacological design (Table 1).
The 2 pharmacological factors were bromocriptine, a dopamine re-
ceptor agonist, and sulpiride, a dopamine receptor antagonist.
Each of these factors could be “ON” (drug) or “OFF” (placebo).
Each participant was tested on each cell of this factorial design,
receiving 2 different opaque gelatin capsules on 2 separate time
points on each of the 4 testing sessions, corresponding to these
2 pharmacological factors (double-dummy design). Thus, 2
pharmacological factors couldaffectmesostriatal system:Whether
sulpiride was ON or OFF, and whether bromocriptine was ON or
OFF. This design allowed us to quantify not only the main effects
of sulpiride and bromocriptine, but also their interaction effect.
If the effects of bromocriptine are mediated by dopaminergic
D2-receptors, those should be abolished by co-administration
with sulpiride.

The dose selection of sulpiride (Dogmatil®, Sanofi-aventis,
400 mg) and bromocriptine (Parlodel®, Novartis, 1.25 mg) was
based on previous studies revealing good tolerance (Mehta
et al. 2004; Cools et al. 2009; Dodds et al. 2009). Participants
received the capsule corresponding to the bromocriptine factor
30 min after receiving the one corresponding to the sulpiride
factor. The order of drug administrationwas pseudorandomly as-
signed and counterbalanced across participants. The resting-
state fMRI started approximately 2 h after first drug intake and
took 7.5 min. Participants were instructed to relax and keep
their eyes open. The resting-state fMRI data reported here were
acquired prior to the acquisition of a task-related fMRI session,
during which participants completed a reversal learning task
reported in van der Schaaf et al. (2014).

Themean time tomaximal plasma concentration of sulpiride
and bromocriptine is approximately 3 and 2.5 h, respectively,
with a plasma half-life of approximately 12 and 7 h, respectively
(Deleu et al. 2002; Mehta et al. 2004). Accordingly, drug had max-
imum effects during testing. Subjective mood ratings were mea-
sured with the Bond and Lader visual analog scales (Bond and
Lader 1974). Mood measures, blood pressure, and heart rate
were taken approximately 30 min before, approximately 2 h
after, and approximately 6 h after first drug intake [reported in
van der Schaaf et al. (2014)]. Participants’ general cognitive per-
formance and mood were not different following different drug
sessions, indicating that effects were not due to nonspecific
drug effects on mood and global cognitive performance.

Image Acquisition and Preprocessing

Structural [T1-weighted magnetization prepared rapid gradient
echo sequence, time echo/time repetition (TE/TR) = 3.03/2300 ms,

Table 1 Factorial pharmacological design

Session name Placebo Bromocriptine Sulpiride Combined

Factor 1 (Bromocriptine) OFF ON OFF ON
Factor 2 (Sulpiride) OFF OFF ON ON

Note: We employed a 2 × 2 factorial pharmacological design, where pharmacological factors were bromocriptine, a dopamine receptor agonist, and sulpiride, a dopamine

receptor antagonist. Each of these factors could be “ON” (drug) or “OFF” (placebo).
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flip angle = 8°,field of view (FOV) = 256 × 256 × 192 mm,voxel size =
1 mm isotropic, generalized autocalibrating partially parallel ac-
quisition (GRAPPA) acceleration factor 2] and functional images
(whole-brain gradient-echo planar imaging sequence; TE/TR =
30/1680 ms, flip angle = 70°, FOV = 224 × 224 × 137 mm, 39 ascend-
ing transverse slices; voxel size = 3.5 × 3.5 × 3.0 mm)were collected
using a 3-T Siemens MRI scanner with an 8-channel head coil. To
reduce signal drop-out and geometric distortions, we used a short
TE and reduced echo train length bymeans of acceleratedGRAPPA
(Griswold et al. 2002).

Images were preprocessed using SPM8 (Wellcome Trust Cen-
ter for Neuroimaging, London, UK) and MATLAB. The images
were realigned, slice-time corrected, and coregistered to the
structural image. Participants’ head motion during fMRI acquisi-
tion did not differ between experimental sessions, as indexed by
the session-specific average head translation and testedwith a 2-
by-2 full-factorial ANOVA (factors: sulpiride and bromocriptine;
all P > 0.05). The images were then smoothed with an isotropic
5-mm full-width half maximum Gaussian kernel. Images were
low-pass filtered using a fifth order Butterworth filter to retain
frequencies below 0.1 Hz, because the correlations between in-
trinsic fluctuations are specific to this frequency range (Biswal
et al. 1995; Fox and Raichle 2007). The images were also high-
pass filtered (0.008 Hz) to remove low-frequency confounds. To
remove nonneuronal fluctuations from the data, we regressed
out 27 regressors from each time series: 3 regressors describing
time series of average signal intensity in white matter, cerebro-
spinal fluid, and in a blank portion of the MR images (out of
brain signal; Helmich et al. 2010); 24 regressors describing time
series of head motion, namely linear and quadratic effects of
the 6 parameters describing the motion of each fMRI image,
as well as the first derivative of those effects (to control for
spin-history effects; Lund et al. 2005).

The striatal datawere extracted using a striatalmask based on
the Harvard-Oxford atlas (Flitney et al. 2007). Nonneuronal fluc-
tuations that might be introduced to the data due to individual
differences in the striatal sizewere further controlled using linear
regression. Thus, for each subject, we considered the first princi-
pal component across voxels within the striatal mask that fell
into either white matter or cerebro-spinal fluid (with probability
>0.99) and regressed out that signal, its square and its cube from
all striatal voxels signal.

Functional Parcellation of the Striatum

To ensure a functionally informed parcellation of the striatum,
we based our segregation on the functional time series, using
clustering analysis of the correlations among voxel time series.
Furthermore, to ensure that this parcellation scheme was valid
at the between-subject level, we performed a stability analysis
to identify clusters that were conserved over subjects. We used
K-means clustering algorithm to identify different subdivisions
of the striatum. In this algorithm, those voxels with higher simi-
larity in correlation pattern of their time series are more likely to
be clustered together. The correlation pattern of each voxel in the
striatum was quantified based on its correlation with all other
striatal voxels. Therefore,first the correlationmatrix for each par-
ticipant was computed using correlation between each striatal
voxel with all other striatal voxels. Next, to compute correlation
matrix across group, the individual correlation matrices were
Fisher-transformed, averaged, and transformed back to correl-
ation space by inverse Fisher transform.We then used a standard
K-means clustering algorithm, using correlation as a distance
measure, as implemented inMATLAB kmeans routine (Mathwork)

to parcellate the striatum. Each clustering analysiswas replicated
20 times with random initial centroids to avoid local extrema.

K-means clustering operates on a user-defined number of
clusters. Since this number is unknown, we performed a stability
analysis to identify the most consistent and coherent number of
clusters. Subjects were randomly divided into 2 groups and a ser-
ies of parcellation into 2–8 clusters was carried out separately for
each group. The clustering solutions based on data of 2 groups
were then assessed to examine whether they are matched (see
Appendix for mathematical definition). This procedure was re-
peated for 100 randomly division of subjects to 2 groups and
used to perform a Monte Carlo randomization test to obtain the
largest K resulting in stable clustering solution across group.

This analysis ensures us that this parcellation scheme was
valid across the groupand results in clusters that could be reliably
identified over group. It is important to realize that the goal of
functional parcellation and the stability analysis were not to de-
termine the number of striatal subregions. Rather, the goal of this
stability analysis is to find subregions that (1) are consistent at
the group level given limitations of fMRI signals and (2) have a
distinct pattern of connectivity from the point of view of data
(Neubert et al. 2014).

Having established K, we again performed clustering to define
the striatal clusters. For every participant and every session, the
clustering algorithm defined 5 clusters according to striatal con-
nectivitymatrix of all other remaining subjects in the same session
(leave-one-subject-out procedure). The clusters werematched very
closely across different sessions and across the 25 cross-validation
folds. The leave-one-subject-out procedure ensures that there is no
selection bias in definition of regions of interest.

Following classical models of the striatum and to limit model
space for DCM analysis, we considered a 3-nodes architecture for
the striatum. Thus, the ventral striatum, dorsal caudate nucleus,
and dorsal-anterior putamen clusters out of the clustering solu-
tionwithK = 5were then chosen as representative ofmotivational,
cognitive, and premotor striatum, respectively. For each partici-
pant, the spatial intersection of these 3 clusters across 4 sessions
wasgenerated andusedas volumeof interests. Thefirst eigenvari-
ate of data in each volume of interest was then extracted for every
session.

Dynamic Causal Modeling

We used DCM software implemented in SPM12b (version: 5616).
All models were inverted using generalized filtering (Friston
et al. 2010; Li et al. 2011) successfully. The inversion scheme esti-
matedmodel evidence and fixed connections and dopaminergic-
modulatory parameters (as well as hemodynamic parameters)
for each model. The estimated model evidence reflects the
plausibility of the model taking into account both goodness of
fit and model complexity. We used random-effects Bayesian
model comparison to evaluate the plausibility of every model
of the model space across the population (Stephan et al. 2009)
and report the results in terms of protected exceedance probabil-
ities (Rigoux et al. 2014) throughout the study.

Results
Resting-state datawere analyzed from25healthy volunteerswho
participated in a fMRI experiment, in which both resting-state as
well as task-related data were collected (van der Schaaf et al.
2014). We employed a 2 × 2 factorial pharmacological design
(Table 1). Therefore, each participant was tested on each cell of
this factorial design, receiving 2 different opaque gelatin capsules
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on each of the 4 testing sessions, corresponding to the combina-
tions of the 2 pharmacological factors. Trait impulsivity was in-
dexed with the Barratt Impulsiveness Scale (BIS; Patton et al.
1995; see Supplementary Table 1). Previous work with [11C]raclo-
pride positron emission tomography (PET) in healthy volunteers
has shown that subjects with high BIS scores exhibit lower D2-
receptor availability than do subjects with low BIS scores
(Buckholtz et al. 2010). Moreover, BIS scores have been shown
to predict the direction of bromocriptine’s effects on striatal
BOLD signal (Cools et al. 2007). The BIS was administered in
each session approximately 5.5 h after first drug intake. The aver-
age of the BIS scores across all 4 sessions was used as an index of
trait impulsivity (For one subject, BIS scoreswere obtained only in
2 out of the 4 sessions. For this subject, the average across these 2
sessions was used), given the high intersession correlation
between those scores (all pair-wise correlations >0.9), and the
absence of significant drug effects on total BIS scores (P > 0.05
for main effects and interaction, controlled for order effect).

Defining Motivational, Cognitive, and Motor Striatal
Nodes

There are no reliable in vivo structuralmarkers of the boundaries
between functionally distinct regions of the human striatum
(Voorn et al. 2004), namely the motivational, cognitive, and
motor regions. Here, we overcome this obstacle by using an un-
supervised parcellation scheme based on correlation between
functional time series. The parcellation scheme identified 5 clus-
ters reliably at the population level (P < 0.05, Monte Carlo ran-
domization test, see Materials and Methods and Appendix for
description, Supplementary Fig. 1A). The clustering solution in-
cluded a ventral striatal region (including nucleus accumbens,
ventral caudate nucleus, and ventral parts of the putamen), a
medial caudate region, a dorsal caudate nucleus region, a dor-
sal-anterior putamen region, and a dorsal-posterior putamen re-
gion (Supplementary Fig. 1B). The macroanatomical borders of
these clusters were consistent with connectivity pattern of the
striatum measured with various techniques in different species
(Haber et al. 2000; Ikemoto 2007; Draganski et al. 2008). Although
the clustering algorithm was blind to voxel location, there was a
very high symmetry between 2 hemispheres as >95% of symmet-
ric voxels assigned to the same clusters.

Following classical models of the striatum based on hypothe-
sized functions of striatal regions and its cortical connectivity
signature (Alexander et al. 1986; Haber et al. 2000) and to limit
model space for DCM analysis, we considered a 3-nodes architec-
ture for the striatum. Thus, the ventral striatum, dorsal caudate
nucleus, and dorsal-anterior putamen cluster were chosen as
representative ofmotivational, cognitive, and premotor striatum,
respectively (Fig. 1A). We focused on the dorsal caudate nucleus,
given its strong associations with cognitive control and asso-
ciated cortical regions (e.g., the dorsolateral prefrontal cortex;
Haber et al. 2000; Draganski et al. 2008). We focused on the
dorsal-anterior putamen, because it is known to be a target of
dopaminergic-mediated connectivity from the dorsal caudate
nucleus (Haber et al. 2000), while being strongly associated with
premotor cortex (e.g., the rostral cingulate motor areas) as well
as lateral prefrontal cortex (Calzavara et al. 2007; Draganski
et al. 2008; Helmich et al. 2010). Note that although the rostral
cingulate motor area is implicated in premotor functions [e.g.,
by sending direct projections to the spinal cord (He et al. 1995)
and primary motor cortex (Dum and Strick 2002)], this area is
also associated with negative affect, pain, and cognitive control
(Shackman et al. 2011).

For each participant, the spatial intersection of these 3 clus-
ters across 4 sessionswas generated and used as volume of inter-
ests. The first eigenvariate of data in each volume of interest was
then extracted for every session.

Dopaminergic Drug Effects on Intrastriatal Effective
Connectivity

We constructed stochastic DCMs to assess dopaminergic drug
effects on intrastriatal connectivity using the first eigenvariate
of each of the 3 striatal regions as a summary time series, after
removal of nuisance-related variance.

DCM enjoys a property of Bayesian schemes, namely the abil-
ity to dissociate between the goodness of a particular model
architecture based on the data, and the consistency (nonzero)
of experimental effects on the model parameters across the
population. This property is important for the purpose of this
study, given that dopaminergic drug effects on the striatum likely
vary widely across participants (Cools and D’Esposito 2011). Ac-
cordingly, across the whole group, the dopaminergic drug effects
across the group as a whole on intrastriatal connectivity might
average around zero. Yet, by using DCM, we could assess the de-
gree towhich the drug alters intrastriatal connectivity evenwhen
the sign of this effect differs across participants. Specifically, we
included dopaminergic drugs asmodulatory pharmacological in-
puts (PIs) in DCM, and then used Bayesian model comparison to
assess effects of sulpiride and bromocriptine across the group,
independent of the sign of their effects between individuals.

Model Space

Our model space had 3 factors. These included the nature of the
drug effects (i.e., the PIs, see Fig. 1B), the underlying intrastriatal
connectivity architecture (Fig. 1C), and the modulation of these
intrastriatal connections by dopamine (Fig. 1D). The first factor
concerned the effects of the pharmacological manipulation,
modeled as extrinsic modulatory PI, enabling us to assess both
themain and interaction effects of our 2 pharmacological factors
sulpiride and bromocriptine. This resulted in 5 sets of PI (PI1–PI5
in Fig. 1B). The second factor concerned the presence of directed
connections among the 3 striatal nodes, yielding in total 5 types
of hypothetical striatal architecture (A1–A5 in Fig. 1C). Finally, the
effects of dopamine on these 5 types of intrastriatal architecture
were investigated by allowing pharmacological (dopaminergic)
inputs to modulate the intrastriatal architectures in 5 different
ways (B1–B5 in Fig. 1D), in addition to a nullmodel with nomodu-
lation (B0 in Fig. 1D). It should be noted that our model space did
not includemodels in which dopaminewas allowed tomodulate
nonexistent connections, as this was considered biologically im-
plausible (e.g., A1B2). In total, we considered 15 different mesos-
triatal architectures (see the list in Fig. 1F). Here, 5 models were
nullmodelswith nomodulation butwith different underlying ar-
chitectures (i.e., the B0 models). The combination of the other 10
mesostriatal architectures (B1–B5) with the 5 sets of PIs (PI1–PI5)
resulted in a total of 50 models. Together with the 5 null models,
this resulted in a final model space of 55 models.

The first factor concerned different scenarios of the effects of
pharmacological drugs: (1) A main effect of bromocriptine, but
no effect of sulpiride. In thismodel, bromocriptine, but not sulpir-
ide, was allowed to change striatal connectivity (Fig. 1B, PI1); (2) a
main effect of sulpiride, but no effect of bromocriptine. In this
model, sulpiride, but not bromocriptine, was allowed to change
striatal connectivity (Fig. 1B, PI2); (3) a main effect of sulpiride, a
main effect of bromocriptine, and no interaction between
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sulpiride and bromocriptine. In this model, both sulpiride and
bromocriptinewere allowed to change the striatal connectivity in-
dependently, and the effect of the combinedsession corresponded
to the sumof their effectwhen administered alone (Fig. 1B, PI3); (4)
a main effect of sulpiride, a main effect of bromocriptine, and an
interaction effect of sulpiride and bromocriptine. In this model,
both sulpiride and bromocriptine were allowed to change striatal

connectivity independently, as well as their interaction. Namely,
in the combined session, the effects of sulpiride and bromocrip-
tine could vary independently of their effects when administered
alone (Fig. 1B, PI4). (5) Symmetric effects of sulpiride and bromo-
criptine on striatal connectivity (Fig. 1B, PI5). In this model, the
magnitude of the effect of bromocriptine was equal to that of
sulpiride, but in the opposite direction.

Figure 1. VOI definition, model definition, andmodel selection. (A) Striatal clusters obtained using data-driven parcellation of the human striatum inmotivational (VS in

red), cognitive (DCN in green), and motor (DAP in blue) regions. (B) Model space of PI, representing different scenarios for the effects of sulpiride and bromocriptine.

Dopaminergic drugs have been included as extrinsic modulatory PIs. These scenarios differ in how they might capture the effects of bromocriptine and sulpiride,

namely as only an effect of bromocriptine (PI1) or only an effect of sulpiride (PI2), independent effects of both (PI3), independent effects of both but a potentially

nonlinear (and independently estimated) effect of combined administration (PI4), or antagonistic and symmetric effects of both (PI5). Thus, the number of inputs

varies across the different sets of PIs. For example, whereas PI4 contains 3 inputs (U1, U2, and U3), PI5 contains only 1 input (U1). In PI5, the only input, U1, is +1 in the

bromocriptine session, −1 in the sulpiride session, and 0 in the placebo and combined session. Therefore, this pharmacological input refers to a situation in which

bromocriptine and sulpiride show opponent and symmetric effects, such that coadministration of bromocriptine with sulpiride abolishes the effects evoked when

administered alone. (C) Models of intrastriatal connectivity that differed in terms of the number and directionality of the connections between the 3 striatal regions

(A-matrix). Colors are associated with different intrastriatal connections. The table highlights which connections are included in each model. For example, A2

includes 4 connections represented with different colors: magenta (VS→DCN), cyan (DCN→DAP), yellow (DCN→ VS), and salmon (DAP→DCN). (D) Models of

dopaminergic-modulatory effects on striatal connections. Colors are associated with different dopaminergic-modulatory connections (B-matrix). The table in this

panel shows which modulatory connections are included in each model. The combination of the A-matrix and the B-matrix resulted in 15 hypothetical mesostriatal

architectures (listed in Fig. 1F y-axis). For example, for A2, 3 models of dopaminergic modulation are possible: A2B2, A2B1, and A2B0. In A2B2, there are 4 modulatory

connections represented with different colors: magenta (modulating VS→DCN), cyan (modulating DCN→DAP), yellow (modulating DCN→VS), and salmon

(modulating DAP→DCN). In A2B1, whereas A2 contains 4 links, there are only 2 modulatory connections in B1: magenta (modulating VS→DCN) and cyan

(modulating DCN→DAP). A2B0 is a null model where there is no modulatory effect of dopamine, as shown in the table for B0. (E) Random-effects family Bayesian

model comparison results for pharmacological input. The pharmacological input with symmetric effects of sulpiride and bromocriptine (PI5) best matches the fMRI

data, suggesting that sulpiride and bromocriptine affects striatal connectivity to the same degree, but in opposite directions and with any possible asymmetric effects

of sulpiride and bromocriptine being negligible. The x-axis represents the protected exeedance probability. (F) Random-effects Bayesian model comparison for 15

mesostriatal architectures with PI5 as the pharmacological input [models with no modulatory inputs (B0) were also included]. The model with forward and backward

projections between the VS and the DCN as well as between the DCN and the DAP, A2B2, is the most plausible model across the population. The x-axis is the

protected exeedance probability. Inset: The winning mesostriatal architecture, A2B2. VOI, volume of interest; PI, pharmacological input; DCM, dynamic causal

modeling; VS, ventral striatum; DCN, dorsal caudate nucleus, DAP, dorsal-anterior putamen; DA, dopamine; BMC, Bayesian model comparison.
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The second factor concerned intrastriatal connections, inde-
pendently from the dopaminergic modulations (Fig. 1C). We cre-
ated 4 models containing forward connections from the ventral
striatum to the dorsal caudate nucleus; and from the dorsal caud-
ate nucleus to the dorsal-anterior putamen. This feature of the
models is grounded in neuroanatomical evidence from non-
human primates that demonstrate the presence of forward infor-
mation flow along the mediolateral gradient across the striatum
(Haber et al. 2000). This property, as well as contribution of back-
wards connections, was assessed by constructing 4 intrastriatal
architectures: (1) A forward connection from the ventral striatum
to the dorsal caudate nucleus and from the dorsal caudate nu-
cleus to the dorsal-anterior putamen (Fig. 1C, A1); (2) both for-
ward and backward connections between the ventral striatum
and the dorsal caudate nucleus and between the dorsal caudate
nucleus and the dorsal-anterior putamen (Fig. 1C, A2); (3) forward
connections from the ventral striatum to the dorsal caudate
nucleus, from the dorsal caudate nucleus to the dorsal-anterior
putamen and from the ventral striatum to the dorsal-anterior
putamen (Fig. 1C, A3); (4) forward and backward connections be-
tween all 3 subregions (Fig. 1C, A4). Finally, we included a model
with (5) 2 connections, one from the ventral striatum to the dorsal
caudate nucleus and the other one from the ventral striatum to
the dorsal-anterior putamen. This model was created based on
data, showing that the ventral striatum sends trisynaptic projec-
tions to the primary motor cortex and to prefrontal cortex (Kelly
and Strick 2004), which could result in modulation of the dorsal
caudate nucleus and the dorsal-anterior putamen bymodulating
their associated cortical areas in the cognitive andmotor loops of
frontostriatal circuitry.

The third factor concerned the effects of dopamine on intras-
triatal connectivity. We constructed models that allowed modu-
latory effects of dopamine on all (Fig. 1D, B4), some (Fig. 1D, B1, B2,
B3, and B5), or none (Fig. 1D, B0) of the striatal architectures de-
scribed above. The effects of sulpiride and bromocriptine were
assumed to be homogeneous with respect to input type, across
the different striatal connections.

Hypotheses

On the basis of this neuroanatomical and neurochemical evidence
(Haber et al. 2000; Ikeda et al. 2013), we hypothesized that dopa-
minergic drugswouldmodulate the flowof information in a direc-
tional forward fashion along the mediolateral gradient in the
striatum. Furthermore, previous PET work has shown that impul-
sivity-dependent dopaminergic effects are mediated by the D2-
receptor (Dalley et al. 2007; Buckholtz et al. 2010). Accordingly,
we anticipated that our data would be best fit by model A1B1
and that individual differences in dopaminergic drug effects, as
indexed by the modulatory B parameters, would depend on trait
impulsivity. To test this hypothesis, we assessed not only the
effects of the D2-receptor agonist bromocriptine, which also has
affinity for theD1-receptor (while also alteringnoradrenalin trans-
mission), but also the effects of sulpiride, a highly selective antag-
onist for the D2-receptor. In addition, we assessed in a combined
session whether the effects of bromocriptine would be blocked by
pretreatment of sulpiride. We predicted that the effect of bromo-
criptine would be opposite to that of sulpiride, and that these
would not interact. If the effect of bromocriptine would be equal
in size to that of sulpiride, then the combined administration
would be indistinguishable from that of placebo. In this case, the
data would be best fit by input set PI5. However, if the effects of
bromocriptine and sulpiride are independent but of unequal
size, then the data would be best fit by input set PI3.

Model Selection

We employed a two-step model selection approach. First, we per-
formed a family-wise random-effects Bayesianmodel comparison
to test the pharmacological drug effects (Fig. 1E; Penny et al. 2010).
Second,we performed a random-effects Bayesianmodel compari-
son to compare different mesostriatal architectures given the
winner input in the previous step (Fig. 1F; Rigoux et al. 2014).

First, Bayesian model comparison over the model space of PI
revealed very strong evidence in favor of the PI family with
opponent, symmetric effects of sulpiride and bromocriptine
(PI5, protected exceedance probability of 1.00, expected posterior
model probability of 0.50; Fig. 1E). Thus, sulpiride and bromocrip-
tine altered intrastriatal connectivity to the same degree, but in
opposite directions, consistent with the hypothesis that dopa-
minergic drug effects on mesostriatal connectivity are mediated
by the D2-receptor. In this winningmodel, the effects of sulpiride
and bromocriptine on intrastriatal coupling cancelled each other
out, leaving a zero net effect.

Second, Bayesian model comparison over the model space of
mesostriatal architectures revealed evidence in favor of the
architecture with forward and backward projections between
the ventral striatumand the dorsal caudate nucleus aswell as be-
tween the dorsal caudate nucleus and the dorsal-anterior puta-
men (A2B2, protected exceedance probability of 0.92, expected
posterior model probability of 0.40; Fig. 1F). In summary, thewin-
ning model contains bidirectional connections between striatal
regions, in a hierarchical fashion, and a modulatory input on
each of these connections to model the opponent dopaminergic
drug effects.

These results were robust to model selection procedures: A
one-step random-effects Bayesian model comparison among
all 55models revealed that the samemodel, A2B2, best explained
our data across the whole model space (protected exceedance
probability of 0.95, expected posterior model probability of 0.19).

Trait Impulsivity and Dopaminergic Drug Effects
on Intrastriatal Effective Connectivity

Further analysis of the characteristics of thewinningmodel led to
an important additional insight on how dopaminemodulates in-
trastriatal connectivity. First, using one-sample t-tests, we con-
firmed that each of the 4 parameters quantifying intrastriatal
connectivity in the winning model was significantly above zero
(all P < 0.006, Bonferroni-corrected, Supplementary Table 2).
This observation is consistent with the expectation that the 3
striatal subregions are strongly connected. Second, the same
statistical procedure revealed that none of the 4 parameters
quantifying dopaminergic modulation of intrastriatal connectiv-
ity was significantly different from zero (all P > 0.006, Bonferroni-
corrected, Supplementary Table 2). This null-effect persisted
even when the statistical threshold was relaxed to 0.05 uncor-
rected for multiple comparisons (see Supplementary Table 2).
This null-effect might seem to contradict the model selection re-
sults. In fact, these observations indicate that dopaminergic-
modulatory inputs explain significant variance in the fMRI time
series, despite the fact that the “sign” of the modulatory effect
is inconsistent across subjects. The latter finding fits with the
known interindividual variability in the direction and extent of
dopaminergic drug effects (Cools and D’Esposito 2011). Strong
dopaminergic drug effects in individual participants often add
to zero when averaged across a group (Cools and D’Esposito
2011). Given that individual differences in dopaminergic drug
effects on striatal activity have been shown to depend on trait
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impulsivity according to D2-receptor density (Cools et al. 2007;
Dalley et al. 2007), we hypothesized that effects of D2-receptor
agents on intrastriatal connectivity are associated with trait
impulsivity. Therefore, we tested whether modulatory input
parameters of thewinningmodel are associatedwith trait impul-
sivity. This analysis was implemented through a repeated-mea-
sures ANOVA, assessing individual modulatory parameters as a
function of connection direction (forward vs. backward), striatal
pair (ventral striatum–dorsal caudate nucleus or dorsal caudate
nucleus–dorsal-anterior putamen), and trait impulsivity (BIS
scores). This analysis revealed a significant positive association
between impulsivity and connection strength (F1,23 = 4.52,
P = 0.044). Crucially, there was a significant three-way interaction
between trait impulsivity, striatal pair, and connection direction
(F1,23 = 4.71, P = 0.041). Post hoc correlation analyses revealed that
the three-way interaction was due to a highly significant positive
correlation between trait impulsivity and the drug effects on the
forward connection from the ventral striatum to the dorsal caud-
ate nucleus (r = 0.53, P = 0.007, Fig. 2B). Trait impulsivity did not
correlate with drug effects on the other connections (P > 0.05,
Supplementary Table 3). These results indicate that trait impul-
sivity is associated with the increasing and decreasing effects
of, respectively, bromocriptine and sulpiride on the forward con-
nection from the ventral striatum to the dorsal caudate nucleus,
but not on the other connections. Thus, trait impulsivity is asso-
ciated with an increased dorsal caudate nucleus drive from the
ventral striatum by stimulation of D2-receptors, and a decreased
dorsal caudate nucleus drive from the ventral striatum by block-
ade of D2-receptors.

We also performed 2 control analyses regarding the associ-
ation of impulsivity with connectivity between the ventral stri-
atum and the dorsal caudate nucleus. First, we conducted a
control analysis using BIS scores in the placebo session, instead
of the original analysis with mean across all 4 sessions, as the
index of trait impulsivity. The results of this control analysis
were consistent with those of main analysis (see Supplementary
Material). Second, we conducted a relatively model-free analysis
(linear regression) to confirm our findings regarding the associ-
ation of impulsivity with the connectivity between the ventral
striatum and the dorsal caudate nucleus, independent of the es-
timated effective connectivity strengths in the winning mesos-
triatal architecture from DCM (see Supplementary Material).
The results of this analysis were consistent with those found
based on DCM (Supplementary Fig. 2 and Table 4).

Dopamine-Mediated Connectivity of Dorsal-Posterior
Putamen

It is known that selection of the best model among a large num-
ber of competing hypotheses could be fragile, especially if the
data of different subjects could be fitted by different models
(as could happen in a random-effect model space; Penny et al.
2010). Therefore,we have tested our a priori hypotheses on striat-
al connectivity on models comprising 3 nodes. This approach
generates robust inferences, but it also limits the inference of
the study to ventral and dorsal-anterior portions of the striatum.
Here, following a reviewer’s comment, we build on those findings
and extend the analysis to a more posterior part of the striatum.

Connectivity-based parcellation of the striatum identified a
dorsal-posterior putamen cluster (Fig. 3A), known to be con-
nected to motor cortex and strongly implicated in motor control
(Draganski et al. 2008; Helmich et al. 2010) and habitual action se-
lection (Wunderlich et al. 2012). Neuroanatomical evidence in
nonhuman primates (Haber et al. 2000) suggests that dopamine

modulates forward connections along the mediolateral gradient
across the striatum. Therefore, we extended the intrastriatal
architecture by adding “forward” connection from the dorsal-an-
terior putamen to the dorsal-posterior putamen (Fig. 3B, a1). Two
models of dopaminergic modulation associated with this archi-
tecture were tested, where dopamine either modulated or did
not modulate this connection (Fig. 3B, b1 and b0, respectively).
A second intrastriatal architecture was created by including “bi-
directional” connections between the dorsal-anterior putamen
and the dorsal-posterior putamen. Three models of dopamin-
ergic modulation associated with this architecture were tested,
where dopamine modulated none (Fig. 3B, b0), the forward con-
nection (Fig. 3B, b1), or both connections (Fig. 3B, b2) from the dor-
sal-anterior putamen to the dorsal-posterior putamen. Finally,
we included a third intrastriatal architecture where the ventral
striatum directly modulated the dorsal-posterior putamen
(Fig. 3B, a3). This model was created based on data, showing
that the ventral striatum sends trisynaptic projections to the pri-
mary motor cortex and to the prefrontal cortex (Kelly and Strick
2004), which could result in a ventral striatal modulation of dor-
sal-posterior putamen through themotor loop of the frontostria-
tal circuitry. Twomodels of dopaminergicmodulation associated
with this architecturewere tested,wheredopamine eithermodu-
lated (Fig. 3B, b3) or did notmodulate this connection (Fig. 3B, b0).

These models were fitted and compared using random-ef-
fects Bayesian model comparison. This analysis revealed strong
evidence in favor of the mesostriatal architecture with forward
and backward baseline connections between the dorsal-anterior
putamen and the dorsal-posterior putamen, where dopamine
modulated both connections (Fig. 3C, protected exceedance prob-
ability of 1.00, expected posterior model probability of 0.81).
These findings extend our prior findings to more posterior parts

Figure 2. The relationship between dopaminergic modulation of striatal

ventrodorsal connectivity and trait impulsivity. Scatter plot shows the relationship

between trait impulsivity and the modulatory parameter encoding dopaminergic

modulation of the connection from the ventral striatum to the dorsal caudate

nucleus in the winning model. Trait impulsivity is associated with drug-induced

increases (decreases) by D2 dopamine agonist (D2 dopamine antagonist) of dorsal

caudate nucleus input from VS. BIS, Barratt impulsiveness scale; VS, ventral

striatum; DCN, dorsal caudate nucleus; Hz, Hertz.
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of the striatum. The findings suggest that dopamine modulates
both forward and backward intrastriatal connections along the
mediolateral axis of the striatum (Fig. 3D).

Discussion
This pharmacological fMRI study addresses the functional archi-
tecture of the human striatum and dopaminergic influences on
striatal information processing (Cools et al. 2007; Dalley et al.
2007; Belin et al. 2008). Wemanipulated the connectivity between
motivational, cognitive, and motor portions of the striatum with
dopaminergic drugs, and we exploited interindividual differences
in mesostriatal dopamine systems to explain trait-dependent ef-
fects of the dopaminergic manipulations. Striatal connectivity
patternswerequantifiedwith stochasticDCMof intrinsic BOLDac-
tivitymeasured in awithin-subject, double-dummy, placebo-con-
trolled cross-over design. There are 2mainfindings. First, Bayesian
model comparison indicates that human striatal architecture is
sparse and largely consistent with neuroanatomical data from
nonhuman primates and rodents (Haber et al. 2000). Namely,
functional interactions between the ventral striatum and the dor-
sal-anterior putamen aremediated by the dorsal caudate nucleus,
and the efficacy of those interactions is modulated by dopamin-
ergic tone. Second, the magnitude of the dopaminergic
modulation of a portion of those interactions depends on trait im-
pulsivity. Namely, highly impulsive individuals have increased

sensitivity to dopamine-induced changes in information flow
fromtheventral to thedorsomedial striatum.This resultmight ex-
plain how, in highly impulsive individuals, cognitive processes
supported by the dorsomedial striatum can become particularly
vulnerable to the motivational drive from the ventral striatum
(Lawrence and Brooks 2014).

Intrinsic Striatal Architecture

This study shows that a model of striatal connectivity without a
direct connection between the ventral striatum and the dorsal-
anterior putamen fitted the data significantly better thanmodels
with such a connection. This finding suggests that communica-
tion between those 2 striatal regions is mediated by the dorsal
caudate nucleus. In macaques, dopamine mediates information
flow along the mediolateral pathway through serial reciprocal
connections between the striatum and the midbrain (Haber
et al. 2000). Accordingly, we interpret the effects of stimulation
and blockade of D2-receptors at the level of the striatum in
terms of altered midbrain-mediated feedforward information
flow from the ventral striatum to the dorsal caudate nucleus.
However, we cannot exclude concurrent actions via modulation
of topographically specific, feedforward circuits connecting the
prefrontal cortex with the striatum (McFarland and Haber 2002;
Honey et al. 2003; Haber and Knutson 2010; Cole, Beckmann,
et al. 2013; Cole, Oei, et al. 2013).

Figure 3. Post hoc analysis of dopamine-mediated connectivity of DPP. (A) DPP cluster (in brown) obtained using data-driven parcellation of the human striatum. (B) Three

models of intrastriatal connectivity of DPP and 4models of its dopaminergicmodulationwere created. The table highlightswhich connections are included in eachmodel.

In total, 7 models were tested. Note that the pharmacological input as well as mesostriatal connections among other striatal regions are fixed according to the optimal

model presented in Figure 2. (C) Random-effects Bayesianmodel comparison for 7mesostriatal architectureswith DPP. Bayesianmodel comparison strongly favored a2b2

among all 7 models. (D) The winning mesostriatal architecture. Striatal areas are bidirectionally connected along a mediolateral gradient and dopamine modulates

adjacent areas along this gradient. VS, ventral striatum; DCN, dorsal caudate nucleus; DAP, dorsal-anterior putamen; DPP, dorsal-posterior putamen; DA, dopamine;

BMC, Bayesian model comparison.
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Impulsivity Amplifies Dopaminergic Modulations
of Ventrodorsal Striatal Connectivity

Workwith behaving rodents indicates that the transition from im-
pulsive to compulsive drug use, and the corresponding transition
of behavioral control from the ventral to the dorsolateral striatum,
can be promoted by dopamine (Dalley et al. 2007; Belin and Everitt
2008; Belin et al. 2008). Dalley et al. (2007) have shown that ventral
striatal D2-receptors density predicts individual difference in trait
impulsivity, which itself predict propensity to cocaine seeking
(Dalley et al. 2007) and addiction-like behavior (Belin et al. 2008).
Our findings add to this body of knowledge by showing that trait
impulsivity is associated with the influences of striatal D2-recep-
tors on how effectively the ventral striatum modulates activity in
the dorsal caudatenucleus. This effectwas specific: The dopamin-
ergic drugs were found to modulate connectivity along both the
ventral striatum to the dorsal caudate nucleus and the dorsal
caudate nucleus to the dorsal-anterior putamen pathway, where-
as impulsivity was associated with only the first part of that path-
way.Workwithexperimental animals (Dalleyet al. 2011) raises the
intriguing possibility that compulsivity might convey vulnerabil-
ity of the connection between the dorsomedial and dorsolateral
striatum to dopaminergic drugs.

Limitations

It can be argued that the current findings are statistical con-
structs of an oversimplified model of intrinsic striatal connectiv-
ity. In fact, stochastic DCMprovides an objective and quantitative
procedure for distinguishing between explicit models of func-
tional anatomy (Friston et al. 2011; Li et al. 2011; Daunizeau
et al. 2012; Kahan et al. 2014). The model space was simplified
to the core elements relevant to understand howdopaminemod-
ulates intrinsic striatal connectivity. DCM relies on prior assump-
tions about the distribution of a number of model parameters,
but the findings are robust, having being confirmed with an
independent model-free analysis.

In this study, we modeled dopaminergic drugs as extrinsic in-
puts inDCManddemonstrated that these inputsmodulate striatal
connectivity in a specific topographic fashion. This modulation
could be mediated by different elements of mesostriatal circuitry.
Onepossibility is that sulpiride andbromocriptinemodulate activ-
ity of dopamine cells in the ventral tegmental area (VTA) and sub-
stantia nigra pars compacta (SNc). Another possibility is that these
drugs modulate D2-receptors in the striatum directly. In theory, it
is possible to dissociate between these 2 possibilities by including
VTA and SNc as additional nodes in DCM. In practice, it is not pos-
sible to get reliable BOLD signals from these regions with the
standard whole-brain fMRI settings used in this study. Namely,
the anatomical location of these regionsmakes their BOLD signals
exquisitely sensitive to both physiological artifacts and subject
motion. The consequences of those artifacts are particularly dele-
terious during resting-state fMRI. Therefore, we have not included
data from these 2 regions in this studyand focused on their down-
stream effects on the striatum. Note that even if dopaminergic
drug effects are mediated by modulation of dopamine cells in
the midbrain, this does not invalidate the current approach. In
this case, we can assume thatwehavemodeledmidbrain as a hid-
dennode inDCMand insteadoffittingmodels to data from this re-
gion, focused on its downstream effects. This approach has been
validated previously in the context of DCM for fMRI [Appendix in
Kahan et al. (2014)].

To define regions of interest for DCM, the striatumwas parcel-
lated into functionally homogeneous regions using a data-driven

method. This connectivity-based parcellation approach over-
comes the known difficulty of defining boundaries between func-
tionally distinct regions of the human striatum. For instance, the
ventral striatal cluster extended beyond the nucleus accumbens,
including the ventromedial caudate nucleus and the rostroven-
tral putamen, in line with neurophysiological studies (Voorn
et al. 2004). More generally, our data-driven mediolateral parcel-
lation of the striatum corresponds closely with regions identified
on the basis of neurophysiological data, and follows the pattern
of excitatory cortical, thalamic, and amygdaloid inputs to the
striatum (Alexander et al. 1986; Voorn et al. 2004; Draganski
et al. 2008; Haber and Knutson 2010). We limited the main ana-
lyses to 3 regions that could be linked to the known mediolateral
organization of the striatum and that have been previously
shown to be implicated in motivational, cognitive, and premotor
circuits (Alexander et al. 1986; Haber et al. 2000; Draganski et al.
2008). A restricted model space generates statistically robust in-
ferences (Penny et al. 2010), but it also limits the inference of
this study to ventral and dorsal-anterior portions of the striatum.
A post hoc extension of the analyses to the motor striatum, the
dorsal-posterior putamen, connections provides strong evidence
in favorof amesostriatal architecturewith forward and backward
baseline connections between the dorsal-anterior putamen and
the dorsal-posterior putamen, with dopamine modulating both
connections. These data suggest that dopamine modulates
both forward and backward intrastriatal connections along the
mediolateral axis of the striatum.

We found evidence that dopamine modulates striatal con-
nectivity not only along the ventral-to-dorsal pathway, but also
along the dorsal-to-ventral pathway. At first glance, this finding
cannot be reconciled with the model of nigro-striato-nigral con-
nectivity observed in macaques (Haber et al. 2000), which is
known to be unidirectional. However, model connections
between 2 nodes are not limited to anatomical monosynaptic
connections. Accordingly, it is possible that the dorsal striatum
might affect the ventral striatum through its connection with
the prefrontal cortex. There is neuroanatomical evidence in non-
human primates that motivational and cognitive areas of the
striatum show converging cortical inputs (Haber et al. 2006). An-
other possibility is that dorsal striatumaffects ventral andmedial
striatum indirectly through its connection via the mediodorsal
thalamus, which itself projects to the caudate nucleus (McFar-
land and Haber 2001, 2002). Indeed, dopaminergic stimulation
and blockade of D2-receptors could modulate the thalamus via
inhibitory projections from the dorsal striatum to the thalamus,
thereby affecting thalamic input of the caudate nucleus.

Conclusion
Building on recent anatomical work (Haber et al. 2000), this study
provides empirical evidence for a hierarchical architecture in the
flow of information within the human striatum. Communication
between the ventral and the dorsal putamen is mediated by the
dorsal caudate nucleus. This architecture points to structured
interactions between frontostriatal loops that have long been
considered to have limited anatomical convergence (Selemon
and Goldman-Rakic 1985; Alexander et al. 1986). Furthermore,
this study shows how those interactions are modulated by dopa-
minergic tone. State-related effects, induced by pharmacological
interventions, influenced the striatal circuitry along the medio-
lateral pathway. These effects are consistent with a midbrain-
mediated dopaminergic influence on striatal connectivity
(Haber et al. 2000). Trait-related effects, indexed by the inter-
action between impulsivity and pharmacological interventions,
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influenced connectivity between the ventral and the dorsal caud-
ate nucleus. This effect is consistent with the notion that impul-
sivity marks a stronger dopamine-dependent influence of the
ventral onto the dorsomedial striatum. One implication of this
finding is that, in highly impulsive individuals, early drug intake
episodes could quickly lead to goal-directed drug intake (Corbit
et al. 2012).

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
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Appendix
To ensure that the parcellation scheme is valid at the between-
subject level, we performed a stability analysis to identify the
largest number of clusters resulting in a clustering solution
conserved over subjects. To achieve this, we assessed whether
2 clustering solutions calculated based on 2 independent data-
sets (e.g., by diving subjects randomly to 2 groups) werematched.
Here, we provide a mathematical explanation of our approach.
Two sets of clusters (A and B, eachwith K clusters) were defined as
matchedbasedon the following criteria: First, forevery cluster inA
and every cluster in B, an overlap index was defined, which corre-
sponds to the number of voxels that overlap between the 2 clus-
ters. Specifically, for every cluster ai in A and every cluster bj in B,
the overlap index was defined as Ni,j/min(Ni ,Nj), where Ni, Nj, and
Ni,j are thenumberof voxels in ai, bj and their intersection, respect-
ively. Next, for every cluster ai in A, bj in Bwas defined asmatched
if it had the largest overlap indexwith ai. Finally,A and Bwere con-
sidered asmatched if each cluster inAwasmatched with one and
only one cluster in B; and vice versa if each cluster in B was
matched with one and only one cluster in A. This procedure also
gives a one-to-one mapping between “labels” of clusters in
A and B, regardless of anatomical location of voxels.
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Control analysis with Barratt impulsiveness scale (BIS) in the placebo session as the index of trait 

impulsivity. We conducted a control analysis using BIS scores in the placebo session (instead of the 

mean across all four sessions presented in the main text) as the index of trait impulsivity. The results of 

this control analysis were consistent with those of main analysis.  

Similar to the main analysis, a repeated measures ANOVA was employed to assess individual modulatory 

parameters as a function of connection direction (forward versus backward), striatal pair (ventral striatum 

and dorsal caudate nucleus or dorsal caudate nucleus and dorsal-anterior putamen) and trait impulsivity 

(BIS score obtained in the placebo session). Please note that for one of the subjects, BIS was not 

administered in the placebo session; so data from other subjects were analyzed here. This analysis 

revealed a significant interaction between trait impulsivity, striatal pair and connection direction 

(F(1,22)=4.43, p = .047). Post-hoc correlation analyses revealed that the three-way interaction was due to 

a highly significant positive correlation between trait impulsivity and the drug effects on the forward 

connection from the ventral striatum to the dorsal caudate nucleus (r = 0.51, p= 0.01). Trait impulsivity 

did not correlate with drug effects on the other connections (p > 0.05).   

Model-free analysis of trait impulsivity and dopaminergic drug effects on intra-striatal functional 

connectivity. We conducted a control analysis regarding association of impulsivity with functional 

connectivity between ventral striatum and dorsal caudate nucleus, which did not depend on the 

mesostriatal architecture selected from DCM analysis. 

Similar to the dynamic causal modeling analysis, the first eigenvariates extracted from the ventral 

striatum, dorsal caudate nucleus and dorsal-anterior putamen clusters (Figure 1A) were used for analysis. 

These time-series were employed to compute functional connectivity (correlation) between the striatal 

regions for each session. First, to quantify the strength of the intra-striatal connections, we computed the 

average connectivity across the four sessions for each subject and each pair of striatal regions. Next, to 

quantify the dopaminergic drug effect, we computed the difference in functional connectivity (for each 
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pair of striatal regions) between the bromocriptine and sulpiride sessions (bromocriptine minus sulpiride). 

A regression analysis was conducted with the three connections and the three dopaminergic drug effects 

(on those connections) as predictors (as well as an intercept) and with trait impulsivity as dependent 

variable (Figure S2A). This analysis investigates the (partial) correlation between each regressor and trait 

impulsivity while controlling for the variance explained by the other regressors. It revealed that 

impulsivity was selectively associated with dopaminergic drug effects on the connectivity between ventral 

striatum and dorsal caudate nucleus (p=0.027, Figure S2B, Table S4). The average strength of 

connections (across drug sessions) did not vary with trait impulsivity, and there was no significant 

association between impulsivity and drug effects on the two other connections (all p > .05, Table S4). 
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Figure S1. Parcellation of human striatum based on functional connectivity. A) Stability index as a 

function of number of clusters, K. The 5-clusters solution is the largest K resulting in stable solution 

across participants. B) The 5-clusters solution shown in several coronal and axial slices. The clustering 

solution included a ventral striatal region (including nucleus accumbens, ventral caudate nucleus and 

ventral parts of the putamen; in red), a medial caudate region (in yellow), a dorsal caudate nucleus region 

(in green), a dorsal-anterior putamen region (in blue) and a dorsal posterior putamen region (in magenta). 
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Figure S2. The association between trait impulsivity and dopamine-mediated changes in striatal 

connectivity obtained from the model-free analysis. A) To quantify the strength of the intra-striatal 

connections, the functional connectivity between the three striatal regions quantified as the mean 

correlation across all sessions. The difference in functional connectivity (correlation) between 

bromocriptine and sulpiride session was used as the dopaminergic drug effects on intra-striatal 

connectivity. A regression analysis with these six regressors (as well as an intercept) conducted to 

examine their relationship with trait impulsivity. B) Scatter-plot of the relationship between trait 

impulsivity (BIS scores) and the dopamine-mediated changes on the coupling between ventral striatum 

and dorsal caudate nucleus. The values in the x-axis are the differences in the connectivity between 

bromocriptine and sulpiride sessions (bromocriptine minus sulpiride). The values in the x-axis are 

adjusted for other regressors. Abbreviations: VS, ventral striatum; DCN, dorsal caudate nucleus; DAP, 

dorsal-anterior putamen; DA, dopamine; BIS, Barratt impulsiveness scale. 
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 Placebo Sulpiride Bromocriptine Combined 

BIS 63.7   (1.9) 62.6 (1.8) 63.8 (1.9)  64.2 (1.9) 

Table S1. Barratt impulsiveness scale (BIS) in each session. Means are shown with standard errors in 

parentheses. 

 VS->DCN DCN->DAP DCN->VS DAP->DCN 

A (Hz) 0.1269 (0.018) 0.0820 (0.008) 0.0621 (0.062) 0.1377 (0.138) 

B (Hz) 0.0086 (0.0066) 0.0036 (0.0059) 0.0068 (0.0048) 0.0057 (0.0081) 

Table S2. Fixed-connection parameters values (A) representing intra-striatal connectivity and 

dopaminergic-modulatory parameters values (B) of those connections in the winning model, A2B2. 

Means are shown with standard errors in parentheses. Abbreviations: VS, ventral striatum; DCN, dorsal 

caudate nucleus; DAP, dorsal-anterior putamen; DA, dopamine; BIS, Barratt impulsiveness scale. 

 VS->DCN DCN->DAP DCN->VS DAP->DCN 

Effect-size  0.53 0.09 0.37 0.31 

p-value 0.007 0.670 0.067 0.138 

Table S3. Correlation of dopaminergic-modulatory parameters values in the winning model with Barratt 

impulsiveness scale (BIS). Effect size is the r-value. 

 VS-DCN DCN-DAP DCN-DAP 

Dopamine-mediated changes in connectivity 21.80 (9.08)* -14.91 (8.09) 6.86 (13.88) 

Baseline intra-striatal connectivity  0.06 (18.09) 37.98 (21.55) -14.61 (15.67) 

Table S4. Model-free analysis of relationship between trait impulsivity and mesostriatal connectivity. 

Regression coefficients are shown with standard errors in parentheses. 
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