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chapter 5
Dopaminergic modulation of human
reward system: a placebo controlled

dopamine depletion fMRI study

da Silva Alves F, Schmitz N, Figee M, Abeling N, Hasler G, van der Meer J,
Nederveen A, de Haan L, Linszen D and van Amelsvoort T

J Psychopharmacol. 2010; 25:538-549

Abstract

Reward related behavior is linked to dopaminergic (DAergic) neurotransmission. Our aim
was to gain insight into DAergic involvement in the human reward system. Combining
functional Magnetic Resonance Imaging with DAergic depletion by α-methylparatyrosine
(AMPT)wemeasured dopamine- (DA) related brain activity in 10 healthy volunteers. In ad-
dition to blood-oxygen-level dependent (BOLD) contrast we assessed the effect of DAergic
depletion onprolactin (PRL) response, peripheralmarkers forDAandnorepinephrine (NE).
In placebo condition we found increased activation in the left caudate and left cingulate
gyrus during anticipation of reward. In AMPT condition there was no signi cant brain
activation during anticipation of reward or loss. In AMPT anticipation of reward vs. loss
increased activation in the right insula, left frontal, right parietal cortices and right cingulate
gyrus. Comparing placebo vs. AMPT showed increased activation in the left cingulate gyrus
during anticipation of reward and the left medial frontal gyrus during anticipation of loss.
AMPT reduced levels of DA in urine, homovanyllic acid in plasma and increased PRL.
No signi cant effect of AMPT was found on NE markers. Our ndings implicate distinct
patterns of BOLD underlying reward processing following DA depletion suggesting a role
of DAergic neurotransmission for anticipation of monetary reward.
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5.1 Introduction

eability to anticipate or predict reward and loss are important determi-
nants of motivation and subsequently implicated in goal directed behav-
ior. Dysfunction of the reward system has negative impact onmotivation.
It is implicated in depression (Ebmeier et al., 2006;Dunlop and Nemeroff,
2007), addiction (Everitt and Robbins, 2005;Koob and Le, 2008;Everitt
and Robbins, 2005;Koob and Le, 2008;Wise, 1987) and associated with
negative symptoms like anhedonia, affective attening and apathy in
schizophrenic patients Juckel et al., 2006a;Kirsch et al., 2007. Several
studies investigating the neural substrates of reward stimuli have shown
signi cant involvement of the DAergic mesocorticolimbic system in the
attribution of salience, motivational behaviors and emotional processing
(Kelley and Berridge, 2002;Wise and Rompre, 1989;Wyvell and Berridge,
2000). Understanding theDAergic neurotransmission underlying the dis-
tinct aspects of reward processing is imperative for elucidating the neuro-
pathological mechanisms involved in reward related behavior. However,
until now only a few studies have explored the relationship between
DAergic neurotransmission and brain activation during anticipation of
reward and loss in humans and none has yet investigated the effect of DA
depletion with AMPT on the anticipation of reward and loss.

Brain imaging studies combined with a pharmacological challenge
have been used to investigate the DAergic system. In animal studies using
rats DA antagonists and DA receptor blockers reduced reward-directed
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behavior (Chen and Hsiao, 1996;Marota et al., 2000). In humans, addic-
tive substances such as cocaine and amphetamines cause an excess of DA
which alters brain activation of the brain reward system (Breiter et al.,
1997;Vollm et al., 2004). By contrast, a decline of DAergic transmission
can be achieved by oral administration of AMPT which temporarily in-
hibits the enzyme tyrosine hydroxylase (TRY) in turn reducing the syn-
thesis and release of central and peripheral DA (Biggio et al., 1976;Moja
et al., 1991). Similarly, acute tyrosine/phenylalanine depletion (ATPD)
has been used in challenge paradigms to study DA function (McTavish
et al., 1999;Milner et al., 1986;Tam and Roth, 1997). Positron emission
tomography (PET) and single photon emission computed tomography
(SPECT) studies have shown that ATPD and AMPT administration de-
creased DA availability in the ventral striatum, a region previously im-
plicated in reward behavior (Ellis et al., 2007;Laruelle et al., 1997;Leyton
et al., 2004;Montgomery et al., 2003). Using PET and AMPT depletion,
Hasler et al. (2008) reported increased brain activation of the limbic cor-
ticostriatal circuitry in remitted depressed patients, compared to healthy
controls.

A number of functional magnetic resonance image (fMRI) studies
have employed conditioning paradigms to investigate the brain acti-
vation patterns involved in the prediction of reward and punishment.
ese studies reported a relationship between prediction error (PE) (i.e.,
the difference between actual and predicted reward), the ring of DA
neurons with phasic activity and the BOLD response (McClure et al.,
2003;O’Doherty et al., 2006;Seymour et al., 2004). Anticipation of re-
ward and anticipation of monetary loss or pain elicited activation of
striatal brain regions (e.g. putamen, nucleus accumbens) (Juckel et al.,
2006a, 2006b;Knutson et al., 2001;Menon et al., 2007;Seymour et al.,
2004). Also prefrontal brain regions (e.g. anterior cingulate cortex) have
been involved in anticipation of reward (Dillon et al., 2008;Kirsch et al.,
2003;Knutson et al., 2008;O’Doherty et al., 2001) and anticipation mone-
tary loss (Knutson et al. 2008; Menon et al 2007).

Also, pharmacological fMRI (phfMRI) studies support the involve-
ment of prefrontal and striatal DAergic circuitry in situations of reward
and punishment. In a small group of healthy volunteers, anticipation
of monetary reward following amphetamine administration reduced the
BOLD signal in the ventral striatum whereas during anticipation of loss
activation was increased in this region. e authors reported that ventral
striatal activity in the gain condition, using amphetamine, was altered in
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that the peak of amplitude was reduced but the duration of activation
was increased (Knutson et al., 2004). In another phfMRI study, subjects
given amphetamine showed awider network of PE related BOLD activity,
including striatal regions and anterior cingulate when compared to the
DAblocker haloperidol (Menon et al., 2007).Moreover, in rats, dopamine
depletion with tyrosine-free amino acid mixtures attenuated the changes
in BOLD signal induced by amphetamine in the nucleus accumbens and
prefrontal cortex (Preece et al. 2007).

e aim of the present study was to gain insight into the DAergic in-
volvement in the anticipation of reward and loss in the human reward sys-
tem. We combined fMRI with a pharmacological challenge to assess how
DA depletion interferes with reward function and brain activation in a
group of healthy individuals. We measured alterations in BOLD contrast
during anticipation of reward and loss using themonetary incentive delay
(MID) task (Knutson et al., 2001) before and after acuteDAdepletionwith
AMPT.

Based on prior ndings (Dillon et al., 2008;Kirsch et al., 2003;Knutson
et al., 2000;Knutson et al., 2001; Knutson et al., 2008;Menon et al., 2007)
we hypothesized that patterns of brain activation in the prefrontal cortex
particularly the cingulate cortex and in subcortical regions, such as the
ventral striatum, would differ between the DA depletion and the placebo
condition. In the placebo condition we expected the ventral striatum and
cingulate cortex to be activated during anticipation of monetary reward
and loss. However, the anticipation of loss would evoke reduced striatal
and increased cingulate cortex activation. In the DA depletion condition
we expected reduced brain activation in both brain areas during antici-
pation of reward and loss.

5.2 Materials and Methods

5.2.1 Subjects

We included 10 healthy right-handed male volunteers within the age
range of 18 to 40 years. is study was conducted at the Department of
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Psychiatry, Academic Medical Centre Amsterdam, e Netherlands and
was approved by the local EthicsCommittee. All participants gavewritten
informed consent, after receiving full information on the study.

All participants were seen by a physician and underwent a semi-
structured clinical examination to exclude co-morbid medical disorders
affecting the brain (e.g. Multiple sclerosis, epilepsy) and major psychi-
atric disorders (e.g. Major Depressive Disorder, Obsessive Compulsive
Disorder). None of the participants had a history of substance or alcohol
abuse. Urine drug screening (cocaine, tetrahydrocannabinol, opiates, am-
phetamines, benzodiazepines) was performed at the beginning of the rst
and second study day and was negative in all subjects. e participants
were not using any medication at time of testing.

5.2.2 Study design

All subjects underwent two fMRI measurements (Day I and Day II) with
an inter-scan interval of approximately 8 days. e fMRI study was con-
ducted as a randomized double blind controlled study, with two con-
ditions; (1) administration of AMPT and, (2) administration of placebo
(cellulose, corn starch) tablets.

On day 1, baseline samples of blood and urine were collected and
AMPT or placebo was administered at 8.00h (T0). Subsequently, AMPT
or placebo was administered again 2 hours later at 10.00h (T2) followed
by collection of blood samples at 11.00h (T3). At 12.00h (T4) the last dose
of AMPT or placebo was administrated. e fMRI scanning started one
hour after the last dose of AMPT at 13.00h (T5). At the end of the fMRI
session at 14.00h (T6) the last blood and urine samples were collected.

On day 2 the same procedures were employed, however this time
subjects were assigned to the other treatment condition (AMPT/placebo)
according to the crossover design.

To assess the effects of AMPT on subjective well being we adminis-
tered at T0 and T6 the short version of the ‘subjective well-being under
neuroleptic’ questionnaire (SWN) (de Haan et al., 2002;Naber, 1995) on
both study days. is questionnaire includes six response categories con-
taining 20 statements on ve subscales (mental functioning, self-control,
emotional regulation, physical functioning and social integration).
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5.2.3 Dopamine challenge

ree doses of 500 mg AMPT were orally administered (total dose 1.5 g)
over two intervals of 2 hours. ese doses were similar to those used
by Boot and colleagues (Boot et al., 2008a). e dose and duration in
this study were selected to obtain a signi cant inhibition of TRY activity
and consequently DA depletion, without introducing severe side effects.
To prevent the formation of AMPT crystals in urine, subjects were in-
structed to drink plenty ofwater (Verhoeff et al., 2001). Levels ofAMPT in
plasma were measured at T3 and T6 by using gas chromatography/mass
spectrometry.

5.2.4 Catecholamines, their metabolites and prolactin

AMPT is a competitive inhibitor of the rate-limiting enzymeTRYe and af-
fects bothDAandNE synthesis (Engelman et al., 1968).erefore, in both
treatment conditions (AMPT and placebo) blood samples were drawn at
T0, T3, andT6 for assessment of: (1) plasma levels of PRL; (2) 3-methoxy-
4-hydroxy-phenylglycol (MHPG), a catecholaminergic metabolite of NE;
and (3) homovanyllic acid (HVA), a catecholaminergic metabolite of DA.
Urine samples were collected at T0 and T6 for determining DA and NE
levels.

Plasmawas separated and frozen before blind batch analysis. PRLwas
measured by time-resolved uoroimmunoassay (DELFIA Prolactin,Wal-
lac Oy, Turku, Finland). e total assay variation ranged from 5.8 to 7.6%.
HVA levels were measured with reverse-phase high-performance liquid
chromatography (RP-HPLC) and coulometric electrochemical detection
(ECD) (Hartleb et al., 1993). Intra- and inter-assay variations, calculated
on low, mid, and high levels, ranged from 1.2 to 7.8% (intra-assay) and
4.8–10.4% (inter-assay), respectively. Concentrations of HVA and DA in
urine were determined using RP-HPLC with ECD and uorometric de-
tection (Abeling et al., 1984;Stroomer et al., 1990). For HVA variation cal-
culations on three different levels ranged from 1.2% to 4.1% (intra-assay)
and 3.6% to 8.5% (inter-assay), respectively. For DA variation ranges from
2.4% to 4.1% (intra-assay) and 2.7% to 6.7 % (inter-assay) were calculated.
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5.2.5 fMRI task: Monetary Incentive Delay

We used event-related fMRI to assess BOLD brain activation during the
MID task (Knutson et al., 2001). Before entering the scanner, subjects
were familiarized with the task by completing a 10 min practice session.
e practice session produced an estimate of each individual’s reaction
time for standardizing task difficulty in the scanner.

e MID task was used to evoke anticipation of potential monetary
reward, loss, or no consequential outcome. e MID task consisted of
two sessions of 72 trials of 6 sec, yielding a total of 144 trials and total
duration of 10 minutes. During each trial, subjects were shown one of
seven cue shapes (cue, 250 ms). Cues signaling potential reward were
denoted by circles (n = 54), potential loss was denoted by squares (n = 54),
and nomonetary outcomewas denoted by triangles (n = 36).e possible
amount of money that subjects were able to win was indicated by one
horizontal line for 0.20 Euro, two horizontal lines for 1.00 Euro, and three
horizontal lines for 5.00 Euros. Similarly, loss cues signaled the possibility
of losing the same amounts of money. Subjects were asked to look at the
xation cross in the middle of the screen as they waited a variable inter-

val (delay, 2000-2500 ms), then they had to respond to the white target
square that appears for a variable length of time (target, 160-260 ms).
e Inter Stimulus Interval (ISI) was 5000 ms. Trial types were randomly
orderedwithin each session. During incentive trials, volunteers couldwin
or avoid losing money by pressing the button during target presentation
(Figure 5.2.1).

To succeed in a given trial, volunteers had to press the button during
the time that the white square target was visible. Task difficulty, based on
reaction times collected during the practice trials in each session, was set
such that each subject would succeed on approximately 66% of his or her
target responses, a rate based upon the conditioned reinforcement rate
needed to maintain ring activity of DA neurons in monkeys performing
similar tasks (Fiorillo et al., 2003). Immediately after target presentation,
feedback appeared (“feedback” 1650 ms), notifying volunteers that they
had won or lost money and indicating their cumulative total at that point.
fMRI volume acquisitions were time-locked to the offset of each cue and
thus were acquired during anticipatory delay periods.

Unlike the MID described by Knutson et al. (2001) we were unable to
pay the amount of money earned during the task. us, the reward and
punishment was based on point scoring.
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Figure 5.2.1: Monetary Incentive Delay task, structure for a representative trial

5.2.6 fMRI data acquisition

During event related fMRI, standard task instruction and visual image
were projected automatically via a forward projection system onto a
translucent screen placed at the end of the subject’s gurney. e task
stimuli were generated using e-prime software (SCOPEV2.5.4/Pentium).
e subjects viewed the screen through a mirror positioned on the head
coil andwere asked to avoid head or bodymovements and to keep looking
at the screen. All subjects used a response key box and were instructed
on how to use the correct response keys. To reduce motion artifacts, the
subject’s head was immobilized using foam pads. MRI acquisition took
place at the Department of Radiology of the Academic Medical Centre
Amsterdam using a 3 Tesla InteraMRI system (Philips, Best, eNether-
lands) equipped with a sense head coil.

For theMID task 360 event related, transversalmultislice T2*-weight-
ed gradient-echo planar images (EPI) were acquired with: echo time (TE)
30ms, repetition time (TR) 2000ms, 96x96 matrix, 35 slices, 3x3 mm in-
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plane resolution, slice thickness 3mmwith a 1mm interslice gap, covering
the entire brain. Slices were acquired in interleaved fashion.

For anatomical localization transversal high-resolution structural T1-
weighted volumetric images were acquired in the same session, with full
head coverage, using 130 contiguous slices (1 mm thick, with 0.89 x 0.89
mm in-plane resolution) and a TR/TE of 9.8/4.5 milliseconds ( ip angle
8”, FOV 224 cm).

5.2.7 fMRI data preprocessing

All functional and structural brain images were preprocessed blind for
design condition. e rst two volumes of each functional time series
were automatically discarded to remove non steady-state effects caused
by T1-saturation.

Slice time correction was used to adjust for time differences due
to multislice imaging acquisition. Interpolation (realignment) was em-
ployed to t all volumes to the tenth volume of the series to correct
between-scan movements. After the realignment of the scans, visual in-
spection of motion-correction estimates con rmed that none of the sub-
jects showed headmovement greater than 5mmduring one run with less
than 1 mm translation and 1° rotation in any dimension from one volume
acquisition to the next. Hence, the movement artifacts were not included
as regressors in the further preprocessing. For preprocessing structural
and T2*-weighted images were co-registered. e co-registered struc-
tural images were spatially normalized to a standard template provided
by theMontreal Neurological Institute (MNI) using an automated spatial
transformation (12-parameter affine transformation followed by non lin-
ear iterations using 7×8×7 basis functions). is transformation matrix
was subsequently applied to the T2*-weighted data, followed by down
sampling to a resolution of 3×3×3 mm voxel size. e normalized im-
ages were smoothed with a Gaussian kernel (full width at half maximum,
FWHM at 8 m) to create a locally weighted average of the surround-
ing voxels. e preprocessed functional MRI data were then analyzed in
the context of the general linear model (GLM) approach (Friston et al.,
1995a;Friston et al., 1995b;Friston et al., 1995c) using a two-level proce-
dure.
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5.3 Statistical analysis

5.3.1 Catecholamines, their metabolites and prolactin

Compiled data are expressed as mean±SD. Between-group comparisons
were performed using independent-sample t-tests and analysis of vari-
ance (ANOVA). e Kolmogorov-Smirnov (Lilliefors) test was used to
test whether dependent variables were normally distributed. In the event
of signi cantly skewed distributions, natural base logarithmic transfor-
mations were applied to the data to allow for parametric statistical pro-
cedures. Repeated-measure ANOVA was performed to analyze group
(AMPT and placebo condition) × time interaction, as appropriate for
the DAergic markers and for the SWN. e delta ∆PRL values were
calculated by subtracting baseline values from the maximum levels post-
AMPTadministration. A probability value of 0.05 two-tailedwas selected
as level of signi cance. Statistical analyses were performed with SPSS,
release 16.0.2 for Windows (SPSS Inc., Chicago, IL, USA. 2008).

5.3.2 fMRI data analysis

e analyses focused on changes in BOLD contrast that occurred during
anticipatory delay periods and were conducted using Statistical Paramet-
ric Mapping 5 (SPM5) (http://www.fil.ion.ucl.ac.uk/spm/). e rst level
data analysis was performed by modeling the different conditions (re-
ward, loss and nomonetary outcome indicating cues) as explanatory vari-
ables convolved with Cohen’s gamma-function. Changes in the BOLD re-
sponse can be assessed using linear combinations of the estimated GLM
parameters (beta values) and are contained in the individual contrast im-
ages (equivalent to percent signal change) for the anticipation of potential
monetary gain versus anticipation of no outcome (reward vs. no outcome)
and the anticipation of potential monetary loss versus anticipation of no
outcome (loss vs. no outcome), resulting in a t statistic for each voxel.

In the second level analysis, to detect group activation, we included
individual contrast images (con.img +RESms.img i.e. the BOLD response
differences) of all subjects to compare within-group activation with a
one-sample t test (reward vs. no outcome, loss vs. no outcome). e t-
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statistic maps allowed us to calculate whether the effect of interest in the
cingulate cortex and striatal regions belonged to either the AMPT or the
placebo acquisition. To detect relevant brain activation in the AMPT or
placebo condition, individual contrast images of the rst level analysis
(BOLD response differences) of all subjects were included in a random
effects analysis. A priori regions (the cingulate cortex and striatum) were
compared betweenAMPT vs. placebo and placebo vs. AMPTwith a two-
sample t-test (P<0.001 uncorrected). Data were corrected for multiple
comparisons (P<0.05). e extent threshold was set to 10 voxels. Voxels
and clusters were localized using the MNI coordinates and transformed
into Talairach and Tournoux (T&T) (Talairach and Tournoux, 1988) co-
ordinates (Brett et al., 2002).

5.4 Results

5.4.1 Demographic Data

Ten healthy males with mean age of 35.8±10.4 (mean±SD) years and av-
erage level of education level (i.e. total years spent in formal education)
of 14.8±2.26 years were included in the study. ree of the participants
were smokers.

5.4.2 Behavioral Effects of Dopamine Depletion

ree subjects reported tiredness and three other subjects mentioned
feeling better or pleasant AMPT administration. No serious adverse
events like acute dystonia or crystalluria were present. Plasma levels of
AMPT showed signi cant increase from T3 to T6 (T3 12.51 mg/l±4.53;
T6 16.52 mg/l±2.97, t(7)=-3.41, P=0.01). ere were no signi cant dif-
ferences in any of the SWN subscales or total scores between PLA and
AMPTat T0 andT6. For the total SWNscores therewas no signi cant ef-
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Table 5.4.1: Neuro-Endocrine response and Peripheral markers in placebo and α-
methylparatyrosine conditions

Marker N Condition T0 T3 T6

PRL 9 PLA 9.83±5.32 8.01±4.19 8.61±3.63
(µg/l) 10 AMPT 12.34±3.24 34.30±11.50 25.60±8.92

P=0.10 P<0.001 P<0.001

DA urine 10 PLA 137.40±36.55 - 138.40±37.98
(nmol/mmol creat) 10 AMPT 141.75±40.01 - 64.00±18.38

P=0.81 P<0.001

HVA plasma 9 PLA 49.70±13.31 47.04±12.69 40.81±13.22
(nmol/l) 9 AMPT 49.71±20.84 30.80±17.66 22.37±13.50

P<0.99 P=0.01 P=0.01

NE urine 9 PLA 31.67±7.16 - 21.89±9.65
(µmmol/mmol creat) 10 AMPT 34.00±5.08 - 20.70±7.61

P=0.42 P=0.77

MHPG plasma 9 PLA 46.21±25.06 56.35±20.05 46.50±20.05
(µmmol/mmol creat) 9 AMPT 43.46±18.84 52.42±23.81 32.39±14.62

P=0.80 P=0.73 P=0.11

T0=8.00h; T3=11.00h; T6=14.00h; PRL=prolactin; DA=Dopamine; HVA=homovanillic acid;
NE=norepinephrine; MHPG=3-methoxy-4-hydroxy-phenylglycol; AMPT=α-methylparatyrosine;
PLA=Placebo

fect of time (F(1, 18)=0.62, P=0.44) or effect of condition (F(1, 18)=0.019,
P=0.89).

5.4.3 Task Performance

Hit rate (i.e., proportion of successful button presses during target pre-
sentation) (PLA 70%±14.73% vs. AMPT 67%±18.54%) and reaction times
for hit on reward (PLA 210 ms±65.87, AMPT 230 ms±66.75; t(9)=0.72
P=0.49) and loss (PLA 220 ms±67.66, AMPT 220 ms±63.97; t(9)=0.18
P=0.09) did not differ signi cantly across incentive conditions.
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Figure 5.4.1: Peripheral response to placebo and to AMPT. (A) Mean prolactin level in plasma
(PRL, ug/L); (B) Mean dopamine (DA) level in urine (nmol/mmol creat). Error bars indicate
SEM. *P<0.001; independent-sample t-test comparing measurements of PLA and AMPT.

5.4.4 Neuro-Endocrine Response and Peripheral Markers for
Dopamine and Norepinephrine

Means and standard deviations for neuro-endocrine (PRL) and periph-
eral markers (DA, HVA, NE and MHPG) are displayed in Table 5.4.1.

Baseline values (T0) of PRL were not signi cantly different between
AMPT and placebo condition (Figure 5.4.1A). PRL values increased in all
subjects within the 3h period following the rst AMPT administration
and dropped subsequently at T6, while the values for the placebo condi-
tion remained constant. e PRL response in the AMPT condition was
signi cantly higher at T3 than in the placebo condition. Signi cant be-
tween group effects were also observed at T6 when PRL levels decreased
in comparison to T3 but were still higher during AMPT than during the
placebo condition. ere was a signi cant difference between the groups
for∆ PRL (AMPT 21.96±9.11 vs. PLA -1.82±2.40, t(17)=-7.96, P<0.001).
A one-way repeatedmeasure ANOVA for PRL showed a signi cant effect
of time (F(2, 16)=44.46, P<0.001), condition (F(1, 17)=40.99, P<0.001)
and condition by time interaction (F(2,16)=43.20, P<0.001).

At baseline urine DA levels were similar in both AMPT and PLA
conditions. At T6 urine DA levels were unchanged compared to baseline
in the placebo condition. By contrast, a signi cant decrease of DA lev-



fMRI Findings | 97

..

C
ha
pt
er

5

els at T6 was observed in the AMPT condition (Figure 5.4.1B). At base-
line, HVA levels in plasma were similar in the placebo and in the AMPT
condition and signi cantly decreased in the AMPT condition at T3 and
T6. Repeated measures ANOVA for urine DA showed a signi cant ef-
fect of condition (F(1, 18)= 5.93, P=0.03) and a signi cant effect of time
(F(1, 18)=40.26, P<0.001) and condition by time interaction (F(1,18)=
42.49, P<0.001). Repeated measures for plasma levels of HVA showed
no signi cant effect of condition (F(1, 16)=2.81, P<0.11) but a signi cant
effect of time (F(2, 15)=86.20, P<0.001) and condition by time interaction
(F(2, 15)=4.09, P<0.04).

At baseline and T6, NE levels in urine did not differ between the two
conditions. For plasma levels of MHPG we observed an increase from
baseline to T3 followed by a decrease to T6 in both placebo and AMPT
conditions. ese differences were not signi cant. Repeated measures
for NE in urine showed no signi cant effect of condition (F(1, 17)=0.36,
P=0.85), a signi cant effect of time (F(1, 17)=49.31, P<0.001), and there
was no signi cant interaction of condition with time (F(1, 17)=1.15,
P=0.29). Repeated measures for the plasma levels of MHPG showed no
signi cant effect of condition (F(1, 15)=0.55, P=0.47), a signi cant effect
of time (F(2, 14)=7.58, P=0.006), and there was no signi cant interaction
of condition by time (F(2, 14)=1.65, P=0.23).

5.5 fMRI Findings

5.5.1 PLACEBO condition

During anticipation of reward in the placebo condition subjects signi -
cantly (Pc<0.001, Pc: corrected for multiple comparisons at cluster level)
activated the left caudate body and the left cingulate gyrus (Table 5.5.1). In
addition, on an uncorrected signi cance level, they activated (Punc<0.001
Punc: uncorrected for multiple comparisons at cluster level) the left infe-
rior frontal gyrus (Brodmann area (BA) 44). Brain activation during the
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Table 5.5.1: Brain regions showing signi cant BOLD activation associated with anticipation of
reward and loss

Conditions Brain Regions BA Talairach Coordinates t-value
x y z

1a. Anticipation of reward> no outcome
Caudate Body** L -18 18 9 7.15
Cingulate Gyrus** 32 L -21 12 33 6.08

1. PLA Inferior Frontal Gyrus 44 L -45 3 18 8.60
1b. Anticipation of loss> no outcome - - - -
1c. Anticipation of reward> loss
Putamen** L -24 6 12 7.44
Parietal Postcentral Gyrus** R 39 -21 45 7.04
Posterior Cingulate Gyrus 30 L -21 -60 9 5.72

2a. Anticipation of reward> no outcome
Parahippocampal Gyrus 36 L -27 -36 -9 7.93
2b. Anticipation of loss> no outcome

2. AMPT Putamen L -21 18 0 5.51
2c. Anticipation of reward> loss
Superior Frontal Gyrus* 8 L -18 15 42 4.75
Cingulate Gyrus* 24 R 15 9 27 4.36
Parietal postcentral gyrus * 40 R 60 -21 21 4.53
Insula* 13 R 39 3 15 4.37

3a. Anticipation of reward> no outcome
Cingulate Gyrus* 32 L -21 12 33 4.55
3b. Anticipation of loss> no outcome

3. PLA>AMPT Medial Frontal Gyrus * 6 L -12 -24 54 3.67
Cingulate Gyrus 24 R 9 15 24 4.28
3c. Anticipation of reward> loss
Caudate Head R 3 9 6 4.36
Putamen L -21 21 0 3.61
Superior Frontal Gyrus 9 L -33 45 27 3.65

4a. Anticipation of Reward> no outcome - - - -
4b. Anticipation of Loss> no outcome - - - -

4. AMPT> PLA Precentral Gyrus 13 L -48 -12 12 4.47
4c. Anticipation of reward> loss - - - -

n=10, ρ< .001 uncorrected
AMPT=α-methylparatyrosine; PLA=Placebo; BA=Brodmann Area; L=left; R=Right
**ρ< .001 and *ρ< .05 both corrected for multiple comparisons at cluster level
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anticipation of loss in the placebo condition did not survive the uncor-
rected threshold of Punc<0.001.

Comparison of anticipation of reward vs. loss in the placebo condi-
tion showed signi cant (Pc<0.001) activation in the left putamen and
in the right parietal post central gyrus. In addition, on an uncorrected
signi cance level, subjects also activated (Punc<0.001) the left posterior
cingulate gyrus (BA 30). Brain activation during the anticipation of loss vs.
reward in the placebo condition did not survive the uncorrected thresh-
old of Punc<0.001.

5.5.2 AMPT condition

Brain activation during anticipation of reward or loss in the AMPT condi-
tion did not survive correction for multiple comparisons. However, on an
uncorrected signi cance level, during anticipation of reward subjects ac-
tivated the left parahippocampal gyrus (BA 36) (Punc<0.001) and during
anticipation of loss subjects activated the left putamen (Punc<0.001).

Anticipation of reward vs. loss in the AMPT condition showed signi -
cant (Pc<0.05) activation in the left superior frontal, right cingulate gyrus
(BA 24), right parietal postcentral gyrus (BA 40) and right insula (BA 13).
Brain activation during the anticipation of loss vs. reward in the AMPT
condition did not survive the uncorrected threshold of Punc<0.001.

5.5.3 PLACEBO versus AMPT

During anticipation of reward in the placebo compared to the AMPT
condition subjects showed signi cantly increased activation in the left
cingulate gyrus (BA 32) (Pc<0.05, Figure 5.5.1). During anticipation of
loss signi cantly (Pc<0.05) greater activation in the left medial frontal
gyrus (BA 6) was observed in the placebo vs. AMPT condition. Addition-
ally, on an uncorrected signi cance level, increased activation was found
in the right cingulate gyrus (BA 24) (Punc<0.001).

Brain activation during anticipation of reward vs. loss in the placebo
vs. AMPT condition did not survive correction for multiple compar-
isons. However, on an uncorrected signi cance level, subjects activated
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Figure 5.5.1: SPM t-value for PLA vs. AMPT condition during anticipation of reward showing
signi cant BOLD activation of the left anterior cingulate (P<0.05 corrected at cluster level,
n=10).

the right caudate head, left putamen and left superior frontal gyrus
(Punc<0.001). Brain activation during the anticipation of loss vs. reward in
the placebo vs. AMPT condition did not survive the uncorrected thresh-
old of Punc<0.001.

5.5.4 AMPT versus PLACEBO

Brain activation during the anticipation of reward in the AMPT com-
pared to the placebo condition did not survive the uncorrected threshold
of Punc<0.001 (Figure 5.5.2). During anticipation of loss, on an uncor-
rected signi cance level, subjects had greater activation in the AMPT
than in the placebo condition in the left precentral gyrus (BA 13)
(Punc<0.001). Brain activation during the anticipation of reward vs. loss
or loss vs. reward in the AMPT vs. placebo condition did not survive the
uncorrected threshold of Punc<0.001.
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Figure 5.5.2: Brain sections (x=8, y=16, z=7) showing blood-oxygen-level dependent (BOLD)
activation during anticipation of reward. (A) Placebo (PLA) condition signi cant BOLD activa-
tion of the caudate body (P<0.001 corrected at cluster level); (B) reduced BOLD activation
during a-methylparatyrosine (AMPT) condition.

5.6 Discussion

In the present study we combined fMRI and a DAergic challenge using
AMPT to investigate the effects of DA depletion on neuronal pathways
underlying reward related behavior in the normal human brain.We found
signi cantly increased activation in the striatum and cingulate gyrus dur-
ing anticipation of reward in the placebo condition, but no signi cant
brain activation during anticipation of loss. Comparing the placebo vs.
AMPT condition we found signi cantly increased activation in the left
cingulate gyrus (BA 32) during the anticipation of reward and signi -
cantly greater activation in the left medial frontal gyrus during anticipa-
tion of loss. Brain activation during anticipation of reward or loss follow-
ingAMPTcondition did not survive the statistical correction formultiple
comparisons. However, reward vs. loss in the AMPT condition showed
signi cant activation of the right insula, and left frontal and right parietal
cortices and right cingulate gyrus (BA 24). Our imaging ndings demon-
strated an effect of DA depletion in reward related brain activity. e
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relation between DAergic reward pathways and anticipation of monetary
loss were less clear.

e brain reward system is innervated by DAergic neurons that as-
cend from the ventral tegmental area and substantia nigra to subcortical
limbic structures, such as the ventral striatum, amygdala and hippocam-
pus, and cortical regions, mainly orbitofrontal, medial and dorsolateral
prefrontal and cingulate cortices (Bjorklund and Dunnett, 2007;Koob
and Nestler, 1997;Mogenson et al., 1980). Studies on monetary reward
processing have shown that in the normal DAergic state, anticipation of
reward and loss activate areas of the striatum such as the putamen and
the nucleus accumbens with the later showing greatest activity during an-
ticipatory phases increasing monetary reward (Breiter et al., 1997;Juckel
et al., 2006b;Knutson et al., 2001). When challenging the reward system
with aDAagonist the peak of BOLDamplitudewas reduced in the ventral
striatum during anticipation of reward, but during anticipation of loss
BOLD amplitude was increased in the ventral striatum (Knutson et al.,
2004). In our study, the placebo condition showed increased striatal ac-
tivation in the left caudate body in anticipation of reward compared to
no outcome and, in the left putamen when anticipation of reward was
greater than loss. Anticipation of loss did not activate any of the above
brain areas.

We also found greater activation of the left ACC (BA 32) during an-
ticipation of monetary reward in the placebo condition compared to the
AMPTcondition suggesting that this region failed to activatewhenDAer-
gic transmissionwas reduced.eACC (BA32) comprises the dorsal area
of the anterior cingulate cortex, which in addition its role in motivation
and reward processing also monitors aspects of error detection and re-
sponse con ict (Botvinick et al., 1999;Carter et al., 1998;Schmitz et al.,
2008). In healthy humans, a number of fMRI studies reported that the
anticipation of a monetary reward produced ACC activation (Dillon et
al., 2008;Kirsch et al., 2003;Knutson et al., 2008;O’Doherty et al., 2001).
Accordingly, we found ACC activation as subjects were preparing for ac-
tion during a motivational situation that involved uncertainty to achieve
the reward goal.

In addition to reward expectation, the ACC is also implicated in con-
ditions involving expectation of monetary loss (Dillon et al., 2008;Knut-
son et al., 2008;O’Doherty et al., 2001).We foundno activation of theACC
but, activation in the left medial prefrontal gyrus during anticipation of
loss in the placebo vs. AMPT condition. Similarly to the ACC, the me-
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dial prefrontal gyrus is associated with executive functions and decision-
related processes and also implicated in processing of unfavorable out-
comes (O’Doherty et al., 2001;Talati andHirsch, 2005;Ridderinkhof et al.,
2004).

In our study, we expected reduced brain activation following DA de-
pletion. A recent fMRI study assessed the effects of DAergic modulation
by haloperidol, a DA receptor antagonist. Disrupted BOLD response was
found in areas of the reward system including striatum and anterior cin-
gulate during an aversive conditioning task (Menon et al., 2007). is
nding implicated the involvement of the DAergic reward system in the

processing of unpleasant stimuli; therefore the authors suggested that the
reward system is better characterized as salience network system. Indeed,
DA depletion decreased brain activation during processing of monetary
reward - a powerful positive salient stimulus. But, the monetary loss may
not have been sufficiently salient to yield signi cant brain activation in
the DAergic network.

Following DA depletion, brain activation of striatal areas and the cin-
gulate cortex that was observed in the placebo condition disappeared.
Nevertheless, the anticipation of reward vs. loss in the AMPT condition
showed the recruitment of other DAergic innervated brain areas, namely,
the insula, frontal and parietal cortices. is could suggest a compen-
satory role of these brain areas when DA transmission was reduced. Al-
though speculative, it is likely that subjects recruited other crucial DAer-
gic regions for reward processing and perhaps non-DAergic systems.

To the best of our knowledge this is the rst fMRI study assessing the
effects of DA depletion onmonetary reward in the human reward system
using an inhibitor of DA synthesis. Several investigations have shown that
DA releasing andDA antagonism can increase or reduce the BOLD signal
in the nucleus accumbens (Knutson and Gibbs, 2007). A methodolog-
ical issue in pharmacological fMRI is the relationship between DAergic
modulation and the BOLD signal.e vasoregulatory effects of DA drugs
might affect the BOLD signal (Krimer et al., 1998;Edvinsson et al., 1985).
However the vasoconstrictive effects of DA drugs on cerebral blood ow
do not necessarily change the amplitude of the acute hemodynamic re-
sponse to experimental stimulation (Gollub et al., 1998;Schwarz et al.,
2004). Hence, we believe that the reduced BOLD signal after DA deple-
tion observed in our study is possibly an indication of altered neuronal
activity. In addition, if regionally speci c vascular effects occurred they
would be present in both anticipation of reward and loss, regardless of
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degree of activation. Similarly, ndings from a PET study in combina-
tion with tyrosine depletion have shown changes in regional blood ow
independent of effects of spatial work memory task (Ellis et al. 2007).
Future fMRI studies of pharmacological challengewill have the advantage
to address this issue by the use of cardiovascular measures.

e ndings of reduced DAergic transmission and brain activation in
the reward system after DA depletion are supported by measurements
of the neuro-endocrine response of PRL and peripheral DA markers. DA
of hypothalamic origin provides inhibitory control over the secretion of
PRL (Freeman et al. 2000). Accordingly, PRL levels measured in our study
showed a signi cant increase following the rst AMPT administration
within a short period of time. After reaching a peak within 3 hours PRL
levels started to decrease. However, this nding does not imply steady
or increased DA levels. e tonic inhibitory control of catecholamines
over secretion of PRL is one of the factors that may have contributed to
the drop off levels of this hormone (Freeman et al., 2000). In addition to
the PRL levels, themeasurement of peripheral DAergicmarkers provided
an indication of continuous DA decrease in the AMPT condition. In our
study, DA levels in urine signi cantly decreased with concomitant de-
crease of HVA levels in plasma after DAergic depletion. Similar results
were found in a previous study of DA modulation with AMPT (Boot et
al., 2008b) demonstrating the effects of DA depletion achieved by a total
of 1.5 g of AMPT over 3 intervals of 2 hours.

In the present study we assessed DA related brain activation using
the same paradigm twice, during normal DAergic state (i.e. placebo con-
trolled) and afterDAdepletion.Weused peripheralmarkers such as urine
levels of DA and NE, plasma levels of HVA, MHPG and PRL to assess the
extent of DA depletion which con rmed the effect of AMPT. Following
DA depletion, brain areas that were required for anticipation of reward
and previously activated in the placebo condition did not show a speci c
response to our fMRI design. Our ndings implicate a distinct pattern of
BOLDbrain activation underlying reward prediction followingDAdeple-
tion. Using AMPTwe successfully altered the brain activation patterns of
the DAergic circuit that were activated in the placebo condition.

However, several limitations of our study should be addressed. In
earlier studies, the inhibition of catecholamine synthesis by AMPT af-
fected both the DA and NE systems (McTavish et al., 1999;Sjoerdsma et
al., 1965;Verhoeff et al., 2001). Although we cannot exclude an effect of
AMPT on NE, we found no signi cant differences between the placebo
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and AMPT condition in NE and MHPG levels possibly due to the large
variability across subjects. Boot et al reported comparable NE results
using the same DA depletion regime (Boot et al., 2008a). Moreover, the
effect of AMPT onDAdepletion is not complete.We found that adminis-
tration of 1.5 g AMPT decreased HVA levels in plasma by 66.26%±12.98
and DA in urine by 54.15%±8.39, MHPG levels in plasma were decreased
by 36.94%±23.27 and NE levels in urine by 38.59%±15.69. In addition,
higher doses of AMPT have been implicated only in partial depletion
(Verhoeff et al., 2001).

e effects of AMPT on subjective feelings of well-being and atten-
tion levels could not be dissociated from placebo condition. e long
duration of the study daymay have contributed to the increased tiredness
and decreased alertness during both conditions.e subjects in our study
did not earn the actual amount of money presented during the MID task.
is could have resulted in lower drive to accomplish the best perfor-
mance and consequently having a differential effect on striatal activation.
We used independent samples t-test for our data analysis, therefore we
cannot exclude that differences in activation between the groups might
be due to sampling. Also, we acknowledge that our sample size was small.
However, our sample of 10 subjects is sufficient for a power of 80% and
alpha of 0.002 (Desmond andGlover, 2002).We tested against the null hy-
pothesis using P<0.001 and corrected for multiple comparisons (at alpha
< 0.05) to arrive at signi cant results for fMRI comparisons. Moreover,
earlier fMRI studies of the reward system have found results sustaining
the proposed expectations with similar (or smaller) sample sizes (Knut-
son et al. 2001, 2004).

In summary, the acute and reversible DA depletion with AMPT en-
abled us to explore the effects of induced disrupted DAergic neurotrans-
mission within the anterior cingulate and striatum in the normal human
brain during reward processing. e effects of anticipation of loss were
less evident. is experimental model may resemble disturbed DAergic
neurotransmission and its effects on the reward and motivational be-
haviors seen in depression, addiction and in schizophrenia. To further
explore brain functions associated with the DAergic system, future DA
depletion studies with larger sample sizes and different fMRI tasks will
be needed, allowing a better understanding of neuropsychiatric diseases
and neurobiological dysfunctions.
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