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Rodent studies suggest that prefrontal dopamine neurotransmission plays an important role in the neural
processing of psychosocial stress. Human studies investigating stress-induced changes in dopamine levels,
however, have focused solely on striatal dopamine transmission. The aim of this study was to investigate in
vivo dopamine release in the human prefrontal cortex in response to a psychosocial stress challenge, using the
highly selective dopamine D2/3 PET radioligand [18F]fallypride in healthy subjects. Twelve healthy subjects
(age (y): 39.8; SD=15.8) underwent a single dynamic Positron Emission Tomography (PET) scanning session
after intravenous administration of 185.2 (SD=10.2) MBq [18F]fallypride. Psychosocial stress was initiated at
100 min postinjection. PET data were analyzed using the linearized simplified reference region model
(LSRRM), which accounts for time-dependent changes in [18F]fallypride displacement. Voxel-based statistical
maps, representing specific D2/3 binding changes, were computed to localize areas with increased ligand
displacement after task initiation, reflecting dopamine release. The psychosocial stress challenge induced
detectable amounts of dopamine release throughout the prefrontal cortex, with dopaminergic activity in
bilateral ventromedial prefrontal cortex being associated with subjectively rated experiences of psychosocial
stress. The novel finding that a mild psychosocial stress in humans induces increased levels of endogenous
dopamine in the PFC indicates that the dynamics of the dopamine-related stress response cannot be
interpreted by focusing on mesolimbic brain regions alone.
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Introduction

The experience of psychosocial stress has been linked to
dopaminergic neurotransmission, both in animals and in humans
(Pruessner et al., 2004; Roth et al., 1988), involving both frontocortical
and mesolimbic structures (Deutch et al., 1990). In rodents, exposure
to both physical (Abercrombie et al., 1989) and psychosocial (Tidey
and Miczek, 1996) stress has been associated with an increase in
extracellular dopamine levels predominantly in prefrontal cortex
(PFC), and to a lesser extent in mesolimbic areas. Moreover, rodent
studies have shown that depletion of dopamine in the PFC increases
stress-induced dopamine release in the mesolimbic system (Deutch
et al., 1990; King et al., 1997; Scornaiencki et al., 2009), leading to the
hypothesis that prefrontal dopamine transmission attenuates meso-
limbic dopamine release, thereby controlling for the adverse
consequences of stress on the brain. The proposed influence of
prefrontal dopamine in regulating mesolimbic dopamine release
under stressful conditions is of clinical interest since disturbance of
mesolimbic dopamine transmission has been implicated in various
stress-related psychopathologies across the anxiety (Nikolaus et al.,
2010), depression (Dailly et al., 2004; Gorwood, 2008) and psychosis
(Laruelle, 2000) spectra. The attenuating function of the PFC may be
impaired in these pathologies, a hypothesis that is partly supported by
evidence of prefrontal dysfunction in posttraumatic stress disorder
(Rauch et al., 2006), depression (Gorwood, 2008), and schizophrenia
(Weinberger et al., 2001).

http://dx.doi.org/10.1016/j.neuroimage.2011.07.030
mailto:i.germeys@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.neuroimage.2011.07.030
http://www.sciencedirect.com/science/journal/10538119
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In vivo human studies investigating stress-induced changes in
dopamine levels are scarce, however, and have focused almost exclu-
sively onmesolimbic striatal dopamine transmission (Montgomery et al.,
2006; Pruessner et al., 2004; Soliman et al., 2008). Findings from these
studies seem to suggest that there is no evidence for stress being
associatedwith increased striatal dopamine levels in healthy humans, but
that the effects of stress on striatal dopamine might be restricted to
subjects with psychometric abnormalities. However, despite its possible
vital role in stress-regulation, no single study has, thus far and to the best
of our knowledge, investigated stress-induced dopamine release in the
human PFC. This is mainly due tomethodological restrictions. All studies,
thus far, have investigated the dopaminergic stress system using Positron
Emission Tomography (PET) with the radioligand [11C]raclopride
(Montgomery et al., 2006; Pruessner et al., 2004; Soliman et al., 2008).
The relatively low affinity of [11C]raclopride for D2/3 receptors has limited
exploration of dopaminergic transmission to brain regions with high D2

receptor density, primarily the striatum. Recent development of high
affinity D2/3 radioligands, amongwhich [18F]fallypride, offers possibilities
for exploration of extrastriatal dopamine sites such as the prefrontal
cortex (Badgaiyan et al., 2009; Christian et al., 2006; Mukherjee et al.,
2002; Riccardi et al., 2006;Woodward et al., 2011; Vrieze et al., submitted
for publication). Due to the role of the PFC in stress regulation (Dedovic
et al., 2009a, 2009b; Pruessner et al., 2008), the question of dopamine
activity in the PFC under stress is a very pertinent one.

The present study is the first to use the high affinity D2/3 receptor
ligand [18F]fallypride to examine in vivo dopamine release in thehuman
PFC in response to a psychosocial stress challenge developed and
previously used by Pruessner et al. (2004). Given the suggested
attenuating functionof the PFC, andobservations of increaseddopamine
levels in rodent PFC in response to stress (Abercrombie et al., 1989;
Tidey and Miczek, 1996), the experience of psychosocial stress was
hypothesized to be associated with dopamine release in human PFC,
reflected by increased [18F]fallypride ligand displacement.

Materials and methods

Subjects

Healthy subjects were recruited through flyers and advertisements in
newspapers. Inclusion criteria were (i) ages 18–60 years; (ii) sufficient
commandof theDutch language to understand instructions and informed
consent. Exclusion criteria were (i) intellectual impairment (ii) head
trauma with loss of consciousness or central neurological disorder;
(iii) endocrine disorder; (iv) cardiovascular disorder; (v) present or
history of psychiatric illness according to the explicit diagnostic criteria of
the DSM-IV-TR (The American Psychiatric Association, 2000), generated
with the OPCRIT computer program (McGuffin et al., 1991); (vi) current
use of psychotropic medication; (vii) current or previous use of illicit
drugs; (viii) use of alcohol in excess of five standard units per day;
(ix) presence of metal elements in the body; (x) previous experience of
claustrophobia; and (xi) pregnancy or lactation (women only). The study
was approved by the standingmedical ethics committee; subjects signed
informed consent after complete description of the study. Drug and
medication use were assessed at the day of scanning by urinalysis
(MultiTest© 1990–2010 SureScreen Diagnostics Ltd.) in order to ensure
that subjects were drug free at the moment of scanning. In addition,
pregnancy tests (Clearblue© 2008 Swiss Precision Diagnostics) were
carried out in female subjects, in order to exclude pregnancy at the
moment of scanning.

Psychosocial stress task

Psychosocial stress was induced in the PET-scanner using the
Montreal Imaging Stress Task (MIST), the psychosocial stress para-
digm developed by Pruessner et al. (see Pruessner et al., 2004 and
Dedovic et al., 2005 for a detailed description of the task). The
experiment consisted of a control and stress condition, administered
consecutively during a single-day PET scan protocol. In the control
condition, subjects performed 6-minute blocks of mental arithmetic
on a computer screen with no time constraints or performance
feedback, resulting in an average performance of 90% correct responses.
In the stress condition, subjects performed similar mental arithmetic as
in the control condition,with the addition of information about the total
number of errors, expected average number of errors, time spent on the
current problem, and performance feedback (correct, incorrect, time-
out), displayed on the computer screen. In addition, a time constraint,
slightly below the time needed according to the subject's ability, was set
for solving each problem. The constraint was automatically adjusted by
the computer algorithm for each individual subject, based on the
average timeneeded to solve a problemduring a test sessionbefore start
of the PET scan. Moreover, a tone rising in frequency indicated the
remaining time for the subject to solve each problem.

Subjects were informed that an average performance of 80–90%
correct answers was expected. However, due to the manipulation of
the time constraint, subjects achieved, on average, only 20–30%
correct answers. In addition, psychosocial stress was induced through
negative verbal feedback from a confederate investigator, who
commented upon subjects' performance and emphasized that they
needed to achieve at least minimal performance requirements. An
extensive debriefing session took place at the end of the experiment,
in which subjects were told that the task was specifically designed to
be out of reach of their mental capacity, and that in reality it did not
assess their ability to perform mental arithmetic.

Behavioral measures and analysis

Subjective perceptions of stresswere assessed every12 min,with six
stress-related items, rated on 7-point Likert scales (ranging from not at
all [=1] to very [=7]), adapted fromExperience SamplingMethodology
(ESM; Myin-Germeys et al., 2009). Items were presented on the same
computer screen that was used for the psychosocial stress task, and
subjects responded by selecting a number with a computer mouse. All
scores were recoded such that an increase in scores corresponded to
increased feelings of stress, respectively. Averages of the (recoded)
scores on the items “I feel relaxed”, “I'm in control”, “I feel pressured”,
“I feel comfortable among these people”, “I feel judged by these people”,
and “I do not live up to expectations” constituted the subjective stress
scale (Cronbach's alpha=.81).

In order to investigate whether the stress-task induced stress at
the behavioral level, a one-sided, paired t-test was performed,
comparing average scores on the subjective stress scale between the
control and stress condition of the MIST. In addition, linear regression
analysis was used to investigate associations between task-induced
changes in subjective perceptions of stress and task-induced changes
in [18F]fallypride ligand displacement. All significance tests were
performed in STATA version 10.0 (© 1985–2007 StataCorp. LP).

Cortisol sampling and analysis

Fivemilliliter blood samplesweredrawn fromeach subject into free-
anticoagulant vacuum tubes. Blood samples were taken every 10 to
12 min during the scan, resulting in a total number of 12 samples.
Immediately after the experiment was completed, blood samples were
delivered to the laboratory for assaying. Intra-assay and inter-assay
variability were ≤5.8% and ≤9.2%, respectively. The area under the
curve (AUC; cortisol in nanomoles per liter by time in minutes) was
computed with the trapezoid formula as described by Pruessner et al.
(2003).

A one-sided, paired t-test was performed to compare the AUC of
cortisol between the control and stress condition of the MIST. In
addition, linear regression analysis was used to investigate whether
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task-induced changes in cortisol levels were associated with task-
induced changes in subjective perceptions of stress.

Radiotracer preparation

The fluorinated substituted benzamide [18F]fallypride (Mukherjee
et al., 1999) is a high affinity dopamine D2/3 receptor antagonist
radiotracer previously used to visualize and estimate both striatal and
extrastriatal dopamine levels (Mukherjee et al., 1999; Mukherjee
et al., 2002). The precursor for tracer synthesis was obtained fromABX
(Radeberg, Germany) and labeling was performed on-site using a
Raytest Synchrom R&D synthesis module (Raytest, Straubenhardt,
Germany). The final product was obtained after reverse-phase high
performance liquid chromatographic (HPLC) purification using a
Waters XTerra™ RP18 5 μm 7.8 mm×150 mm column and sodium
acetate 0.05 M pH5.5/Ethanol 70:30 V/V as mobile phase at a flow rate
of 1.5 ml/min. The [18F]fallypride eluted after 18 min. The collected
peak (2 ml)was dilutedwith 8 ml of NaCl 0.9% and sterile filtered over
a Millipore Cathivex-GS 0.22 μm filter. The final product of the
radioligand was administered as a sterile solution of 7 mM sodium
acetate buffer pH 5.5, 0.72% NaCl 0.72% and 6% ethanol. The specific
activity at the time of injection was ≥37 GBq/μmol (1000 Ci/mmol).
The radiochemical purity was N95%.

PET acquisition

In order to minimize contamination of task-induced stress with
PET procedure-induced stress, the catheter used for ligand injection
and blood sampling was placed 3 h before the actual experiment took
place. For the same reason, subjects were familiarized with the test
setup and briefly placed in the scanner 3 h before the actual scan to
complete the test session of the psychosocial stress task. An example
of the psychosocial stress task was presented on the computer screen
and the positions of the mouse and computer monitor were adjusted
for comfortable viewing (outside the field of view of the scanner).
After completing the test session (duration approximately 5 min),
subjects were removed from the scanner, awaiting the actual PET
experiment, taking place approximately 3 h later.

For the actual experimental PET session, subjects were again
installed on the scanner bed with their head fixated using a vacuum
pillow and foam inserts. If needed, the positions of the mouse and
computer monitor were once more adjusted to allow for optimal
comfort. Subjects received 185.2 (SD=10.2) MBq of [18F]fallypride in
a slow intravenous bolus injection through a catheter in the left or
right antecubital vein, depending on subject handedness. Simulta-
neously upon radiotracer injection, dynamic emission scans were
initiated in three-dimensional mode using a HiRez Biograph 16
PET/CT camera (Siemens Medical Solutions, Inc.). Data were obtained
in 60 s frames during the first 6 min and in 120 s frames thereafter.

PET emission was performed conform the one-day PET imaging
protocol for [18F]fallypride described and used previously by Christian
et al. (2006). Emission data were collected in two segments, one during
the control condition and one during the stress condition of the MIST
psychosocial stress task. Given the use of an “activation” parameter in
the kinetic model used for analyses (Alpert et al., 2003; discussed
below), representing presence or absence of additional dopamine
release, and the hypothesis of stress being associated with increased
dopaminergic activity, the stress condition of the MIST was always
presented after the control condition.

The first PET segment, with a duration of 70 min, thus represented
the [18F]fallypride kinetics during the control condition, in which
subjects performed 6-minute blocks of mental arithmetic without
time constraints or performance feedback. The control session was
followed by a brief break period of 10 min, after which subjects were,
if necessary, repositioned on the scanner bed and the second PET
emission data were collected for another 86 min in total. In order to
ensure that “activation” (i.e. presence or absence of additional
dopamine release, reflected by changes in ligand displacement) was
not a result of repositioning or the simple act of getting up from the
scanner for a break in the experiment, no task was presented during
the first 20 min of this second emission scan. This, additionally,
minimized risk of carry-over effects from the control condition into the
stress condition, and maximized psychological impact of the stressor.

At 100 min postinjection, the psychosocial stress task was initiated
and performed for the remaining 66 min of dynamic imaging. Cortisol
sampling took place every 12 min during control and stress conditions,
simultaneously with assessment of subjective ratings of stress. To
correct for attenuation, a low-dose (80 kV tube potential, 11 mA·s) CT
scanwithout contrast agentwas conducted at the beginning of each PET
segment (immediately before tracer injection and at 80 min postinjec-
tion) and at the end of emission scan.

Images were reconstructed using a 3D OSEM (ordered-subset
expectation maximization) iterative reconstruction including model-
based scatter as well as attenuation correction based on a measured
attenuation map acquired by the CT, with a final spatial resolution of
4 mm. Additionally, in order to exclude structural brain abnormalities
and perform anatomical coregistration, all subjects received a
volumetric T1-weighted and standard transverse T2 brain magnetic
resonance image (MRI; 1.5 Tesla Vision Scanner, Siemens, Germany).
Parameters for the T1 3D Magnetization Prepared Rapid Acquisition
Gradient Echo sequence were: TR=0 ms, TE=4 ms, flip angle=12°,
inversion time =300 ms, matrix 256×256, 160 sagittal contiguous
slices of 1 mm.

To guarantee the consistency of [18F]fallypride metabolism among
scans and tominimize potential changes in dopamine or cortisol levels,
all subjects fasted 2 h prior to radiotracer injection and abstained from
nicotine, medication, and alcohol- or caffeine-containing drinks on the
day of scanning. All PET acquisitionswere conducted at the same time of
day (14:30±00:30) in order to keep diurnal patterns of cortisol
comparable for all subjects.
PET data reduction and statistical analysis

For each subject, brain reconstructed PET data were transferred in
DICOM (Digital Imaging and Communications in Medicine) and
converted to Analyze using PMOD software v 2.95 (PMOD Inc., Zurich,
Switzerland). To minimize effects of head movement during the scan,
all [18F]fallypride frames for each PET scan were realigned, coregis-
tered to the subject's MRI and then spatially normalized to a specific
T1-weighted template constructed in MNI (Montreal Neurological
Institute) stereotaxic space using SPM8 (Statistical Parametric
Mapping, The Wellcome Department of Cognitive Neurology, London,
UK). To increase signal to noise ratio, the normalized images were
then smoothed with a 3D gaussian filter (4-mm full width at half
maximum) before applying the kinetic model.

For each subject, volume-of-interest (VOI) analysis was performed
by estimating the kinetic parameters using the LSRRM kinetic model
(discussed below) and the PET time-activity curves (TACs) for all VOIs.
The cerebellum was used as a reference region for [18F]fallypride,
representing a cerebral area with a paucity of dopamine D2/3 receptors
(Lammertsma et al., 1996). For each subject, two binary masks were
created based on the corresponding normalized MRI, using an inhouse
created set of VOIs, defined according to prefrontal Brodmann areas
(BA) with the aid of the Talairach atlas (Talairach and Tournoux, 1988).
One binary mask image was designed to include all brain regions of
interest (BA9/BA46=dorsolateral prefrontal cortex; BA10=ventro-
medial prefrontal cortex; BA11=medial orbitofrontal cortex; BA24=
ventral anterior cingulate cortex; BA32=dorsal anterior cingulate
cortex; BA44=inferior frontal gyrus, pars opercularis; BA45=inferior
frontal gyrus, pars triangularis; and BA47=inferior frontal gyrus, pars
orbitalis), and a second mask was drawn only on the cerebellum.



Table 1
Sample characteristics.

(n=12)

Age, mean (SD) 39.8 (15.8)
(ranges 23–60)

Gender, n (%)
Male 8 (67%)
Female 4 (33%)

Education level, n (%)a

Secondary education 1 (8%)
Bachelor degree 7 (58%)
Master degree 4 (33%)

Work situation, n (%)a

Household 0
School/education 2 (17%)
Regular job (fulltime) 6 (50%)
Regular job (parttime) 2 (17%)
Other activities 2 (17%)

Marital status, n (%)
Married or cohabitating 6 (50%)
Divorced 1 (8%)
Never married 5 (42%)

Nicotine use (cigarettes/day), n (%)a

0 10 (83%)
1–10 1 (8%)
10–20 1 (8%)

Alcohol consumption (grams/week)b, n (%)
0–50 6 (50%)
50–100 2 (17%)
100–150 4 (33%)

Contraceptive use, n (%)
Yes 0
No 12 (100%)

Other medication use, n (%)
Yes 3 (25%)c

No 9 (75%)

All subjects abstained from nicotine, alcohol andmedication use on the day of scanning.
a Percentages do not total 100 because of rounding.
b Standard drink/unit size in the Netherlands contains 9.9 g of ethanol.
c Three subjects sporadically used acetaminophen (paracetamol) to relieve headaches.
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The kinetic model

Conform previous work (Alpert et al., 2003; Badgaiyan et al., 2009;
Christian et al., 2006), estimation of kinetic parameters was
performed by applying the linearized simplified reference region
model (LSRRM) (Alpert et al., 2003), an extension of the simplified
reference region model (SRRM; Gunn et al., 1997; Lammertsma and
Hume, 1996), modified to include time-dependent parameters and
linearized for all estimated parameters (Friston et al., 1997). A
detailed description of the LSRRM kinetic model can be found in
earlier publications (Alpert et al., 2003; Christian et al., 2006). As
previously described (Alpert et al., 2003; Badgaiyan et al., 2009;
Christian et al., 2006), the LSRRM takes into account temporal
perturbations in ligand specific binding by assuming that the steady
physiological state is not maintained, making it suitable for assessing
task-related ligand displacement in an experimental design that
involves a change of task condition from control to a dopamine
activation paradigm during one single scan session. The LSRRM
therefore allows the dissociation rate of ligand from the receptor, k2a,
to change through the paradigm in response to fluctuating levels of
dopamine (k2a=k2/[1+BPND]), where k2 is the tissue to plasma
efflux constant in the tissue region and BPND is the nondisplaceable
binding potential (Innis et al., 2007). Changes in BPND in activation
studies are usually assumed to reflect changes in the concentration of
available neuroreceptor sites (Bavail), and a decrease in BPND is
assumed to reflect increased dopamine release. The temporal change
of k2a (via a change in BPND) is obtained by introducing the additional
term γ·h(t), where γ represents the amplitude of the ligand
displacement and the function h(t) describes a rapid change following
task onset and dissipation over time. The exponential decay function
h(t)=exp[−τ(t−T)] accounts for temporal variation in the model
parameters, where τ controls the rate at which activation effects die
away (set to τ=0.03 min−1, conform Christian et al., 2006) and T
indicates the task initiation time (T=100 min postinjection). It
follows that, through linearization of the simplified reference region
model (SRRM), an increased k2a reflected in a decreased BPND for
dopamine receptors, due to increased dopamine release, would result
in a positive value of γ. The LSSRM model uses weighted linear least
squares analysis for parameter estimation (Alpert et al., 2003).

Main analysis

For the voxel-based analysis, the same binary mask image used for
VOI analysis was applied, including only prefrontal regions (BA9; BA10;
BA11; BA24; BA32; BA44; BA45; BA46; BA47, resp.) to limit the volume
for calculation of the parametric images. A voxel-wise t-statistic map
was computed to localize those areas for which the time varying
parameter, γ, yielded a significant improvement in the model (i.e.
rejection of the null hypothesis; Alpert et al., 2003; Christian et al.,
2006), representing increased dopamine release after initiation of the
stress condition. These statistic t-maps were generated as t=γ/sd(γ),
the standard deviation parametric image of γ being created based on
the estimated covariance matrix (Alpert et al., 2003; Christian et al.,
2006). The false discovery rate (FDR; Benjamini and Hochberg, 1995)
correction was utilized to control statistical significance thresholds in
the context of multiple (n=28832) comparisons at the voxel level
(Genovese et al., 2002), interpreting orderedp(i)-valueswithin the FDR-
constraint of p(i)≤0.05i/28832. In order to identify the spatial extent of
the neuromodulation, the number of voxels satisfying the FDR-
constraint (hereafter: exceeding the FDR corrected significance thresh-
old of p(α(FDR)=5%)≤0.05) was determined for each volume of interest.
Finally, conform previouswork (Christian et al., 2006), linear regression
analysis was performed in order to identify those brain regions for
which the spatial extent of task-induced dopamine release was
predictive for task-induced increases in scores on the subjective stress
scale and cortisol levels. All analyses were a priori corrected for age,
gender, nicotine use (continuous: number of cigarettes/day), and
alcohol consumption (continuous: grams of alcohol/week).

Results

Sample characteristics

The sample consisted of 13 healthy subjects. One subject was
excluded from analyses because of excessive movement during the
scan, yielding uncorrectable movement artifacts in the functional
imaging data. Sociodemographic characteristics of the 12 remaining
subjects, and alcohol consumption, nicotine use, and contraceptive-,
and psychotropic medication use are summarized in Table 1.

Behavioral and cortisol stress measures

Forone subject, data on the subjective stress scaleweremissingdue to
a technical (i.e. computer) failure. Consequently, behavioral analyses
were performed in the remaining sample of 11 subjects.

The stress condition was experienced as significantly more
stressful compared to the control condition, reflected by higher
scores on the subjective stress scale (Meancontrol=2.97(SD=.49);
Meanstress=4.21(SD=.93); t(df=10)=5.03; p=.0003). Task-induced
changes in scores on the subjective stress scale were not associated
with age (Adjusted R2

(df=10)=− .03; β=− .02; p=.416), gender
(Adjusted R2

(df=10)=− .10; β=.22; p=.769), nicotine use (Adjusted
R2

(df=10)=− .02;β=.02; p=.399), or alcohol consumption (Adjusted
R2

(df=10)=− .003; β=.06; p=.350).
Overall cortisol concentrations were not associated with age

(Adjusted R2
(df=11)=.14; β=.06; p=.129), gender (Adjusted
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R2
(df= 11)=− .07; β=− .33; p=.614), nicotine use (Adjusted

R2
(df=11)=− .05; β=− .04; p=.515), or alcohol consumption (Ad-

justed R2
(df=11)=− .01; β=.05; p=.367). One subject displayed very

highmeanAUC cortisol throughout the experiment (610.4 (nmol/l)/min)
and was excluded from AUC cortisol analyses based on Grubbs' test for
outliers (Grubbs, 1969) (Z12=3.04; Zcritical (α=5%)=2.41). Analysis on
data from the remaining subjects revealed a significant difference
between the AUC ((nmol/l)min) of cortisol between the stress and the
control condition (Meancontrol=221.6(SD=45.0); Meanstress=279.3
(SD=76.4); t(df=10)=1.89; p=.04), with higher levels of AUC cortisol
during the stress condition.

Linear regression analysis revealed a significant association between
task-induced changes in AUC cortisol and task-induced changes in
scores on the subjective stress scale (Adjusted R2

(df=9)=.57; β=.007;
p=.031; corrected for age, gender, nicotine use, and alcohol consump-
tion), higher cortisol levels being associated with increased feelings of
subjectively experienced stress. This association remained significant
with inclusion of the outlying subject in the analysis (Adjusted
R2

(df=10)=.62; β=.006; p=.016; corrected for age, gender, nicotine
use, and alcohol consumption).

In vivo dopamine release in response to the psychosocial stress condition

The psychosocial stress task induced detectable amounts of
[18F]fallypride ligand displacement throughout the prefrontal cortex
(see Fig. 1). Age, gender, alcohol consumption, and nicotine use were
not associated with task-induced ligand displacement in any of the
prefrontal regions of interest.

Linear regression analysis, corrected for age, gender, nicotine use,
and alcohol consumption, revealed significant associations between
task-induced changes in liganddisplacement–quantified as thenumber
Fig. 1. Mean statistical parametric t map of γ in coronal (a), sagittal (b), and transverse (c) s
ligand displacement throughout prefrontal cortex in response to the psychosocial stress tas
of voxels within a region, exceeding the FDR corrected significance
threshold of p(α(FDR)=5%)≤0.05– and task-induced changes in scoreson
the subjective stress scale for the left (Adjusted R2

(df=9)=.94; β=.03;
p=.002) and right (Adjusted R2

(df=9)=.95; β=.04; p=.001) ven-
tromedial prefrontal cortex (vmPFC; BA10; see Table 2; significance
interpreted in light of the Simes–Hochberg correction for multiple
comparisons (Hochberg, 1988; Simes, 1986)). More ligand displace-
ment in these prefrontal brain regions was associated with increased
feelings of subjectively experienced stress (see Table 3; Fig. 2; one
subject not included in regression due to missing data on subjective
stress scale during stress condition; another subjectwas identified as an
outlier based on Cook's distance test for influential cases (Cook, 1977)
(Di(threshold)=4/[n-k-1]) and was excluded from regression analyses).

For illustrative purposes, following Christian et al. (2006), Fig. 3
shows an example of a dynamic PET time-activity curve obtained from
the volume of interest drawn on the left vmPFC of one subject, for
which model fit improved with inclusion of the γ parameter.

No significant associations were found between task-induced
ligand displacement and task-induced changes in AUC cortisol levels
for any of the prefrontal regions of interest (corrected for age, gender,
alcohol consumption, and nicotine use; significance interpreted in
light of the Simes–Hochberg correction for multiple comparisons
(Hochberg, 1988; Simes, 1986)).

Discussion

The results of this study indicate that the Montreal Imaging Stress
Task (MIST) inducesdetectable amountsofdopamine release throughout
the prefrontal cortex, with dopaminergic activity in bilateral ventro-
medial prefrontal cortex being associated with subjectively rated
experiences of psychosocial stress. Furthermore, as expected from
ections overlaid on a T1-weighted MRI template, showing task-induced [18F]fallypride
k. Image is thresholded for visualization purposes.



Table 2
Associations between task-induced dopamine release, quantified as the number of
voxels showing significant ligand displacement within each activated region, and task-
induced changes in scores on the subjective stress scale.

Brodmann
area

No of voxels with
significanta task-
induced ligand
displacement

Association with task-induced
changes in scores on the subjective
stress scale

Mean, n (%)b SD Adjusted R2 β p

BA9L 619 (36%) 378 0.67 0.03 0.048
BA9R 704 (41%) 377 0.78 0.03 0.020
BA10L 1319 (50%) 580 0.94 0.03 0.002c

BA10R 1365 (53%) 567 0.95 0.04 0.001c

BA11L 794 (41%) 387 0.23 −0.03 0.355
BA11R 763 (40%) 439 0.16 −0.01 0.460
BA24L 437 (45%) 223 0.42 0.02 0.174
BA24R 398 (41%) 194 0.67 0.03 0.049
BA32L 566 (60%) 198 0.44 0.02 0.160
BA32R 590 (58%) 203 0.90 0.04 0.004
BA44L 257 (25%) 175 0.47 0.04 0.140
BA44R 336 (32%) 242 0.24 0.02 0.335
BA45L 117 (38%) 77 0.34 0.02 0.235
BA45R 113 (48%) 57 0.58 0.02 0.082
BA46L 782 (46%) 425 0.57 0.03 0.092
BA46R 858 (49%) 420 0.77 0.03 0.022
BA47L 337 (26%) 259 0.57 0.02 0.085
BA47R 315 (26%) 230 0.75 0.04 0.027

BA9 & BA46 = dorsolateral prefrontal cortex; BA10 = ventromedial prefrontal cortex;
BA11 = medial orbitofrontal cortex; BA24 = ventral anterior cingulate cortex; BA32 =
dorsal anterior cingulate cortex; BA44 = inferior frontal gyrus, pars opercularis; BA45 =
inferior frontal gyrus, pars triangularis; BA47= inferior frontal gyrus, pars orbitalis; BP=
binding potential; and R = right; L = left. Mask used for analysis contained an average
total volume of 28832 voxels.

a Exceeding significance threshold of p(α(FDR)=5%)≤0.05.
b Percentages reflect the number of significant voxels relative to the total number of

voxels within the mask of the respective brain region.
c Exceeding significance threshold of p(corrected)≤0.05 according to Simes–

Hochberg correction for multiple comparisons.
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previous findings (Pruessner et al., 2004), the MIST stress paradigm
resulted in significant increases in cortisol secretion. Although animal
studies (Abercrombie et al., 1989; Deutch et al., 1990; Tidey andMiczek,
Table 3
Stress-induced dopamine displacement of [18F]fallypride in left and right ventromedial
prefrontal cortex (BA10; see also Fig. 2).

Subject No of voxels with significanta task-induced
ligand displacement

Task-induced
changes in
scores on the
subjective
stress scale

Left ventromedial
prefrontal cortex
(BA10L)b

Right ventromedial
prefrontal cortex
(BA10R)c

#1 1522 1531 0.98
#2 1213 1080 0.54
#3 1155 1560 1.70
#4d 976 970 2.82
#5 1862 1776 1.75
#6 1160 1455 0.71
#7 2343 2404 2.08
#8 1547 1737 1.11
#9 1137 1585 0.62
#10 529 456 0.26
#11 385 345 0.04
#12e 2101 1547 –

a Exceeding significance threshold of p(α(FDR)=5%)≤0.05.
b Left vmPFC mask contained an average volume of 2638 voxels.
c Right vmPFC mask contained an average volume of 2576 voxels.
d Subject was identified as outlier based on Cook's distance test for influential cases

and excluded from regression analyses.
e Subject not included in regression analyses due to missing data on stress scale

during stress condition.
1996), and Functional Magnetic Resonance Imaging (fMRI) studies in
humans (Dedovic et al., 2009a, 2009b; Pruessner et al., 2008;Wang et al.,
2005) have repeatedly implicated a role for PFC neurons in stress
regulation, this is, to our knowledge, the first in vivo human imaging
study showingprefrontal dopamine release in response to a psychosocial
stressor.

Stress-induced dopamine release in the ventromedial prefrontal cortex

The current findings suggest a direct involvement of vmPFC
dopamine in the human stress response, given that dopaminergic
activity in this region was highly correlated with subjective ratings of
stress. The vmPFC is strongly connected to the amygdala, ventral
striatum, and hypothalamus (Ghashghaei et al., 2007; Ghashghaei and
Barbas, 2002; Ongur et al., 1998b; Price, 1999; Stefanacci and Amaral,
2002), and is suggested to be involved in emotion regulation (Damasio,
1996), impulse control (Boes et al., 2009), self-control (Hare et al.,
2008), and fear extinction (Morgan et al., 1993). The infralimbic
prefrontal cortex, considered the rat homologue of the human vmPFC
(Peters et al., 2009), inhibits fear responses in rats when stimulated
(Vidal-Gonzalez et al., 2006). Furthermore, the loss of top–downcontrol
by the vmPFC is implicated in mood and anxiety disorders (Cannistraro
and Rauch, 2003; Drevets, 2001; Ongur et al., 1998a; Shin et al., 2004),
supporting a role for the vmPFC as emotion control center. Although
projections from the vmPFC to subcortical structures are largely
glutamatergic (Ghashghaei et al., 2007; Ghashghaei and Barbas, 2002;
Ongur et al., 1998b; Price, 1999; Stefanacci and Amaral, 2002), there is
substantial evidence of dopamine–glutamate interactions in the PFC
(Abekawa et al., 2000; Del Arco and Mora, 2005; Karreman and
Moghaddam, 1996; Moghaddam, 2002). Although the current study
provides evidence for vmPFC dopamine activity constituting part of
the neurochemical response to stress, the exact neural mechanisms
involved in the human stress response and the role of possible
neurotransmitter interactions herein remain unclear.

The role of the PFC in the stress response: possible mechanisms

Due to a scarcity of in vivo human studies investigating stress-
induced changes in prefrontal dopamine levels, little is known about the
role of prefrontal dopamine in the regulation of stress in humans, thus
far. Rodent studies have indicated that depletion of dopamine in the PFC
increases stress-induced dopamine release in the mesolimbic system
(Deutch et al., 1990; King et al., 1997; Scornaiencki et al., 2009). This has
led to the hypothesis that prefrontal dopamine transmission attenuates
stress-induced mesolimbic dopamine release. As suggested by Pascucci
et al. (2007), the prefrontal dopamine system may not only constrain,
but also determine mesolimbic dopamine activity in response to stress.
A possible function of this mechanism could be to protect the organism
for the adverse consequences of stress on the brain. This is supported by
the observation that stress-related psychopathologies are associated
with disturbed mesolimbic dopamine transmission (Dailly et al., 2004;
Gorwood, 2008; Laruelle, 2000; Nikolaus et al., 2010) and prefrontal
dysfunctions (Gorwood, 2008; Rauch et al., 2006; Weinberger et al.,
2001). Our finding that healthy subjects respond to a mild psychosocial
stressor with increased levels of endogenous dopamine in the PFC,
whereas a similar stressor in previous studies did not necessarily induce
dopamine release in mesolimbic brain regions (Montgomery et al.,
2006; Pruessner et al., 2004; Soliman et al., 2008), supports the
hypothesis that the organism may benefit from such a stress-reducing
mechanism, with a suggested attenuating role of the prefrontal
dopamine system, in line with reports of medial prefrontal cortex
damage being associated with heightened self-reported stress re-
sponses to the Trier Social Stress Test (Buchanan et al., 2010). It appears
unlikely, however, that a loss of control of the PFC dopamine system
over subcortical dopaminergic neurotransmission can solely and
exclusively explain the diverse rangeof affective, psychotic and neurotic



Fig. 2. Significant associations between task-induced feelings of subjective stress and task-induced ligand displacement in left and right ventromedial prefrontal cortex, increased
feelings of subjective stress being associated with increased ligand displacement.
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symptoms observed across the spectrum of stress-pathology, particu-
larly given the broad variety and, to some extent, paradoxality of
dopamine anomalies observed across various stress-related disorders
(Charney, 2004; Dailly et al., 2004; Davis et al., 1991; Nikolaus et al.,
2010; Rauch et al., 2006). Rather, a range of complex and diverse neural
(patho)dynamics, involving multiple interacting neurotransmitter
systems (Cepeda et al., 2009; Charney, 2004; Kahn and Davidson,
1993;Moghaddam, 2002;Nikolaus et al., 2010; Peheket al., 2006;Rauch
et al., 2006; Yoo et al., 2010) that are functionally shaped by unique
genetic, neurodevelopmental and social environmental factors, direct
the individual towards a specific behavioral phenotype. Although
impaired attenuation of mesolimbic dopamine by the PFC dopamine
system may represent one important stress-vulnerability mechanism,
future imaging studies are challenged with the daunting task of
unraveling the neurochemical dynamics of stress processing in healthy
humans and psychopathological populations that are characterized by
disturbances in stress regulation.
Fig. 3. Top row — example of PET dynamic data from one of the subjects scanned, black do
prefrontal cortex and (×) symbol representing data from the cerebellar reference region. M
T=100 min. Bottom row— normalized residuals of the model fit with the γ parameter (+)
model fit for this particular volume of interest when γ is included.
Strengths and limitations

The findings reported in this study result from significant advances
made in the field of neuroimaging and show, for the first time, human in
vivo PFC dopamine release in response to a psychological stressor. The
development of highly selective dopamineD2/3 PET radioligands such as
[18F]fallypride opens up avenues for the investigation of extrastriatal
dopamine neurotransmission, and the current study is the first to
successfully implement this technology in stress research. Further
strengths of the study lie in the use of a laboratory stressor that attempts
to emulate real-world social interactions and succeeds in eliciting stress
not only at a physiological level, but also at the level of subjective
experience. Some limitations require consideration. First, the study
design did not permit simultaneous and additional investigation of
subcortical dopamine release. Subcortical dopamine regions, primarily
striatal areas, are relatively high in dopamine D2/3 receptor density and
require, for that reason, a longer scanduration in order to reach a similar
ts (•) representing data taken from the volume of interest drawn on the ventromedial
odel fit to the data is represented by the solid line. Stress condition was initiated at

and with γ fixed to zero (O). The graph illustrates the improvement in the quality of the

image of Fig.�2
image of Fig.�3
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proportion of receptors to be occupied by the dopamine-competing
ligand fallypride than is the case in low density dopamine D2/3 regions
such as the PFC (Christian et al., 2000). Consequently, assessing dopa-
mine transmission simultaneously in two regions that differ in terms of
receptor density is not feasible, since the timing of task-initiation has to
be adjusted for each region in such a way that the proportional
distribution of radioligand is optimized, i.e. regions which are low in
dopamine D2/3 receptor density would require earlier onset of task
initiation than regions with higher dopamine D2/3 receptor density. A
compromising solution, with intermittent task initiation timing will, at
best, result in overestimation of dopamine release in relatively low
dopamine D2/3 receptor dense structures and underestimation of
dopamine release in relatively high D2/3 receptor dense structures
(Christian et al., 2006). Second, although application of the LSRRM has
several practical advantages, such as the requirement for only one single
radiochemical synthesis and administration and avoidance of session
effects, practical implementation of the model implies that time-
dependent alterations in regional cerebral blood flow (rCBF) are not
fully accounted for. However, as argued by Christian et al. (2006), using
a single injection protocol in combination with the in vivo kinetics of
[18F]fallypride minimizes the possible confounds of changing rCBF
under psychological task paradigm conditions. Third, no performance
measurewas implemented in thepsychosocial stress paradigm.We can,
therefore, not ascertain that the findings are not confounded by
variations in task performance. However, as argued by Pruessner et al.
(2004), controlling for task performance would be redundant, since
manipulation of the time constraint yields an average proportion of 20–
30% correct answers in the stress condition for each individual subject.
Furthermore, the strong correlation between subjectively experienced
feelings of stress and [18F]fallypride ligand displacement in ventrome-
dial PFC in the current study suggests that neural activity in this region is
unlikely to be related purely to cognition. Fourth, consequential to the
one-day scanning protocol utilized in the current study, the stress and
control conditions of the MIST were consistently administered in the
same sequence, i.e. the control condition preceded the stress condition
for each subject. This increases risk of carry-over effects from the control
condition into the stress condition. Although it was attempted to
minimize these effects by separating the two conditions by a baseline
condition, it cannot be ascertained that the outcomemeasureswere not
affected by carry-over effects. However, a two-scan protocol, with
counterbalanced administration of stress and control conditions, would
have meant that the extensive and important debriefing session, in
which subjects were told that the task was specifically designed to be
out of reach of their mental capacity, and that it did not assess their
ability to perform mental arithmetic, could only take place after the
second scan, which was considered to be ethically problematic.
Furthermore, a one-day scan protocol has an advantage in avoiding
session effects. Fifth, the actual scanning procedure might have been
perceived as stressful, possibly interfering with the task-specific stress
measures. The amount of interference was minimized by placing the
catheter used for ligand injection and blood sampling 3 h before the
actual experiment took place. For the same reason, subjects were
familiarizedwith the test setup and placed in the scanner 3 h before the
actual scan. Sixth, although unobserved heterogeneity is particularly
important in non-linear regression analysis – unlike in linear regression
models as utilized in the current study – the possibility of unobserved
heterogeneity (e.g. due to unmeasured, yet outcome-relevant variations
among subjects) may have biased results and calls for careful
interpretation and replication of the current findings. Finally, it should
benoted that our results donot imply causality and the specific function
of each brain region in the human stress response remains an important
subject for further investigation.
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