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Abstract: Response inhibition is a basic mechanism in cognitive control and dysfunctional in major
psychiatric disorders. The neuronal mechanisms are in part driven by dopamine in the striatum. Ani-
mal data suggest a regulatory role of glutamate on the level of the striatum. We used a trimodal imag-
ing procedure of the human striatum including F18-DOPA positron emission tomography, proton
magnetic resonance spectroscopy, and functional magnetic resonance imaging of a stop signal task. We
investigated dopamine synthesis capacity and glutamate concentration in vivo and their relation to
functional properties of response inhibition. A mediation analysis revealed a significant positive associ-
ation between dopamine synthesis capacity and inhibition-related neural activity in the caudate
nucleus. This relationship was significantly mediated by striatal glutamate concentration. Furthermore,
stop signal reaction time was inversely related to striatal activity during inhibition. The data show, for
the first time in humans, an interaction between dopamine, glutamate, and the neural signature of
response inhibition in the striatum. This finding stresses the importance of the dopamine–glutamate
interaction for behavior and may facilitate the understanding of psychiatric disorders characterized by
impaired response inhibition. Hum Brain Mapp 36:4031–4040, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Response inhibition is a core aspect of human nature as
it forms a basic mechanism to control one’s own behavior
[Bari and Robbins, 2013] by suppression of inappropriate
or irrelevant actions. This represents a key component of
flexible behavior in changing environments [Verbruggen
and Logan, 2009]. Insufficient inhibitory control or dys-
functional inhibitory processes can have a strong impact
on everyday life, leading for instance to overly impulsive
behavior [Bari and Robbins, 2013]. Furthermore, psychiat-
ric disorders such as attention deficit/hyperactivity disor-
der and drug addiction are characterized by deficiencies in
inhibitory control [Bari and Robbins, 2013].

The neuronal basis of response inhibition consists of a com-
plex fronto-cortico-basal-ganglia circuitry. Indeed, within this
circuitry, the neuromodulator dopamine has been shown to
play an important role as reduced dopamine D2-receptor
expression is related to poor behavioral control in different
species [Cropley et al., 2006; Dalley et al., 2007; Hamidovic
et al., 2009; Lawrence et al., 1998]. In humans, there is evi-
dence that striatal dopaminergic neurotransmission is related
to impulsive personality characteristics [Buckholtz et al.,
2010; de Wit et al., 2002] as well as to psychiatric disorders
[Koob and Volkow, 2010; Swanson et al., 2007; Verbruggen
and Logan, 2008]. In addition, the synaptic plasticity underly-
ing reinforcement learning has been associated with neuro-
chemical interactions of different neurotransmitters at the
level of the striatum, with dopamine shown to play a key role
[Cools and D’Esposito, 2011; Nair et al., 2014].

However, there is a lack of understanding with regard
to regulation of basic dopamine mechanisms at the level
of the striatum. Although preliminary evidence indicates
an association between in vivo dopamine and striatal
blood oxygenation level-dependent (BOLD) activation
[Ghahremani et al., 2012; Schott et al., 2008], the role of the
excitatory neurotransmitter glutamate in the striatum has
rarely been studied in humans. In animal studies, it has
been shown that glutamate and dopamine interact on
approximately 95% of striatal neurons [Nair et al., 2014].
In particular, the convergence of cortical glutamate projec-
tions onto striatal dopamine neurons may be of critical
importance for dopaminergic neurotransmission [Carlsson
et al., 1999]. In addition, different types of glutamatergic
inputs from brain stem areas, such as the substantia nigra
pars compacta, appear to regulate dopaminergic activity in
the striatum [Carlsson et al., 1999; Nair et al., 2014]. Stud-
ies in animals have shown that administration of gluta-
mate in the ventral striatum reduces the reuptake of
dopamine resulting in higher dopamine availability in the
synaptic cleft [Morales et al., 2012; Segovia and Mora,

2001]. Interacting dopamine/glutamate strongly modulate
molecular and cellular properties of striatal neurons and
the strength of corticostriatal synapses [Nair et al., 2014].

Considering pharmacological studies in humans, dopa-
mine receptor imaging studies involving an administration
of glutamatergic N-Methyl-D-aspartic acid (NMDA) recep-
tor antagonists have shown heterogeneous results. While
some studies found a relationship between the pharmaco-
logical intervention and dopaminergic neurotransmission
[Breier et al., 1998; Smith et al., 1998; Vernaleken et al.,
2013; Vollenweider et al., 2000], some studies showed no
effect [Aalto et al., 2002; Kegeles et al., 2002]. Thus, the
specific role of glutamate in the striatum remains unclear.

Within the basal ganglia, the striatum represents a key
structure for response inhibition driven by dopaminergic
modulation [Ghahremani et al., 2012; Vink et al., 2005].
While Ghahremani et al. [2012] investigated postsynaptic
dopaminergic neurotransmission, here we assume that pre-
synaptic dopamine neurotransmission may also be related
to the neuronal signature of response inhibition. In particu-
lar, BOLD activity may reflect neural activity including local
synaptic activity [Logothetis et al., 2001]. Thus, it seems to
be plausible that presynaptic levels of dopamine predict the
actual stimulus-associated BOLD activity. Furthermore, ani-
mal studies indicated a crucial role for glutamate in striatal
dopamine activity [Morales et al., 2012; Segovia and Mora,
2001]. In accordance, Carlsson et al. [1999] have supposed
that cortical glutamate and striatal dopamine are in homoeo-
stasis in a healthy population and, finally, some pharmaco-
logical studies in humans also suggest a glutamate–
dopamine interaction in the striatum [e.g. Breier et al., 1998].
Therefore, we hypothesize that the interaction between
dopaminergic neurotransmission and the neuronal signature
of response inhibition is mediated by glutamatergic neuro-
transmission on the level of the striatum. In this study, we
aim to investigate presynaptic dopamine function via dopa-
mine synthesis capacity from positron emission tomography
(PET) scans with the radiotracer 6-[18F]fluoro-L-DOPA
(FDOPA) in healthy participants. To assess striatal neuronal
signature during response inhibition in the same partici-
pants, we used a stop signal paradigm during functional
magnetic resonance imaging (fMRI). Finally, we applied sin-
gle voxel proton magnetic resonance spectroscopy (1H-
MRS) to measure glutamate concentrations in the striatum.

MATERIALS AND METHODS

Participants

We recruited 44 healthy adults via online advertise-
ments and local newspapers. Before participants were
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recruited, a telephone interview was conducted. During
this interview, we asked standardized questions regarding
history of psychological and medical disease. In addition,
the Structured Clinical Interview for Axis I Disorders
(SCID-I) was administered by an experienced clinician. A
short demographic questionnaire and a magnetic reso-
nance imaging (MRI) safety assessment were also com-
pleted. Left-handed participants, participants with prior
neurological disease or history of brain surgery, current
psychological problems, lifetime psychopharmacological
treatment, and MRI contraindications (e.g., nonremovable
ferromagnetic material) were not included in the study.
The study was approved by the local ethics committee of
the Charit�e – Universit€atsmedizin Berlin. All participants
gave written informed consent and participants received
financial compensation for participation.

The final sample consisted of 38 participants (mean
age 5 47.3 years, standard deviation (SD) 5 19.3 years; age
range: 20–80 years; 19 females). Six participants were
excluded, either due to excessive head movements during
fMRI scanning (two participants exceeded the motion cut-
off of 38 rotation or 3 mm translation in fMRI session) or
inadequate performance in the stop signal task (four par-
ticipants had more than 60% successful withheld
responses in stop trials indicating that they intentionally
responded slower in order to avoid unsuccessful
responses). We further assessed years of education (mean
years of education 5 16.1 years, SD 5 3.6 years), smoking
status (29 nonsmoker), alcohol consumption per week
(mean 5 58.8 g, SD 5 71.1 g), and memory ability (assessed
by Digit Symbol Test [Tewes, 1991], correct items after
90 s: mean 5 56, SD 5 15).

Stop Signal Paradigm

Participants completed an adaptive stop signal para-
digm [Logan and Cowan, 1984] during the fMRI scanning
session. The paradigm was programmed using Presenta-
tion software (Version 14.9, Neurobehavioral Systems). We
used a slightly modified version of the task assessed by
Ghahremani et al. [2012] including a condition with an
execution of a motor command (go trials) and another con-
dition, where an already initiated motor command had to
be withheld (stop trials). Participants were instructed to
respond as fast as possible to a white arrow pointing
either to right or left direction by pressing right or left but-
ton (using right and left thumb, respectively). For stop tri-
als (25% of trials), participants were instructed to stop
their response when the white arrow changed color to red
after a particular delay (stop signal delay, SSD). The
adaptive character of the task was carried out by a contin-
uous adaption of the SSD using two independent stair-
cases (for detailed explanation, see below) through the
experiment, in order to reach a performance level of
approximately 50% successfully inhibited responses in
each participant.

All trials started with a cue period, which lasted for 500
ms. During this time, a white circular ring was presented
in the center of the screen. Subsequently an arrow
appeared either in the right (>) or left (<) direction in the
center of the ring. The direction of the arrow was balanced
across the experiment in a pseudorandomized order. A go
trial (144 of 192 trials) ended in the moment of a button
press, but lasted a maximum of 1,000 ms. In the stop trials
(48 of 192 trials), the arrow and the ring changed the color
to red after the time of the adaptive SSD indicating to
withhold the response. Stop trials also lasted a maximum
of 1,000 ms and ended, if the participant was not able to
withhold the response. At the end of a trial, a blank black
screen was presented and the next trial started after a vari-
able delay ranging between 0.5 and 4 s (mean 5 1 s) that
was characterized by an exponentially decreasing function.
Additionally, 24 nullevents were pseudorandomly uni-
formly interspersed over the 192 experimental trials, in
order to improve the modeling of the BOLD response.

Before the fMRI scanning session, participants were fam-
iliarized with the task in a standardized way and per-
formed a behavioral pretest session containing 96 trials (72
go and 24 stop trials). This pretest was used to estimate
the individual SSD using two independent staircases. The
staircases started at 150 and 200 ms, respectively. A stair-
case was incremented in case of a successful stop trial (no
button press) or decremented in case of an unsuccessful
stop trial (executed button press) by 50 ms. Staircases
were updated independently in a pseudorandomized bal-
anced fashion. Mean SSD of the pretest were used as start-
ing values for the two staircases during the experiment.
The SSD was also updated continuously during the experi-
ment in the same way as described for the pretest.

Logan and Cowan [1984] supposed that the go and the
stop processes are two independent processes, which com-
pete against each other typically described as a race. The
finishing time of these processes determines a successful
response inhibition. The time of the go process could eas-
ily be measured by the reaction time of the go trials,
whereas the time of the stop process cannot be directly
measured and has to be estimated. Therefore, the so-called
stop signal reaction time (SSRT) is calculated by subtract-
ing the mean SSD from the median of the go reaction time
(GoRT) [Verbruggen and Logan, 2009]. This well-
established approach supposes a similar distribution of the
stop and go processes and about 50% successful withheld
responses in stop trials. The resulting SSRT is an estima-
tion of the length of inhibition process, and therefore,
reflects inhibition performance.

fMRI

Imaging acquisition

Imaging data was acquired at the Berlin Center for
Advanced Neuroimaging on the Campus Charit�e Mitte. A
3-Tesla Siemens TIM Trio Scanner was used that was
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equipped with a 12-channel head coil. The stop signal task
was presented via a video projector on a mirror system on
top of the head coil. Functional images were collected
using axially aligned gradient echo planar imaging (EPI)
with the following parameters: 33 slices, descending slice
order, time to repeat (TR) 5 2 s, time to echo (TE) 5 30 ms,
field of view (FoV) 5 192 3 192, flip angle 5 788, matrix
size 5 64 3 64, voxel size 5 3 3 3 3 3 mm3. Additionally,
three-dimensional (3D) anatomical images of the whole
brain were obtained by T1-weighted magnetization pre-
pared gradient-echo sequence for anatomical reference
(MPRAGE; 192 sagittal slices, TR 5 1,900 ms, TE 5 2.52 ms,
flip angle 5 98, FoV 5 256 3 256, matrix size 5 256 3 256,
voxel size 5 1 3 1 3 1 mm3).

Image processing

Functional imaging data was analyzed using Statistical
Parametric Mapping software package (SPM8, Wellcome
Department of Imaging Neuroscience). EPIs were cor-
rected for slice timing and head motion and transformed
into the stereotactic normalized standard space of the
Montreal Neuroimaging Institute using the unified seg-
mentation algorithm. Finally, EPIs were resampled (voxel
size 5 3 3 3 3 3 mm3) and spatially smoothed with a 3D
Gaussian kernel of 7-mm full width at half maximum.

Statistical Analysis with Classical Event-Related

Approach

A two-stage mixed-effects general linear model (GLM)
was applied. On the single subject level, event-related sep-
arate regressors were included for go trials, successful
stop trials, and unsuccessful stop trials. Additionally, a
regressor of no interest was included that modeled invalid
trials, in which a participant did not respond during go
trials or made discrimination errors (e.g., pressed right
button when left-directed arrow was presented). Finally,
the six rigid body movement parameters were also
included in the single subject GLM. Differential t-contrasts
for successful stop trials versus go trials were calculated
and taken to group level analysis. On the second level,
these differential t-contrast images were entered into a one
sample t-test. Whole brain effects were corrected for multi-
ple comparisons with an error probability of P< 0.05 using
a whole brain familywise error (FWE)-correction as imple-
mented in SPM8.

MRS

Acquisition and data analysis

MRS data was collected at the same 3-Tesla scanner as
fMRI. Metabolites in the magnetic resonance spectrum
were quantified immediately after acquisition of a high-
resolution T1 structural image using 3-Tesla 1H-MRS
(point resolved spectroscopy, 128/8 averages, 908 flip

angle, TE 5 80 ms, TR 5 3 s, automatic shimming, 128/8
spectra with and without water-suppression, respectively).
The linear combination of model spectra commercial
spectral-fitting package [LCmodel; Provencher, 1993;
G€ottingen, Germany] was used to analyze MRS data. For
estimation of glutamate concentration within the striatal
voxel, we used a threshold of �30% for Cram�er-Rao lower
bounds due to lower signal to noise ratio in subcortical
structures (mean fit deviation 5 22.5%, SD 5 4.36; range:
15–30%).

Localization of the striatum voxel

A 20 3 20 3 20 mm3 voxel was placed individually in
the left medial dorsal striatum (see Supporting Information
Fig. S1). First, the voxel was placed individually in the
striatum including the medial dorsal striatum in the center
of the voxel. Therefore, the voxel was shifted dorsally/
ventrally and/or tilted to maximize inclusion of striatal tis-
sue and minimize insula gray matter (GM) as well as
white matter (WM) and cerebrospinal fluid (CSF). Finally,
the voxel was shifted and tilted on the transversal and
sagittal planes.

Individual adjustment for GM and WM

To correct for individual differences in GM, WM, and
CSF fractions within the MRS voxel, absolute glutamate
concentrations were transformed via the formula: Gluta-
mate adjusted 5 Glutamate absolute 3 (GM 1 WM)21

[Gleich et al., 2014]. Adjusted glutamate concentrations
were expressed in mmol l21. For quantification of GM,
WM, and CSF, we used the unified segmentation approach
of SPM8 and extracted voxel-specific fractions of GM,
WM, and CSF using python scripts (Python Software
Foundation, Beaverton, OR).

PET

Data acquisition and preprocessing

To investigate presynaptic dopamine-related neurotrans-
mission, the radioisotope [18F]fluoro-3,4-dihydroxyphenyl-
L-alanine (F-DOPA) was used, which reflects the activity
of endogenous L-DOPA in the brain. In particular, follow-
ing uptake via the blood–brain barrier, F-DOPA propa-
gates across the brain, is metabolized to 6-[18F]fluoro-
dopamine and trapped in vesicles in nerve terminals.
These terminals are predominantly located in the striatum.
Striatal F-DOPA PET can thus be used to investigate the
dopamine synthesis capacity in the brain, mainly reflecting
tonic presynaptic dopamine function [Howes et al., 2012;
Kumakura and Cumming, 2009; Schlagenhauf et al., 2013].
PET imaging data was acquired using a time-of-flight
PET/computed tomography (CT) scanner (Philips Gemini
TF16) in 3D acquisition mode. Together with the start of
intravenous administration of 120–200 MBq F-18-FDOPA
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as a prolonged bolus (about 10 s), a 60 min “list-mode”
PET emission scan was initiated. Emission data were
sorted into 20 frames (3 3 20 s, 3 3 1 min, 3 3 2 min, 3 3

3 min, 7 3 5 min, 1 3 6 min) and reconstructed into trans-
axial images using the 3D iterative reconstruction algo-
rithm of the system software with default parameter
settings. Further data preprocessing was performed with
SPM8 software. SPM8’s realignment procedure was used
to correct for head motion during the PET emission scan.
Maximum head motion was 3.58 rotation or 3 mm transla-
tion, thus we included all participants. Then MRI T1
images were coregistered to the mean of PET frames 13–
20. The T1 image was then spatially normalized and the
computed normalization parameters were applied to all
PET emission recording frames.

Statistical PET analysis

To estimate dopamine synthesis capacity voxelwise,
FDOPA Ki (min21) values were computed using Gjedde-
Patlak graphical analysis with the cerebellum (excluding
vermis) as defined in the automated anatomical labeling
brain atlas [Tzourio-Mazoyer et al., 2002] as reference
region. The linear fit was restricted to the time interval
20–60 min after recording start. The resulting individual
FDOPA Ki maps were finally smoothed with a 3D iso-
tropic Gaussian kernel of 5-mm full width at half
maximum.

Multimodal imaging analysis

For multimodal imaging analysis, we focused on the left
striatum. For glutamate concentration, the aforementioned
GM-corrected glutamate values derived from the MRS
measurement were used. Further, data from fMRI and
PET were in a voxel-by-voxel format. We concentrated on
the part of the striatum that was functionally and behav-
iorally involved in response inhibition. To this end, we
used the cluster in the left caudate nucleus that was
revealed by fMRI analysis (successful stop vs. go, see
results). For fMRI data, individual mean parameter esti-
mates was extracted from this cluster in the caudate
nucleus. PET analysis was also to this cluster by calculat-
ing individual mean Ki values extracted from FDOPA Ki

maps of this fMRI-driven cluster.
Further, we analyzed the multimodal imaging data set

in two steps. First, the measurements of the three imag-
ing modalities were correlated using Pearson correlation
coefficients. Due to inadequate fit deviation during MRS,
data from only 31 participants were available for gluta-
mate concentration. Using the outlier labeling rule [Hoa-
glin et al., 1986] two further participants were identified
as outlier resulting in a final MRS sample of 29 partici-
pants. Thus, correlations with glutamate were calculated
with this smaller sample. Second, we tested the relation-
ship between all three measurements in a pathway
model using Preacher and Hayes SPSS (Statistical Pack-

age for the Social Sciences, Chicago, IL) Macro for multi-
ple mediation [Preacher and Hayes, 2008] with the
smaller sample.

RESULTS

The striatum was targeted by three different imaging
methodologies: (1) fMRI BOLD activity of the left caudate
nucleus, (2) FDOPA-PET Ki of the left caudate nucleus, a
measure of dopamine synthesis capacity, and (3) 1H-MRS,
measuring absolute glutamate concentrations in a voxel
covering the left striatum including the caudate nucleus.
Before conducting correlation analyses, dependent varia-
bles were all checked for normal distribution using Kolmo-
gorov–Smirnov tests. These analyses revealed that all
variables were normally distributed (all P’s> 0.345).

Stop Signal Task: Behavior and Neuronal

Signature

An adaptive stop signal paradigm was conducted [Ghah-
remani et al., 2012; Logan and Cowan, 1984]. Behaviorally,
participants successfully inhibited their response to the stop
signal in 52% (SD 5 4%). Based on a horse race model in
response inhibition [Logan and Cowan, 1984], we estimated
the SSRT by subtracting the mean SSD time (interstimulus
interval between go signal and stop signal) from the median
of the GoRT [Ghahremani et al., 2012]. Participants had on
average a median GoRT of 462.6 ms (SD 5 66.8 ms) and a
mean SSRT of 228.1 ms (SD 5 42.8 ms). Neuroimaging data
showed elevated BOLD activity in a well-established fron-
tostriatal network including bilateral caudate nucleus during
successful stop trials contrasted against go trials (see Sup-
porting Information including Supporting Information Table
S1 and Figs. S2 and S3, for details).

Due to our a priori hypothesis, a correlational analysis
between striatal activation and behavioral inhibition per-
formance (SSRT) was conducted. Individual mean BOLD
activity of the contrast successful stop versus go was
extracted from the significant cluster covering 11
voxels in the left caudate nucleus. This striatal BOLD
activity correlated inversely with the SSRT (r(38) 5 0.352;
P 5 0.03) indicating better inhibition performance in indi-
viduals with stronger striatal neuronal activity during
stopping (see Supporting Information Fig. S4). As control
analysis, we further conducted a correlation analysis
between GoRT and BOLD activity of the same significant
cluster resulting in a nonsignificant result (r(38) 5 0.125;
P 5 0.455).

Additionally, the relationship between the behavioral
aspects of response inhibition (GoRT and SSRT) and the
measurements of the neurotransmitter systems (striatal
glutamate concentration and dopamine synthesis capacity)
was investigated. No significant associations were
observed (all P’s> 0.564).
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Trimodal Imaging of the Left Striatum

The analysis focused on the interaction of the three
imaging measures within the striatum. We restricted the
extraction of the mean parameter estimates to the signifi-
cant effect of response inhibition (successful stop vs. go) in
the fMRI analysis. In order to parallel this with the PET
measurement, the mean Ki values were extracted from this
cluster. We observed significant positive relationships
between (1) BOLD activity and dopamine synthesis
capacity (r(38) 5 0.326; P 5 0.046), (2) absolute glutamate
concentrations and BOLD activity (r(29) 5 0.685; P< 0.001),
as well as (3) dopamine synthesis capacity and absolute
glutamate concentrations (r(29) 5 0.43; P 5 0.02; Fig. 1).

Pathmodel of Multimodal Imaging Measurements

We used mediation analysis [Preacher and Hayes, 2008]
to test the hypothesis that higher levels of dopamine syn-
thesis capacity were associated with enhanced functional
striatal BOLD activity, mediated by striatal glutamate con-
centrations (Fig. 2). This analysis revealed a significant
positive relationship between dopamine synthesis capacity
and striatal BOLD activity (C path: ß 5 292.2; standard
error (SE) 5 108.9; t(26) 5 2.68; P 5 0.012). This association
was statistically significant when glutamate was included
as a mediator but not without glutamate: C0 path:
ß 5 128.4; SE 5 97.5; t(26) 5 1.32; P 5 0.199. Furthermore,
the mediator variable (glutamate concentration) was posi-
tively associated with both dopamine synthesis capacity
(A path: ß 5 1,572.5; SE 5 636.7; t(26) 5 2.47; P 5 0.02) and
BOLD activity (B path: ß 5 0.104; SE 5 0.026; t(26) 5 3.9.9;
P 5 0.006). We tested the significance of the mediation
effect using bootstrapping procedures, and therefore, com-

puted 10.000 bootstrapped samples. The bias corrected
95% confidence interval of the bootstrapped indirect medi-
ation effect ranged from 38.6 to 363 indicating a significant

Figure 1.

Correlations of the trimodal imaging of the left striatum. (A)

Association between dopamine synthesis capacity (assessed with

PET) and parameter estimates of BOLD signal during stop signal

task (assessed with fMRI, n 5 38) and (B) association between

glutamate concentration (assessed with MRS) and parameter

estimates of the BOLD signal (n 5 29). (C) Association between

dopamine synthesis capacity and glutamate concentration

(n 5 29). MRS 5 Magnetic resonance spectroscopy; PET 5 Posi-

tron emission tomography; BOLD 5 Blood oxygen level depend-

ent; fMRI 5 functional magnetic resonance imaging.

Figure 2.

Pathmodel of multimodal imaging measurements. Mediation analysis

(n 5 29) revealed that the influence of dopamine synthesis capacity

on BOLD parameter estimates (c path, solid arrow) was mediated

by glutamate concentration within the striatum. When excluding

mediator influence, the dopamine-BOLD relationship did not

remain significant (c0 path, dashed line). Furthermore, mediator glu-

tamate concentration was positively associated with dopamine syn-

thesis capacity (a path) and BOLD parameter estimates (b path).

MRS 5 Magnetic resonance spectroscopy; PET 5 Positron emission

tomography; BOLD 5 Blood oxygen level dependent; fMRI5 func-

tional magnetic resonance imaging. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

r Lorenz et al. r

r 4036 r

http://wileyonlinelibrary.com


mediation effect. Overall, the model fit was significant
(R2 5 0.503, F (2,26) 5 13.16; P 5 0.001). In conclusion, this
pathmodel analysis revealed glutamate as crucial mediator
in the relationship between dopamine synthesis capacity
and BOLD activity in the striatum.

Furthermore, we calculated two control analyses. First,
we conducted a partial correlation analysis between dopa-
mine synthesis capacity and inhibition-related neuronal
activity controlling for glutamate concentration. As
expected, this partial correlation was not significant
(r(26) 5 0.262, P 5 0.177). Second, a moderator analysis was
calculated with glutamate concentration as moderator for
the dopamine–BOLD relationship (see Supporting Infor-
mation for details). The results of these additional analyses
were in line with the result of the mediation analysis indi-
cating that when taking glutamate concentration into
account for the dopamine–BOLD relationship, this rela-
tionship remained no longer significant.

Effect of Age

In this study, a wide age range was used in order to
increase the variability in the imaging parameters. No corre-
lation was observed between age and striatal glutamate con-
centration (r(29) 5 0.273; P 5 0.152), dopamine synthesis
capacity (r(29) 5 0.172; P 5 0.302), and BOLD activity in cau-
date nucleus cluster that was active during response inhibi-
tion (r(38) 5 0.188; P 5 0.259), respectively (see also
Supporting Information Table S2). When using age as cova-
riate in the mediation analysis, no significant influence of
age was shown (ß 5 0.01; SE 5 0.009; t(25) 5 1.22; P 5 0.234)
indicating that age does not explain the observed mediation.

DISCUSSION

The data shows for the first time a direct interaction of
dopamine, glutamate, and BOLD activity during response
inhibition within the striatum in humans. A positive asso-
ciation between dopamine synthesis capacity and
inhibition-related neuronal activity was observed. More-
over, glutamate seems to play a crucial role in this dopa-
mine–BOLD relationship, because it was associated with
both measurements. Trimodal imaging is a capable tool to
investigate the interaction of major neurotransmitters as a
basic mechanism of striatal processing in vivo.

The role of dopamine in response inhibition is a focus of
current research. A recent study by Ghahremani et al.
[2012] highlighted the positive relationship in caudate
nucleus between inhibition-related BOLD activity and
dopamine D2/D3 receptor availability, which is mainly
associated with postsynaptic dopaminergic function [Ito
et al., 2011]. Dopamine synthesis capacity, which was
measured in this study, is associated with endogenous
presynaptic dopaminergic neurotransmission, reflecting a
background level of dopamine receptor stimulation [Ito
et al., 2011; Schlagenhauf et al., 2013]. Thus, not only post

synaptic but also presynaptic dopaminergic status seems
to be associated with functional properties of response
inhibition. Still, a recent study by Ito et al. [2011] showed
that these properties are negatively related across the stria-
tum, as a whole, but not in the caudate nucleus. This find-
ing is highly plausible, as presynaptic dopamine release
very likely leads to increases in postsynaptic receptor
occupancy [Kandel et al., 2000]. Taken together, we were
able to add evidence regarding presynaptic dopaminergic
neurotransmission to the complex neurochemical interac-
tions with response inhibition in the caudate nucleus.

Furthermore, in this study, we showed that better indi-
vidual inhibition performance (i.e., faster SSRTs) was
accompanied by stronger inhibition-related BOLD activity
in caudate nucleus that is in line with previous research
[Ghahremani et al., 2012; Ray Li et al., 2008]. While one
study reported an association between higher D2/D3 recep-
tor availability and better response inhibition performance
[Ghahremani et al., 2012], another study showed a positive
association between impulsivity personality trait and stria-
tal dopamine release also assessed by D2/D3 receptor
availability [Buckholtz et al., 2010]. In our data, we were
unable to demonstrate a significant relationship between
presynaptic dopamine function and inhibition performance.
This discrepancy indicates that rather postsynaptic than
presynaptic dopaminergic neurotransmission may directly
be related to response inhibition behavior. Future research
might investigate the presynaptic and postsynaptic contri-
butions to response inhibition systematically.

Response inhibition may be considered as an important
characteristic for executive function in general. Interest-
ingly, previous studies investigating executive functions
such as working memory reported a positive association
between dopamine synthesis capacity of caudate nucleus
and working memory performance [Cools et al., 2008; Lan-
dau et al., 2009]. Indeed, striatal dopamine is thought to
play a major role during the updating of current goal rep-
resentations in general executive functions (stopping can
be conceptualized as an updating process of a current
goal) in terms of a gating mechanism. Therefore, striatal
dopamine-related neurotransmission may be linked to
higher cognitive function in the prefrontal cortex [Cools
and D’Esposito, 2011].

Of note, in this study, the striatal glutamate concentra-
tion was positively associated with striatal inhibition-
related BOLD activity. To our knowledge, this is the first
study showing a relationship of striatal glutamate concen-
tration to a neuronal correlate of response inhibition. Stud-
ies quantifying in vivo glutamate concentrations in the
striatum are very scarce. However, in a recent MRS study
a positive relationship of striatal glutamate concentration
with performance in tests of executive functions was
observed [Zahr et al., 2008]. This observation may argue
for the role of glutamate within the frontostriatal network,
with relevance for executive functions and motor com-
mands [Chambers et al., 2009; Zahr et al., 2008].
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According to converging evidence from animal investi-
gations for a close interaction of glutamate and dopamine,
a positive relationship between striatal dopamine synthesis
capacity and glutamate concentration was observed for the
first time in a human sample. A higher presynaptic dopa-
mine level was associated with higher concentrations of
glutamate in the striatum. This observation is in line with
animal research showing that higher glutamatergic activity
(e.g., through local infusions of the glutamate agonist)
within the striatum was accompanied by increased extrac-
ellular dopamine concentration [Mora et al., 2008; Segovia
and Mora, 2001]. However, apart from this local striatal
interaction, glutamate acts from distant brain areas onto
the striatum, particularly via prefrontal efferents [Carlsson
et al., 1999; Chambers et al., 2009; Schwartz et al., 2012;
Zahr et al., 2008]. Furthermore, prefrontal glutamatergic
connections modulate striatal dopamine release via inhibi-
tory GABAergic interneurons [Carlsson et al., 1999]. In this
circuit, reduced prefrontal glutamate activity was sug-
gested to be associated with an increased striatal dopa-
mine function and represents a core mechanism of the
pathobiological model of schizophrenia [Carlsson et al.,
1999]. Interestingly, in schizophrenic patients abnormal
dopamine function and glutamate concentrations have
been reported in the striatum as well as in the prefrontal
cortex [Bloemen et al., 2011; de la Fuente-Sandoval et al.,
2011; de la Fuente-Sandoval et al., 2013; Hietala et al.,
1995; Howes and Kapur, 2009; Howes et al., 2012;Meyer-
Lindenberg et al., 2002; Nozaki et al., 2009] together with
deficits in response inhibition [Enticott et al., 2008; Thoma
et al., 2007].

Regarding to age effects, we did not find a relationship
between dopamine synthesis capacity and age. Such an
age-related decline was reported previously, but not con-
sistently [Braskie et al., 2008; Kumakura et al., 2010]. Fur-
thermore, age did not contribute to the findings of
mediation analysis indicating that the striatal dopamine–
glutamate interaction might be independent from age
effects. Animal studies support this finding by showing a
dorsal–ventral gradient of age effects in the glutamate–
dopamine interaction, that is, the dorsal parts of the stria-
tum are less affected by aging than the more ventral parts
[Mora et al., 2008].

There are some limitations that need to be addressed.
First, in this study, we focused on the left striatum in
order to limit the measuring time. Recent studies showed
a bilateral striatal neural response during inhibition proc-
esses [Vink et al., 2005], which was also bilaterally related
to dopaminergic neurotransmission [Ghahremani et al.,
2012]. Thus, future studies should investigate bilateral con-
tributions of glutamate more closely. Second, the striatum
receives glutamatergic input not only from different brain
areas in the prefrontal cortex, but also from subcortical
structures, for example, amygdala and hippocampus
[Mora et al., 2008]. Future studies might focus also on
brain structures that are linked to the striatum with gluta-

matergic connections. Third, the measurement of gluta-
mate concentration with MRS in the striatum represents
all existing glutamate including extracellular and intracel-
lular glutamate of neurons and glia cells in this voxel
[Rothman et al., 1999]. It is likely that the glutamate con-
centration reflects the neurotransmission of glutamatergic
afferents from the prefrontal inhibition-related brain areas.
However, also other aspects may contribute to the meas-
ured glutamate concentration in the striatum. More
research is needed for a better understanding of the func-
tional role of the striatal glutamate concentration as
assessed by MRS. Fourth, single voxel MRS is restricted to
a cuboid-shaped volume. We tried to optimize the cover-
age of the caudate nucleus by an individual voxel place-
ment, however, the MRS voxel of the striatum does not
cover the whole caudate nucleus and also parts of the
putamen were covered by the voxel. Therefore, the MRS
results reflect only an approximation of the glutamate con-
centration of the caudate nucleus. Fifth, this study has a
cross-sectional design and correlational data analyses tech-
niques were applied for integration of the different imag-
ing modalities. Therefore, it is not allowed drawing any
causal conclusions. However, the relationships that were
observed in this study might be used to propose new
hypothesis in future longitudinal studies with, for exam-
ple, pharmacological treatments like ketamine (for gluta-
mate intervention) or L-DOPA (for a dopamine
intervention) administration.

Considering all results together, we found a coupling
between presynaptic striatal dopaminergic status and
inhibition-related neuronal activity mediated by glutamate.
We believe that the finding of glutamate as mediator vari-
able in the dopamine–BOLD coupling adds a significant
piece of evidence about frontostriatal neurochemical inter-
actions to the field of human neuroscience. Glutamatergic
regulation seems to be critical for inhibition behavior and
its neuronal correlate in caudate nucleus. Future studies
should investigate the neurochemical basis of response
inhibition in psychiatric disorders like schizophrenia and
drug addiction since these disorders are characterized by
an imbalanced glutamate–dopamine interaction as well as
deficits in response inhibition.
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