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Abstract Release of dopamine in the nucleus accumbens
(NAcc) is essential for acute drug reward. The present study
was designed to trace the reinforcing effect of dopamine
release by measuring the functional connectivity (FC) between the NAcc and brain regions involved in a limbic
cortical–subcortical circuit during a dopaminergic challenge. Twenty healthy volunteers received single doses
of methylphenidate (40 mg) and placebo on separate
test days according to a double-blind, cross-over study
design. Resting state functional magnetic resonance imaging (fMRI) was measured between 1.5 and 2 h
postdosing. FC between regions of interest (ROI) in
the NAcc, the medial dorsal nucleus (MDN) of the
thalamus and remote areas within the limbic circuit
was explored. Methylphenidate significantly reduced
FC between the NAcc and the basal ganglia (i.e.,
subthalamic nucleus and ventral pallidum (VP)), relative
to placebo. Methylphenidate also decreased FC between
the NAcc and the medial prefrontal cortex (mPFC) as
well as the temporal cortex. Methylphenidate did not
affect FC between MDN and the limbic circuit. It is
concluded that methylphenidate directly affects the limbic reward circuit. Drug-induced changes in FC of the
NAcc may serve as a useful marker of drug activity in
in the brain reward circuit.
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Introduction
Dopamine transmission in the mesolimbic pathway has been
associated with reward-seeking and impulsive behaviors, such
as addiction (Pierce and Kumaresan 2006; Volkow et al.
2007). The mesolimbic dopamine pathway includes dopaminergic neurons in the ventral tegmental area (VTA) and its
prime target in the limbic forebrain, the nucleus accumbens
(NAcc). Drugs of abuse are believed to either directly or
indirectly increase dopamine transmission in the NAcc
(Nestler 2005). Activation of dopamine in the NAcc is essential for acute drug reward and can serve a useful brain marker
of the addictive potential of drugs (Dagher and Robbins 2009;
Kalivas and Volkow 2011; Volkow et al. 2011).
The mesolimbic dopamine pathway is tightly connected
to a limbic “reward” circuitry in the brain. The latter has
been described as a functionally segregated cortical–subcortical network that receives modulatory input to the NAcc
from ascending dopaminergic projections from the VTA
(Alexander et al. 1986; Bonelli and Cummings 2007;
Cummings 1993; Perreault et al. 2011). The limbic circuit
includes the medial prefrontal cortex (mPFC), amygdala,
and hippocampus that send glutamatergic projections to
the NAcc. The NAcc is believed to innervate the ventral
pallidum (VP) either directly or indirectly through
GABAergic and GABAergic/glutamatergic projections, respectively. The VP is not clearly divided in internal and
external segments but reciprocal connections of the NAcc
with the subthalamic nucleus (STN) have been identified
that indicate the existence of direct and indirect pathways
(Cummings 1993). Dopamine acting at D1 receptors in the
NAcc results in stimulation of the direct pathway, while
dopamine acting at D2 receptors results in inhibition of the
indirect pathway. The VP sends GABAergic efferents to the
medial dorsal nucleus (MDN) of the thalamus. Glutamatergic
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projections from the medial dorsal thalamus to the mPFC
close the limbic circuit (Alexander et al. 1986; Bonelli and
Cummings 2007; Cummings 1993; Perreault et al. 2011).
Dopaminergic manipulation of neuronal communication is
crucial to the normal functioning of the limbic brain
circuit of reward. Neuronal communication within brain
networks can be studied with functional connectivity
(FC) in resting state functional magnetic resonance imaging (fMRI) by measuring signal synchronicity among
remote brain areas within the network. Pharmacological
fMRI research has shown that FC measures are sensitive
to dopaminergic drugs that either increase or decrease
dopamine transmission in the brain. In general, dopamine agonists and antagonists produced opposing effects. Drugs that increase dopamine transmission such
as methylphenidate and L-dopa have been shown to
increase FC in cognitive, attentional, and salience networks (Cole et al. 2012; Kelly et al. 2009), whereas
dopamine antagonists such as haloperidol and sulpiride
have been shown to decrease FC (Achard and Bullmore
2007; Cole et al. 2012). Alternatively, dopamine agonists and antagonists have also been reported to, respectively, decrease and increase FC in cortical–subcortical
networks (Honey et al. 2003). Dopamine agonist and
antagonist, thus, can decrease as well as increase FC in
specific networks. The direction of change of FC is likely
to depend on the locus of dopaminergic input within the
network and subsequent interaction with additional neurotransmitter systems operating within the same neural network
that may exhibit stimulatory or inhibitory actions.
The present study focused on the reinforcing effects of
the psychostimulant methylphenidate within the limbic circuit. Methylphenidate promotes release of stored dopamine
from presynaptic vesicles and blocks the return of dopamine
into presynaptic nerve endings. Positron emission tomography (PET) studies have demonstrated that methylphenidate
increases extracellular dopamine in the basal ganglia in a
concentration-dependent manner (Volkow et al. 2002;
Volkow et al. 2005a). We hypothesized that methylphenidate administration would increase dopamine concentrations in the NAcc and decrease FC of the NAcc within the
limbic circuit by stimulation of GABAergic inhibitory projections in the direct pathway and by inhibition of the VP
brake on GABAergic inhibitory projections to the STN in
the indirect pathway. In other words, the key expectation
was that increased inhibitory GABAergic output from the
NAcc would also reflect as an inhibition or reduction in FC
of the NAcc with other structures in the limbic circuit. In
addition, we explored FC of brain areas within the limbic
circuit, i.e., the MDN to assess the effects of methylphenidate on brain areas that are more remotely connected to the
NAcc. FC was assessed in a placebo-controlled, double-

blind, cross-over study in healthy volunteers that received
single doses of placebo and methylphenidate (40 mg).

Methods
Subjects
Twenty healthy, right-handed volunteers (nine males, 11
females) aged between 23 and 35 years of age were included. Volunteers were recruited through flyers distributed at
Maastricht University. Initial screening comprised of a questionnaire on medical history. Subjects were examined by the
medical supervisor who checked vital signs, conducted a
resting 12-lead electrocardiogram (ECG), and took blood
and urine samples. Standard blood chemistry, hematology,
and drug screen tests were conducted on these samples.
General inclusion criteria were: right handedness; free
from psychotropic medication; good physical health as
determined by medical examination and laboratory analysis; absence of any major medical, endocrine, and neurological condition; normal weight, body mass index
(weight/length2) between 18 and 28 kg/m2; and written
informed consent. Exclusion criteria were: history of drug
abuse as assessed by drug urine screens and questionnaires; pregnancy or lactation or failure to use reliable
contraceptives; excessive drinking (>20 standard alcoholic
consumptions/beverages a week); hypertension (diastolic
>99; systolic >160); magnetic resonance imaging (MRI)
contraindications, such as claustrophobia and metal parts
in the body; cardiovascular abnormalities; and history of
psychiatric disorders.
The study was approved by the independent ethics committee of Maastricht University and conducted according to
the code of ethics on human experimentation established by
the Declaration of Helsinki (1964) and amended in Seoul
(2008). All subjects were fully informed of study procedures, adverse reactions to drug treatments, legal rights
and responsibilities, expected benefits of a general scientific
nature, and their right for voluntary termination without
penalty or censure.
Drugs, design, and procedures
The study was conducted according to a double-blind,
placebo-controlled, two-way design. Volunteers received
single oral doses of methylphenidate (40 mg) and placebo. Treatments were counterbalanced across volunteers. Volunteers received treatments upon arrival at
the laboratory. A blood sample was taken prior to
scanning, i.e., at 70 min postdosing. Scanning sessions
were conducted between 1.5 and 2 h postdosing and
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consisted of localizer scans, a T1 structural scan, and a
resting state fMRI scan. Volunteers were not allowed to use
alcohol on the day prior to an experimental session and were
requested to arrive at experimental sessions well rested. Drug
and alcohol screens were performed prior to experimental
sessions after subject arrival at the site.
Pharmacokinetics
Plasma values of methylphenidate (micrograms per liter)
and the metabolite ritalin acid (micrograms per liter) were
determined with liquid chromatography–mass spectrometry.
Limits of quantification for methylphenidate and ritalin acid
were 1 and 10 μg/l, respectively.
Image acquisition
MRI images were acquired with a Siemens 3 T head-only
scanner (MAGNETOM Allegra, Siemens Medical Systems,
Erlangen, Germany). During resting state, we acquired
200 EPI whole-brain functional volumes (TR=2.0 s.; TE=
30 ms; field of view (FOV)=224×224 mm; flip angle=90°;
oblique acquisition orientation; interleaved slice acquisition;
32 slices; slice thickness=3.5 mm; image matrix=64×64×
32; voxel size= 3.5 ×3.5× 3.5 mm). During resting state
scans, volunteers looked at a blank screen and were asked
to relax with the eyes open. The T1-weighted anatomical
scan was acquired with the following parameters: TR=
2,250 ms; TE=2.6 ms; flip angle=9°; image matrix=196×
256×256, 192 sagittal slices, voxel size=1×1×1 mm).
Image preprocessing
Data processing and analysis were conducted using SPM5.
The first two volumes were removed from each fMRI data
set to allow for magnetic equilibration. Preprocessing
consisted of 3D motion correction and slice time correction.
Individual anatomical data sets were normalized to standard
3-D MNI space. Individual functional images were
realigned, coregistered and normalized to the anatomical
data, and resampled to a voxel size of 2 × 2 × 2 mm3 .
Spatial smoothing was conducted with a FWHM 6 mm
Gaussian kernel.
Functional connectivity
FC data were produced with the MATLAB toolbox
DPARSF (Chao-Gan and Yu-Feng 2010) according to the
following processing steps. First, linear trends of time
courses were removed followed by low band-pass filtering
(0.01–0.08 Hz) of the preprocessed data to remove “noise”
attributable to physiological parameters. In addition,

nuisance covariates, including six motion parameters, and
the average signal of white matter voxels and of cerebral
spinal fluid (CSF) voxels were removed though linear regression. White matter and CSF voxels were selected based on the
tissue density maps derived from segmenting the anatomical
image. For all voxels with a density of higher than 90 and
70 %, respectively, the time series data were voxel-wise averaged. No global brain signals were removed (Murphy et al.
2009). Four spheres (radius 4 mm) were created that were
located (in MNI space) in the NAcc of the left (−9, 9, −9) and
right (9, 9, −9) hemispheres, and the MDN of the thalamus in
the left (−9, −19, −6) and right (9, −19, −6) hemispheres.
Seeds locations were in agreement with structural and functional subdivisions of these brain regions that were validated
in previous work for the probability of belonging to a given
anatomical region (Di Martino et al. 2008; Kelly et al. 2009;
McMahon et al. 2006). Average time courses were obtained for
each sphere region of interest (ROI) and correlational analysis
was performed voxelwise to generate FC maps for each sphere
ROI. Finally, the correlation coefficient map was converted
into z-maps by Fisher's r-to-z transform to improve normality.
Statistical analysis
Statistical analyses were conducted using SPM5. One sample t tests were performed on z-maps for methylphenidate
and placebo separately to show significant FC patterns
associated with ROI seeds in each treatment condition.
The within-condition statistical threshold was set at p<
0.05 FWE corrected (i.e., corresponding to T>7.50). FC
maps for both treatments were subsequently modeled in a
repeated measures factorial design to contrast significant
differences in FC between methylphenidate and placebo.
The threshold limit for methylphenidate–placebo contrasts
was set at p<0.05 (FDR corrected, cluster size>10).

Results
Figures 1 and 2 show significant FC data in each treatment
condition for each seed ROI as indicated by one-sample t
tests. In addition, the figures indicate significant differences
in FC between treatments as indicated by placebo–methylphenidate contrasts.
FC of the NAcc showed high synchronicity with large areas
in basal ganglia, thalamus, amygdala, hippocampus, brainstem,
and temporal and frontal cortices during placebo. Treatment
with methylphenidate significantly reduced FC in a number of
these areas. A summary of the major clusters showing decrements in FC with the NAcc in the left and right hemispheres is
given in Table 1. The clusters include areas that are part of the
limbic circuit such as VP and STN as well the mPFC.
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Fig. 1 NAcc-related functional connectivity in the left and right hemispheres. Shown are thresholded Z-score maps of functional connectivity for each
condition and significant methylphenidate-related decrements in FC. The cross-hair indicates the seed ROI position (axial orientation: left=left)
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Fig. 2 MDN of the thalamus-related functional connectivity in the left and right hemispheres. Shown are thresholded Z-score maps of functional connectivity
for each condition and significant methylphenidate-related decrements in FC. The cross-hair indicates the seed ROI position (axial orientation: left=left)
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Table 1 Significant decrements in functional connectivity of nucleus accumbens and medial dorsal nucleus for methylphenidate, relative to
placebo
Brain clusters

Seed: right nucleus accumbens
Right medial frontal gyrus, right superior frontal gyrus, anterior cingulate
Right middle temporal gyrus
Right brainstem, subthalamic nucleus, medial globus pallidus, ventral pallidum
Left middle frontal gyrus
Left superior temporal gyrus
Left brain stem, left cerebellum, subthalamic nucleus
Seed: left nucleus accumbens
Right precuneus
Right posterior cingulate
Right cerebellum
Left superior temporal gyrus, left fusiform gyrus
Left precuneus, left posterior cingulate, left cuneus
Left inferior occipital gyrus, left fusiform gyrus
Left brain stem, left cerebellum
Seed: right medial dorsal nucleus
Right thalamus
Left thalamus

FC of the MDN showed strong correlations between seed
ROIs and brain areas in the basal ganglia, parietal, and
temporal and frontal cortices. Treatment with methylphenidate somewhat decreased FC within the thalamic structures
in both hemispheres, but FC with all other brain areas in the
network was unaffected. Plasma data revealed mean (SD)
methylphenidate and ritalinic acid concentrations of 7.1
(6.8) and 265.2 (262.1) μg/l, respectively.

Discussion
The present study was designed to assess methylphenidateinduced modulation of FC within the limbic circuit. We
hypothesized that methylphenidate administration would
increase dopamine concentrations in the NAcc and decrease
FC of the NAcc within the limbic circuit by stimulation of
GABAergic inhibitory projections in the limbic circuit. FC
data obtained during treatment with placebo demonstrated
that NAcc activity was strongly correlated to a large number
of brain areas including those that are involved in the limbic
circuit. The present data are supportive of previous FC
studies in healthy volunteers that have also shown that
spontaneous activity in NAcc predicts activity in regions
implicated in the limbic circuit (Cauda et al. 2011).
Treatment with methylphenidate significantly affected FC
of the NAcc within the direct and indirect pathways of the
basal ganglia as indicated by a reduction in synchronicity

BA

Number
of voxels

Peak MNI
coordinates

P value T19,
FDR corrected

10, 32
19, 20, 21, 39

115
30,787
177
270
165
293

14, 68, −12
54, −68, 24
6, −12, −8
−24, 28, 28
−42, −48, 18
−12, −26, −40

0.009
0.003
0.021
0.015
0.003
0.013

265
233
133
165
276
173
325

8, −58, 48
6, −62, 20
18, −54, −20
−42, −48, 18
−22, −70, 32
−40, −72, −2
−12, −30, −38

0.026
0.027
0.021
0.008
0.021
0.021
0.023

18, −20, 16
−8, −16, 10

0.035
0.036

8, 9

7, 31
23, 29
20
19, 30, 31
19

between the NAcc and the VP and between the NAcc and
the STN. In addition, methylphenidate also decreased FC
between the NAcc and the medial PFC (e.g., Brodmann
areas 9, 10, and 32) and temporal cortex (e.g., Brodmann
area 20). These data strongly confirm that methylphenidate
directly affects the limbic reward circuit and decreases FC of
brain areas within this network.
Decrements in FC of the NAcc may be largely related to
the moderating effects of methylphenidate on GABAergic
projections to output nuclei within the basal ganglia.
Methylphenidate elevates dopamine levels in the NAcc,
which in turn, increases inhibitory GABAergic neurotransmission to the VP through D2 receptor stimulation in the
direct pathway and decreases stimulatory glutamatergic neurotransmission to VP by blocking GABAergic output
through D1 receptor stimulation in the indirect pathway.
The striatal complex has previously been described as an
bottom-up “impulse” generator within the limbic circuit that
signals pleasure and reward to the medial prefrontal brain
(Bechara 2005). Such pleasure signals appear tightly linked
to GABA pathways. Microinjections of GABA agonists in
the NAcc have been shown to amplify “liking” of drugs,
whereas glutamatergic signals failed to alter pleasure reactions in rats (Faure et al. 2010). Likewise, chronic drug
abuse in humans has been associated with a disruption of
GABA pathways in the striatum and increased sensitivity to
GABA agonists (Volkow et al. 1998). Methylphenidate has
also been reported to increase drug “liking” after intravenous
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dosing and, to lesser degree, after therapeutic oral doses
(Kollins et al. 2009; Volkow et al. 1999), depending on rate
of drug clearance in the striatum (Parasrampuria et al. 2007;
Spencer et al. 2006). Together, these findings suggest that
drug-induced reductions in FC between NAcc and VP or
STN following altered processing of dopaminergic signals in
GABAergic pathways may serve as striatal markers of reinforcement during drug treatment. Additional research, however, is needed to quantify and validate the relation between
drug “liking” and FC measures in striatum.
The mPFC has been associated with “reflective” or “topdown” control in the limbic circuit that receives glutamatergic
input from the MDN of the thalamus and produces
glutamatergic output to the NAcc (Bechara 2005; Faure et
al. 2010; Kalivas et al. 2005; Kalivas and Volkow 2005). Topdown cortical glutamate signals regulate motivational components of drug use but may be relatively unable to affect the
hedonic component of drug use (Kalivas and Volkow 2005).
Methylphenidate reduced FC between the NAcc and the
mPFC as well as temporal brain areas. The reduction in FC
seems to imply a loss of connectivity between the reflective
and the impulsive parts of the limbic circuit. Reductions in FC
between the NAcc and the mPFC have also been reported in
heroin- (Hong et al. 2009) and cocaine-dependent (Gu et al.
2010; Tomasi et al. 2010) individuals. Reductions in FC in
these studies have been interpreted as additional support for
the general notion of PFC dysfunction in drug addicts underlying loss of self-control (Goldstein and Volkow 2011a). The
reduction in FC between NAcc and mPFC after a single dose
of methylphenidate appears to contrasts with recent imaging
findings that this drug normalizes activity in the mPFC and
increases impulse control in cocaine abusers (Goldstein and
Volkow 2011b). Yet, previous studies have also shown that
methylphenidate can produce contrasting responses in healthy
controls and drug addicts. Intravenous administration of methylphenidate increased brain metabolism in cocaine addicts but
decreased metabolism in healthy controls (Volkow et al.
2005b). These data suggest that the brain's response to methylphenidate varies with (ab)normal fluctuations of
glutamatergic and GABAergic neurotransmission in the limbic circuit. The latter implies a strong potential for FC measures to assess neuroadaptions in neurotransmission within the
limbic circuit by comparing acute drug effects on FC in
occasional drug users and in chronic drug users.
The finding that methylphenidate decreases FC of the
NAcc within the limbic circuit seems generally in line with
data from other placebo-controlled studies in healthy volunteers that also reported on FC in cortical–striatal networks
during drug treatments that increase dopamine levels in the
striatum. L-Dopa (100 mg) decreased FC between the ventral striatum (NAcc) and temporal and occipital brain areas
in one study (Kelly et al. 2009). The same drug, however,
failed to affect FC between the ventral striatum and mPFC

when compared to placebo in another study (Cole et al.
2012). Methylphenidate (20 mg) reduced FC between the
dorsal striatum and the thalamus but not between dorsal
striatum and (m)PFC (Honey et al. 2003). Some of the
discrepancies in these studies may be related to differences
in drug doses, dopamine availability in the NAcc (Carboni
et al. 2003; Chong et al. 2012; Podet et al. 2010), or drug
plasma concentration that are known to vary considerably
between individuals even when receiving identical doses. In
the present study, mean plasma data concentrations of methylphenidate and ritalinic acid concentrations were well within the expected therapeutic range (Lee et al. 2003), but they
may have been higher as compared to previous FC studies
using a lower dose.
FC of MDN of the thalamus revealed significant
correlations between MDN and striatum as well as
frontal, temporal, and occipital brain areas during placebo treatment. Methylphenidate, however, did not alter
the FC of MDN. The only notable change was a small
reduction in FC within the thalamic nuclei. This general
lack of change in FC of the MDN may be related to the
fact that this structure is more distal and not directly
connected to the target site of methylphenidate, i.e., the
NAcc. FC of the MDN within the limbic circuit, thus,
may remain relatively stable during treatment with dopaminergic drugs such as methylphenidate, whereas FC
of brain areas that are closely connected to the target
site of dopaminergic drugs such as the VP, STN, and
mPFC may strongly decrease.
In sum, the present study demonstrated that methylphenidate directly affects the limbic reward circuit and decreases FC between the NAcc, basal ganglia, and mPFC.
Drug-induced changes in FC of the NAcc may serve as a
useful marker of drug activity in the brain reward circuit.
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