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The default mode network (DMN) comprises a set of brain
regions with ‘‘increased’’ activity during rest relative to cogni-
tive processing. Activity in the DMN is associated with func-
tional connections with the striatum and dopamine (DA)
levels in this brain region. A functional single-nucleotide poly-
morphism within the dopamine D2 receptor gene (DRD2,
rs1076560G>T) shifts splicing of the 2D2 isoforms,D2 short
andD2long,andhasbeenassociatedwithstriatalDAsignaling
aswell aswithcognitiveprocessing.However, theeffectsof this
polymorphismonDMNhavenotbeenexplored.Theaimofthis
study was to evaluate the effects of rs1076560 on DMN and
striatal connectivity and on their relationship with striatal
DA signaling. Twenty-eight subjects genotyped for
rs1076560underwent functionalmagnetic resonance imaging
during a workingmemory task and 123 55 I-Fluoropropyl-2-
beta-carbomethoxy-3-beta(4-iodophenyl) nortropan Single
Photon Emission Computed Tomography ([123I]-FP-CIT
SPECT) imaging (a measure of dopamine transporter
[DAT] binding). Spatial group-independent component (IC)
analysis was used to identify DMN and striatal ICs. Within
theanteriorDMNIC,GGsubjectshadrelativelygreatercon-
nectivity inmedial prefrontal cortex (MPFC),whichwas di-
rectly correlated with striatal DAT binding. Within the
posterior DMN IC, GG subjects had reduced connectivity
in posterior cingulate relative to T carriers. Additionally,
rs1076560 genotype predicted connectivity differences
within a striatal network, and these changes were correlated
with connectivity in MPFC and posterior cingulate within
theDMN.These results suggest that genetically determined
D2 receptor signaling is associated with DMN connectivity
and that these changes are correlated with striatal function
and presynaptic DA signaling.
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Introduction

Connectivity is a crucial functional property of the brain.
Several networks have been described in the brain and these
observations have been confirmed across multiple subjects
(see alsoNational Institutes ofHealth’s human connectome
project http://www.humanconnectomeproject.org/). Re-
cently, much interest has been focused on the default
mode network (DMN). The DMN is a large-scale interact-
ing brain systemwhich includes a set of brain regions whose
activity increases during rest and is attenuated during an
active task, thus resulting in greater task induced deactiva-
tions as revealed by classical univariate analyses.1 Anatom-
ically, this circuit includes midline areas organized in an
anterior ‘‘hub,’’ which is localized in the medial prefrontal
cortex (MPFC), and a posterior hub encompassing the pos-
terior cingulate cortex (PCC) and the precuneus; lateral
areas include bilateral inferior parietal lobule and medial
temporal lobes.2 The DMN functionally interacts with
other brain networks including striatal and task-related net-
works modulating cognitive and emotional processing.3,4

Different roles have been hypothesized for the DMN rang-
ing from monitoring of external environment (watchful-
ness),5 to internal mentation.2 Interestingly, midline areas
are implicated in emotional and self-referential processing2

as well as in the allocation of attentional resources needed
for cognitive processing.6 Alterations of DMN function
have been implicated in severe neuropsychiatric disorders,
including schizophrenia.7

Evidence suggests that dopamine (DA) levels regulate
activity in the DMN network. Pharmacological studies
with dopaminergic nonselective agonists, such as apo-
morphine,8 L-DOPA,4,9 methylphenidate,10 and modafi-
nil11 as well as with DA depletion12 have suggested that
DA levels can modulate deactivation of DMN regions.
Also, unmedicated patients with Parkinson’s disease
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fail to deactivate the DMN during executive function,13

and this ability is restored by acute administration of L-
DOPA.14 Consistently, other reports have indicated that
genetic variation of the DA-inactivating enzyme cathe-
col-O-methyltransferase affects DMN response.15,16 Ad-
ditionally, striatal markers of DA activity as evaluated
with radiotracer imaging techniques have been correlated
withDMNactivity.17,18 Furthermore, functional connec-
tivity between prefrontal cortex (PFC) and striatal
regions is suppressed by acute DA depletion resulting
in impaired cognitive performance.12 Consistently, ad-
ministration of L-DOPA modulates functional coupling
between ventral and dorsal striatum and DMN regions.4

A crucial determinant ofDA signaling is theD2 receptor.
AlthoughbothD1andD2pathwaysmodulate the tuningof
cortical neuronal resources, D2 receptors are critically in-
volved in inhibitory processes,19 which underlie the
DMN. The administration of D2 agonists and antagonists,
respectively, reduce and increase activity in PFC and stria-
tum during cognitive processing.20,21 Also, D2 receptors
modulate functional connectivity within brain networks in
normalcontrols.22 Interestingly,D2signalinghasbeenasso-
ciated with schizophrenia-related cognitive and imaging
phenotypes and response to antipsychotic treatment.23,24

D2 receptors have 2 alternatively spliced isoforms, the short
(D2S), which is mainly presynaptic acting as an autorecep-
tor, and the long (D2L),which is primarily postsynaptic. In-
terestingly, rapid reuptake of DA by dopamine transporter
(DAT), that is, one of the keymechanisms for regulation of
striatalDAlevel, isalsomodulatedbypresynapticD2recep-
tors.25Activation ofD2S can facilitate cell-surfaceDATex-
pression through a direct protein-protein interaction
modulated by an extracellular signal-regulated kinases 1-
and 2–dependent phosphorylationmechanism,26 thus lead-
ingtoincreasedDAuptake.25Also,wehavedemonstratedin
vivoD2S-DATgenetic interaction inmice and inhumans.27

Phenotypically, disruption ofD2S-DAT interaction inmice
using interfering peptides results in increased spontaneous
locomotoractivity, similar toDATknockoutanimals.25Re-
cently, an association between relative expression of these
isoforms and a functional intronic single-nucleotide poly-
morphism within the gene encoding D2 receptors (DRD2
rs1076560G > T) has been identified. Healthy individuals
homozygous for the G allele, which have been associated
with greater PFC efficiency during cognitive processing,23

have relatively greater striatal and prefrontal mRNA
expression of D2S28 as well as increased in vivo striatal
binding of [123I]-FP-CIT,29 which is a SPECT radioligand
reflecting the availability of presynaptic DATs.

In the present study, we investigated the relationship
between DRD2 rs1076560 genotype and DMN activity
using a multimodal imaging approach. We used blood
oxygen level–dependent (BOLD) functional magnetic
resonance imaging (fMRI) during a working memory
(WM) task to estimate brain connectivity patterns
and [123I]-FP-CIT SPECT to measure pre-synaptic DA

signaling in healthy controls. Given the well-knownmod-
ulation of DA on DMN and the effects of this polymor-
phism on PFC and striatal DA function, we hypothesized
that DRD2 genotype would be associated with modula-
tion of connectivity strength within the DMN and the
striatum. Also, we hypothesized thatDRD2 genotype-de-
pendent connectivity changes in these networks would be
predicted by striatal binding of [123I]-FP-CIT.

Methods

Subjects

Twenty-eight right-handed Caucasian subjects (mean age
6 SD = 23.86 3.2 years) participated in this study (table 1).
All subjects had normal or corrected to normal visual acu-
ity. Handedness was assessed with the Edinburgh Ques-
tionnaire. Exclusion criteria included past history or the
presence of any medical, neurological, or psychiatric dis-
orders according to Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition, drug treatment (except
birth control pills in women), past head trauma with loss
of consciousness. All participants gave written informed
consent, approved by the Institutional Review Board of
the University of Bari, Bari (Italy), to take part in the ex-
periment. Subjects were genotyped for DRD2 rs1076560
and the variable number of tandem (VNTR) repeat poly-
morphism in the 3’-untranslated region of DAT (see
supplementary materials).

fMRI Imaging Acquisition

BOLD-fMRI was performed on a GE Signa (Milwaukee,
WI) 3T scanner. A gradient echo BOLD echo-planar im-
aging pulse sequence was used to acquire 120 images.
Each functional image consisted of 20 6-mm-thick axial
slices covering the entire cerebrum and most of the cer-
ebellum (time repetition = 2000 ms; time echo = 30 ms;
field-of-view = 24 cm; flip angle = 90�; matrix = 64 3 64).

fMRI Task Paradigm

All subjects performed the N-back WM task as described
elsewhere.29 Briefly, subjects saw numbers (1–4) shown in
pseudorandomsequenceanddisplayedatthecornersofadi-
amond-shaped box. A visual-motor control condition (0-
back)thatrequiredsubjectstoidentifythenumbercurrently
seen, alternated with the 2-back WM condition. In the 2-
back condition, subjects were asked to recall the number
seen 2 stimuli before, while continuing to encode addition-
ally incoming stimuli. Performance was recorded through
a fiber optic response box, which allowed measurement
of behavioral data as the number of correct responses (ac-
curacy)andreactiontime.Thestimuliwerearrangedineight
30-sblockswithoneblockof thecontrol conditionalternat-
ing with one block of the WM condition.
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SPECT Imaging Acquisition

Each subject was injected intravenously with an average of
150 MBq (range 111–186 MBq) of available [123I]-N-
omega-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)
tropane ([123I]-FP-CIT; GE Healthcare, Amersham, UK),
a radiotracer which binds specifically to DA transport-
ers.30 Potassium iodide solution (Lugol) was administered
at least 3 h before and 12 h after radiopharmaceutical in-
jection to block thyroid uptake of free radioactive iodide.
Images were acquired 3–6 h after [123I]-FP-CIT injection.
A dual-head gamma camera (Infinia, GE) equipped with
parallel-hole, low-energy high-resolution collimators was
used. SPECT data were acquired using the following
parameters: matrix = 128 3 128, rotation = 360�, view =
60, view angle = 6�, projection time = 45 s; slice thickness
= 3.68 mm, acquisition time = 22 min; total brain counts
>1 million in all examinations. Reconstruction was per-
formed by back projectionwith a Butterworth filter (cutoff
frequency: 0.3 cycle/cm, 10th order) to provide transaxial
slices that were attenuation corrected. Attenuation correc-
tion was performed according to Chang’s method (atten-
uation coefficient: 0.12–1 cm), after manually drawing an
ellipse around the head contour. System spatial resolution
was 11mm (radius-of-rotation = 15.9 cm). Slices were reor-
iented parallel to the canthomeatal line.

Data Analysis

Behavioral and Demographics. Two-sample t-tests were
used to compare demographics and behavioral data, re-
spectively. Chi-square analyses were performed to com-
pare categorical variables.

fMRI Imaging

Independent Component Analysis. One-group spatial in-
dependent component analysis (ICA) was performed on
fMRI data preprocessed using Statistical Parametrical
Mapping (SPM5; http://www.fil.ion.ucl.ac.uk) as imple-
mented in Group ICA of fMRI Toolbox (GIFT2.0c;
http://icatb.sourceforge.net) as described elsewhere33 (see
supplementary materials for further details). ICA decom-
position was performed using the Infomax algorithm and

resulted in 21 independent components (ICs), consisting of
group spatial maps and the related time courses (TCs) of
the estimated signal. Individual participants’ spatial maps
for each IC, which are the voxel-wise IC loadings, repre-
sent local strength of functional connectivity31,32 and re-
flect the correspondence between the estimated TC in
each voxel and the average TC of the network itself. Given
that in spatial ICA, the individual subject TC is assumed to
be constant across the entire brain, the voxel-wise esti-
mated signal deviations from the average network reflects
regional variation in the strength of functional connectiv-
ity within a given network. After screening for reliability,
ICs with high spatial correlation (R2 > .02 with the DMN
template provided with the GIFT) were selected for fur-
ther analyses as components of interest (COI). To further
confirm the identification of selected COIs, we calculated
Pearson’s r correlation between their TCs and the 2-back
condition (as modeled by a boxcar function convolved
with a double-Gaussian hemodynamic response function)
and retained those ICs that showed high temporal anticor-
relation. We identified also a striatal COI with the highest
spatial correlation (R2 = .07) to an a priori defined bilateral
basal ganglia (BG) region of interest (ROI, see below).

Second-Level Analyses. Each subject’s COIs were en-
tered into SPM5 and analyzed using second-level ran-
dom-effects analyses. One-way ANOVAs, masked by
the main effects maps of DMN-COIs for all the subjects
(P< .001), withDRD2 polymorphism as between-subjects
variable were used to assess the effect of genotype on brain
connectivity. Average connectivity strength as measured
by individual subject IC loadings was extracted from sig-
nificant clusters and correlated with V3$ in the BG within
each genotype group (see below) using Spearman’s q, thus
yielding a total of 8 comparisons. Correlations were then
compared using r-to-z’ transform.
To study the relationship between DRD2-dependent

connectivity differences in striatal network and DMN,
we correlated connectivity strength between the clusters
of networks that demonstrated DRD2 genotype effects
(MPFC and PCC, dorsal and ventral striatum, in DMN
and striatal network, respectively) using Pearson’s method

Table 1. Demographics and Performance in the DRD2 rs1076560 Genotype Groups

GG GT Difference

N 18 10

Age (y) 24.3 6 3.1 22.8 6 3.2 df = 26, t = 1.24, P = .23

Gender Ratio (M:F) 10:8 4:6 df = 1, P = .43

Hollingshead 41.9 6 16.9 36.6 6 11.6 df = 26, t = 0.89, P = .38

Wechsler Adult Intelligence Scalea (mean 6 SEM) 113.1 6 3.47 103.8 6 6.38 df = 24, t = 1.38, P = .18

2-Back accuracy (% correct, mean 6 SEM) 81.5 6 3.37 88.2 6 4.88 df = 26, t = 1.15, P = .26

2-Back Reaction Time (ms, mean 6 SEM) 512.5 6 51.65 562.1 6 91.61 df = 26, t = 0.512, P = .63

aAvailable for 24 subjects.
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across the whole sample, thus yielding a total of 4 compar-
isons. Given the relatively large sample size (n � 25), here
we used parametric statistics (Central Limit Theorem).

Clusters of contiguous voxels were identified using
a statistical threshold of P < .005 uncorrected at voxel
level. Then, these clusters were tested for cluster-level
family-wise error correction for multiple comparisons
with a = .05 using Gaussian Random Field Theory.
We corrected using the whole-brain volume or used
small-volume correction for ROIs about which we had
a priori hypotheses (anterior and posterior DMN regions
and BG ROI). ROIs were created using WFU PickAtlas
1.04 (http://www.rad.wfubmc.edu/fmri). BG ROI com-
prised bilaterally the following brain regions: caudate,
putamen, and globus pallidus. The DMN template was
part of the GIFT toolbox and included the following
regions: MPFC, anterior cingulate cortex (BA24/32),
and the inferior parietal lobule, as well as the posterior
cingulate and precuneus.1 All coordinates are reported
in Montreal Neurological Institute (MNI) system.

Temporal Analyses To evaluate DRD2-related differen-
ces in the engagement of the COIs across the whole task,
we compared the beta values of the temporal correlations
of each individual TC with the timing of each task con-
dition using two-sample t tests as implemented in
GIFT.33

SPECT Imaging

Preprocessing. SPECT data were processed using SPM5
as previously reported.29 For each subject, a specific-to-
non displaceable equilibrium partition map (V3$), which
is proportional to free voxel-wise DAT binding potential,
was calculated (see supplementary materials).

Statistical Analyses. [123I]-FP-CIT V3$ data were
extracted in each subject from a BGROI, which included
bilateral caudate and putamen (from WFU PickAtlas).
V3$ data were compared using a two-sample t-test.
We performed an outlier analysis on the FP-CIT binding
measures for the whole sample using the 1.53 interquar-
tile range method.34 According to this method, the 3
highest binding values (belonging to GG subjects) can
be considered statistical outliers for the whole sample.
We excluded these values from the SPECT analyses
here reported. Nevertheless, all correlations between
binding and connectivity remained unchanged when in-
cluding these values (see supplementary materials), thus
suggesting that those values are rather statistical albeit
not biological outliers.

Results

Genotype Results

Theallelicdistributionofbothgeneswas inHardy-Weinberg
equilibrium (DRD2, v21 = 1.323, P > .2; DAT-VNTR,

v21 = 1.14, P > .2). Furthermore, the distribution of DAT-
VNTRdidnotdifferacrossDRD2groups(v21 = .208;P= .65).

Behavioral Results

Genotype groups did not have any difference on both be-
havioral accuracy (percent correct responses: GG = 81.5 6

14.3, GT = 88.2 6 15.4; t’26 = 1.154, P = .26) and reaction
time at 2-BackWM task (GG = 512.5 6 219.1 milliseconds,
GT = 562.1 6 289.7 milliseconds; t’26 = 0.5116, P = .61).

Imaging Results

Components of Interests. Consistent with previous
fMRI studies,6 2 DMN COIs were identified. The first
COI encompassed brain regions that were more anterior
(Ant-DMN, figure 1A) and included the MPFC (BA9/
10), anterior cingulate (BA24/32), bilaterally hippocampal
formation, and superior temporal and inferior parietal
regions. The second COI included regions that were
more posterior (post-DMN, figure 1B), as PCC (BA29/
31), precuneus (BA5/7), posterior parietal cortex (BA7),
and dorsal MPFC (BA10). Both COIs had high spatial
correlation with the DMN template (Ant-DMN, R2 =
.05; post-DMN, R2 = .06) as well as high temporal anti-
correlation with the WM task (Ant-DMN, r = �.73,
P < .0001; post-DMN, r = �.80, P < .0001).
The ICwith the highest spatial correlationwith BGROI

(R2 = .07) was identified and labeled as striatal network.
This COI encompassed bilaterally caudate, putamen,
globus pallidus, ventral striatum, left dorsolateral-PFC
(BA9), left supplementary motor area, and right superior
posterior parietal cortex (figure 2). Also, this IC was anti-
correlated with the WM condition (r = �.54, P < .0001).

Effect of DRD2 Genotype on Connectivity

There was an effect of genotype on Ant-DMN, post-
DMN, and striatal networks. GG subjects had increased
connectivity inMPFC relative toGT subjects withinAnt-
DMN (BA9/24; xyz = �8,53,15; Z = 3.55, P = .03 SVC
corrected; figure 3A). In post-DMN,GG subjects had de-
creased connectivity in PCC relative to GT subjects
(BA29/31; xyz = 0,�34, 30; Z = 2.90, P = .04 SVC cor-
rected; figure 3A).
Within striatal network, GG subjects had greater con-

nectivity in right ventral striatum relative to GT subjects
(xyz = 8,4,�11; Z = 4.74, P = .05 corrected, figure 4).
Moreover, heterozygote subjects had greater connectivity
in left putamen (xyz = �30,�7.5,0; Z = 3.13, P = .02 SVC
corrected for the striatum; figure 4).

Brain Network Correlations We investigated the rela-
tionship between connectivity strength, measured by IC
loadings, in clusters demonstrating a DRD2 genotype ef-
fect, namely MPFC, PCC, right ventral striatum, and left
putamen. In addition, there was a negative correlation be-
tween average spatial IC loadings in MPFC and PCC
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clusters across the whole sample (r =�.40, P = .035), such
that subjects with lower engagement of MPFC within
Ant-DMN had greater recruitment of PCC within
post-DMN. There was a positive correlation between
connectivity strength in the MPFC cluster within
DMN and in ventral striatum within the striatal network
(r = .38, P = .045; see supplementary figure S1A). Also,
connectivity strength in PCC within post-DMN was cor-
related with connectivity in left putamen (r = .43,P = .021;
see supplementary figure S1B).

SPECT Results

There was no statistically significant effect of genotype on
V3$ values even though the direction of DAT binding in
the 2 DRD2 genotype groups was similar to what de-
scribed before29 (mean 6 standard error of the mean:
GG = 2.98 6 0.28, GT = 2.38 6 0.07; t = 2.05, P > .2).

Connectivity-[123I]-FP-CIT V3$ Correlations

The relationship between connectivity in MPFC and
[123I]-FP-CIT binding in BG was modulated by genotype
(P = .05, figure 3B). In particular, IC loadings in MPFC
were directly correlated with [123I]-FP-CIT binding in
GG subjects (q = 0.54, P = .038), while in GT individuals,
there was no significant correlation (the relationship was
in the opposite direction, q = �0.32, P = .36).

Also, the relationship between connectivity in ventral
striatum and [123I]-FP-CIT binding in the striatum was
modulated by genotype (P = .04, see supplementary figure
S2). Specifically, IC loadings were negatively correlated
with [123I]-FP-CIT binding in GT subjects (q = �0.64, P
= .04) while no significant correlation emerged in GG sub-
jects (the relationship was again in the opposite direction,
q = 0.22, P = .37). All statistics of the correlations did not
change when including the possible statistical outliers (see
supplementary figures S3 and S4).

Temporal Analyses

We found an effect ofDRD2 genotype on the beta values
of striatal COI TC-task condition synchrony (all P <
.04), with GT subjects having greater beta values relative
to GG subjects.

Discussion

The present study demonstrates that DRD2 rs1076560
genotype modulates connectivity within DMN along
with its relationship with striatal [123I]-FP-CIT binding.
Moreover, we found that DRD2-dependent DMN con-
nectivity strength was correlated with DRD2 genotype–
dependent striatal connectivity. Specifically, GG subjects
had greater connectivity in MPFC within Ant-DMN and

Fig. 1. Default mode network (DMN). Two components were identified: Ant-DMN (A) and post-DMN (B). The anterior component
included MPFC, anterior cingulate, hippocampal formation, and superior temporal and inferior parietal regions, whereas the posterior
component encompassedPCC,precuneus, dorsalMFPC, andbilateral posterior parietal regions.One sample t test imagesdisplay the spatial
pattern of the ICs identified (P < .005 uncorrected). TC represents the temporal profile of DMN for each component (continuous line)
overlaid on the paradigm of working memory design (dashed line). Color bar indicates T-scores.
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decreased connectivity in PCCwithin post-DMN relative
to GT subjects. Within the striatal network, connectivity
strength in GG subjects was increased in ventral and re-
duced in dorsal striatum relative to GT subjects. Addi-
tionally, connectivity strength in ventral striatum and
in MPFC as well as connectivity strength in dorsal stria-
tum and in PCC were directly correlated. Furthermore,
striatal [123I]-FP-CIT binding was directly correlated
with MPFC connectivity in GG subjects whereas this
binding index was negatively correlated with ventral
striatal connectivity in GT subjects.

Imaging genetics, pharmacological, and clinical studies
in humans have indicated a modulatory role of DA sig-
naling on both MPFC and PCC nodes within DMN at
rest4,15 as well as during a cognitive task.8–12,16–18 Al-
though most studies suggest that higher DA levels are as-
sociated with greater DMN activity, midline regions
within this network show different responses to dopami-

nergic drugs9,10 or to genetic variants.16 In our study, we
found regionalDRD2-dependent changes in connectivity
which may reflect both DA availability and anatomical-
functional differences within the DMN. Presynaptic D2
autoreceptors (mainly D2S), which are relatively more
abundant in GG subjects, inhibit DA release in the stria-
tum.35 Relatively decreased striatal DA signaling can re-
sult in increased PFC connectivity directly on frontal
cortical neurons or through inhibitory interneurons
(see, for a review, Tisch et al36). Furthermore, the
DMN includes different subnetworks with specific func-
tional roles. MPFC, which is mainly connected with lim-
bic regions such as the orbitofrontal cortex,37 has been
implicated in emotional processing and motivation.38

Also, MPFC can filter out interference from emotional
processing that may hamper performance during cogni-
tive tasks in a dynamic interplay with the task-related net-
work.39 Overall, these reports support a role for this

Fig. 2. The striatal network. A striatal component including caudate, putamen, pallidus, left dorsolateral PFC, and right superior posterior
parietal cortex was estimated. One sample t test images display the spatial pattern of the ICs identified (P< .005 uncorrected). TC represents
the temporal profile of the striatal network component (continuous line) overlaid on the paradigm of workingmemory design (dashed line).
Color bar indicates T-scores.

6

F. Sambataro et al.



212

F. Sambataro et al.

region in monitoring and integrating emotional and cog-
nitive processing.2 On the other hand, PCC is connected
with the anterior cingulate cortex, the parietal cortex, and
the hippocampus. PCC activity has been associated with
difficulty of cognitive tasks6 and with both short and

long-term memory processing.40 We found that GG sub-
jects have greater connectivity in MPFC and reduced
connectivity in PCC in the context of comparable accu-
racy and reaction time at the task at hand. Previous
reports have indicated that healthy GG subjects have bet-
ter performance at cognitive tasks and decreased dorso-
lateral PFC activation in the context of similar
accuracy.28,29 On the other hand, GG subjects have re-
duced emotional control and increased amygdala activa-
tion during implicit processing of emotional faces along
with greater dorsolateral-PFC response in explicit pro-
cessing.22 Hence, increased connectivity in the anterior
DMN and decreased connectivity in the posterior
DMN, respectively, may reflect a general capacity of
these individuals to preferentially engage specific nodes
in these networks associated with differential behavioral
abilities.
Functional activity in the striatum is modulated by

DRD2 genotype variants during WM27,28 and motor
tasks.41 The striatal network has been identified by pre-
vious studies42,43 and may include sensory-motor, cogni-
tive and limbic loops. Interestingly, the hemodynamic
response of the striatal network was shown to precede
that of the DMN during resting state, thus suggesting
that the striatal networkmay function also as a controller
of network fluctuations within the DMN.43 Ventral stria-
tal regions are associated with limbic function and receive
glutamatergic projections from PFC, amygdala, and hip-
pocampus, as well as DA fibers from ventral tegmental
area. On the other hand, the dorsal striatum is associated
with sensorimotor and cognitive function, receiving glu-
tamatergic projections from the cortex and dopaminergic
afferents from substantia nigra pars compacta (for a review,
see Haber and Knutson44). Striatal D2 receptors are abun-
dantly expressed both presynaptically on DA terminals
from the substantia nigra and PFC and postsynaptically

Fig. 4.Effect ofDRD2 rs1076560 on functional connectivity within
the striatal network. (A) GG subjects had greater connectivity
strength in right ventral striatum (white cluster [green in online
version] ) relative to GT subjects as well as reduced connectivity in
left putamen (black cluster [red in online version] ) relative to GT
subjects. T-maps of striatal connectivity differences are thresholded
at P 5 .005 and overlaid on the MNI brain template for visual
purposes.

Fig. 3.Effect ofDRD2 rs1076560 on functional connectivity within theDMN. (A) GG subjects had greater connectivity strength within the
Ant-DMN inMPFC relative toGT subjects (white cluster [shown in green in online version] );GGsubjects had reduced connectivity in PCC
within post-DMN (black cluster [shown in red in online version] ) relative toGT subjects. (B) Connectivity inMPFC correlated with striatal
FP-CIT binding in GG (q 5 0.54, P 5 .04) but not in GT subjects (q 5 �0.32, P 5 .36). T-map of DMN connectivity differences are
thresholded atP5 .005 and overlaid on theMNIbrain template for visual purposes. (white [green in online version],GG>GT; black [red in
online version], GT > GG).
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on c-aminobutyric acid (GABA) medium spiny neurons.45

We found that DRD2 modulates the synchrony of the en-
tire striatal network and the WM task, with GG subjects
having decreased temporal correlation with the task. Fur-
thermore, we found that in GG subjects, connectivity was
increased in ventral striatum and reduced in dorsal stria-
tum. These striatal changesmay reflect the effects of genetic
variation of DRD2 on the relative distribution of D2 iso-
forms. Indeed, the ratio of striatal and PFC D2S/D2L iso-
forms may affect the balance between excitatory and
inhibitory transmission in the striatum that ultimately reg-
ulates the firing of medium spiny neurons. The role of D2
isoform ratio in striatal connectivity is also supported by
our SPECT results. Striatal D2S regulate DAT availability
andDA levels that are themain factors associatedwith rest-
ing [123I]-FP-CIT binding indexes.23 In keeping with this,
we found that [123I]-FP-CIT binding predicts reduced ven-
tral striatal connectivity in GT subjects further suggesting
the role of D2S levels in striatal function.

The DMN is anatomically and functionally associated
with brain regions within striatal networks. Evidence
from functional connectivity research in humans13,46

and anatomical studies in non-human primates37 have
demonstrated that MPFC is connected to the ventral
striatum. MPFC inputs to the striatum are organized
in a dual system: focal projections to subregions of the
ventral striatum, specifically to the nucleus accumbens,
the medial portion of the caudate, and the ventromedial
part of the putamen, which play a role in encoding the
relative value and the outcome of chosen options during
decisions47; diffuse pathways to the entire striatum that
converge with inputs from other PFC areas and regulate
the firing of medium spiny neurons, thus modulating
temporal activation of different striatal regions during
learning.48 Tracer studies in monkeys49 and imaging
studies4 have shown that the dorsal caudate is connected
with PCC. Intriguingly, pharmacological challenge with
DA agonists, and Positron Emission Tomography (PET)
studies have shown that DA signaling can modulate the
relationship between the DMN and striatal networks
both at rest4 and during the performance of a cognitive
task.17 We found that DRD2-dependent changes in ven-
tral striatal connectivity within the striatal network and
in MPFC connectivity within the DMN are associated,
suggesting a modulatory role of D2 variants on the
DMN-striatal network relationship. The role of genetic
variation of D2S receptors is also suggested by the asso-
ciation between MPFC connectivity and [123I]-FP-CIT
striatal binding in GG subjects. Alternatively, DA levels
per se can modulate the relationship between DMN and
striatal networks. Resting PET studies with fluoro-L-m-
tyrosine, a radiotracer which measures DA synthesis
capacity, show that dorsal striatal binding can predict ac-
tivity in PCC during a WM task.17 Consistent with these
findings, GT subjects, who are thought to have greater
striatal DA concentration, showed greater connectivity

in dorsal striatum. Furthermore, strength of connectivity
in this region was associated with coupling in PCC.
These findings provide further evidence for an impor-

tant role of theD2 system in themodulation of theDMN.
The relative ratio of D2 isoforms can modulate both DA
and GABA pathways. DA can modulate firing of pyra-
midal neurons and of GABA inhibitory interneurons
through DA receptors including D2, thus affecting net-
work synchronization of cortical oscillations.19 Further-
more, activity of DMN has been directly associated with
decreases in neuronal activity due to inhibitory pro-
cesses.50 Both D2S and D2L can affect neural inhibition
directly through modulation of tonic activity of
GABAergic interneurons51 and indirectly through the in-
hibition of glutamate release (mainly D2S52). Thus, mod-
ulation of cortical and striatal D2 systems could result in
changes at the level of excitatory and inhibitory systems
which translate in differential patterns of network en-
gagement within the DMN.
Overall, these findings suggest that DRD2 polymor-

phism can have pleiotropic effects on the DMN through
the modulation of striatal DA. Levels of this neurotrans-
mitter could affect functional coupling within regions of
the DMN, the striatal network, and their interaction to
modulate the dynamic interplay among brain networks.4

Coordinated interaction among cerebral circuits is
thought to be crucial for the allocation of attentional
resources during active and passive states where attention
is directed towards a task or self-reflected respectively.6

Notably, dysregulation of DA and of the D2 pathway
is thought to be crucial for the pathophysiology and
treatment of schizophrenia. A number of studies support
dysregulation of striatal DA and increased D2 striatal
density in patients with schizophrenia (see, for a review,
Abi-Dargham53). Furthermore, imaging studies have
reported that genetically determined D2 signaling is as-
sociated with dorsolateral-PFC activity during
WM.23,27–29 Finally, the DMN contributes to WM func-
tion6 and is also altered in patients with schizophrenia.7,54

DMN anomalies in this brain disorder may be associated
with altered D2 signaling16 and dysfunctional interac-
tions with task-related networks.6 Altered D2 signaling,
which may follow DRD2-genotype related differences in
D2S/D2L expression ratio, can disrupt the DMN func-
tion.16 Disrupted dynamics of brain networksmay impair
the recruitment of attentional resources for goal-directed
behavior and be associated with the cognitive symptoms
of schizophrenia.7 Both typical and atypical antipsy-
chotics, which have D2 antagonist properties, can mod-
ulate striatal activity increasing glutamate levels in the
neocortex via corticostriatal projections as well as
GABAergic activity (see above). These neural changes
may translate at the level of brain systems to increased
functional connectivity in the DMN.7,15

A limitation to this study is the possible effect of task
performance on the estimation of DMN connectivity per
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se and on between-group comparisons. While the identi-
fication of ICs during a task has inherent advantages on
the functional classification of the ICs, it may bias the
temporal response of the estimated ICs relative to resting
studies. In particular, the 2-back task anticorrelation of
the striatal IC may have resulted as a consequence of task
switching and motor processes during 0-back condition
differently from resting state.43 Nevertheless, recent im-
aging studies performed on thousands of subjects have
confirmed the spatial consistency of the brain networks
estimated using ICA during rest and during an active
task.55 Consistently, the spatial components identified
in our study were similar to those previously identified
by other groups.55 Also, the lack of behavioral differen-
ces at the task across genotype groups further suggests
that behavioral performance may have not biased our
results. Another shortcoming of the present study was
the presence of IQ differences between genotype groups
(GG>GT). Although this difference was not significant,
a bigger sample size might have revealed a role of DRD2
genotype on IQ measures, and this effect could have me-
diated our results. Conversely, Zhang et al28, who studied
68 healthy controls, found that GT subjects had a rela-
tively greater IQ, again this difference did not reach sta-
tistical significance. To further exclude a contribution of
IQ differences on our results, we tested the correlation
between imaging and behavioral data and IQ scores.
We did not find any significant association.
Although our multimodal study included sample of 28

subjects, only a smaller number (10) of them had a GT
genotype. This is consistent with the minor allele fre-
quency reported for the T allele, which is between 0.1
and 0.2 in Caucasian populations. The exclusion of pos-
sible statistical outliers critically diminished our ability to
detect DRD2 binding differences across genotype groups
which was reported in a larger sample.29 Nevertheless,
our study was sufficiently powered to detect significant
differences in imaging variables across genotypes.
In conclusion, our findings indicate that genetic vari-

ation in DRD2 modulates connectivity within the DMN.
Our data also suggest that DRD2 can modulate connec-
tivity in the striatum, and these changes are associated
with differences in the engagement of the DMN. Further
studies are needed to ascertain the relevance of the mod-
ulation of DMN and striatal networks by DA pathways
in neuropsychiatric disorders.
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Supplementary figures S1–S4 and other materials are avail-
able at http://schizophreniabulletin.oxfordjournals.org.
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