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Transmission of reward signals is a function of dopamine, a neurotransmitter known to be involved in the mechanism of psychosis. Using

functional magnetic resonance imaging (fMRI), we investigated how expectation and receipt of monetary rewards modulate brain

activation in patients with bipolar mania and schizophrenia. We studied 12 acutely manic patients with a history of bipolar disorder, 12

patients with a current episode of schizoaffective disorder or schizophrenia and 12 healthy subjects. All patients were treated with

dopamine antagonists at the time of the study. Subjects performed a delayed incentive paradigm with monetary reward in the scanner

that allowed for investigating effects of expectation, receipt, and omission of rewards. Patients with schizophrenia and healthy control

subjects showed the expected activation of dopaminergic brain areas, that is, ventral tegmentum activation upon expectation of

monetary rewards and nucleus accumbens activation during receipt vs omission of rewards. In manic patients, however, we did not find a

similar pattern of brain activation and the differential signal in the nucleus accumbens upon receipt vs omission of rewards was significantly

lower compared to the healthy control subjects. Our findings provide evidence for abnormal function of the dopamine system during

receipt or omission of expected rewards in bipolar disorder. These deficits in prediction error processing in acute mania may help to

explain symptoms of disinhibition and abnormal goal pursuit regulation.

Neuropsychopharmacology (2008) 33, 2217–2227; doi:10.1038/sj.npp.1301620; published online 7 November 2007
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INTRODUCTION

Mania has been characterized as a disorder of abnormal
goal pursuit regulation with elevated levels of achievement
motivation and drive. Patients with bipolar mania tend
toward high goal setting and unrealistically high success
expectancies (Johnson, 2005). Besides an increase of goal-
directed activity they show excessive involvement in
pleasurable activities that have a high potential for ‘painful
consequences, eg unrestrained buying sprees or foolish
business investments’ (DSM-IV, 2000).

A dysregulation of reward-related neural networks
mediating motivation and goal-directed behavior was
suggested to account for these observations (Miller, 1993;
Johnson, 2005). Deficits in performing response-reversal
tasks, modeling behavioral adaptation to changing reward
contingencies in euthymic children with bipolar disorder,
support this notion (Gorrindo et al, 2005). Further, it has
been shown that induction of happy mood with a reward

task results in prolonged elevated mood in euthymic bipolar
patients compared to healthy controls (Farmer et al, 2006).

Functional magnetic resonance imaging (fMRI) studies
have revealed prefrontal dysfunction in bipolar disorder
and manic psychosis, but evidence for abnormalities in
reward-related neural network function in mania is scarce
(Yurgelun-Todd and Ross, 2006). One fMRI study has
reported elevated amygdala activation in acute mania
(Altshuler et al, 2005) and several studies have suggested
alterations in the shape (Hwang et al, 2006), size
(Strakowski et al, 2002), and function (Strakowski et al,
2005) of the basal ganglia in bipolar disorder.

A compelling reason to study the function of the
mesolimbic dopaminergic system, including ventral teg-
mental area and nucleus accumbens (NAcc), in mania is the
effectiveness of antipsychotic drugs in the treatment of
acute mania and the prevention of relapses into manic
episodes by neuroleptic medication (Perlis et al, 2006;
Scherk et al, 2007). There is evidence that the dopamine-
antagonistic properties of these drugs are crucial at least for
the acute effects (Nolen, 1983).

The clear link between activation of the dopaminergic
mesolimbic system and reward functions (Abler et al, 2005,
2006; Knutson and Cooper, 2005; Knutson et al, 2001b) led
us to study this system in mania. Besides anticipatory
dopamine signals, we were interested in prediction error
signals mediated by dopamine upon receipt and omission of
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reward (Abler et al, 2005, 2006). As the symptoms of
untreated acute mania (including hyperactivity, excitement,
and impaired decision-making capability) are not easily
compatible with an fMRI study, we decided to investigate
only medicated patients. In addition to a healthy control
group, we also studied a disease control group of patients
with an acute episode of schizophrenia or schizoaffective
disorder. Both patient groups were treated with comparable
dosages of antipsychotic medication, providing the oppor-
tunity to disentangle the effects of medication and
psychiatric diagnosis.

We designed this study to test two hypotheses: (1)
Medicated bipolar patients during an acute manic episode
will show deficient reward processing (Miller, 1993;
Johnson, 2005; Gorrindo et al, 2005; Farmer et al, 2006) in
the form of decreased reward-related brain activation. (2)
Medicated patients during an acute episode of schizophre-
nia or schizoaffective disorder will not show similarly
decreased reward-related brain activation (Juckel et al,
2006b), which provides evidence that the anticipated
changes in medicated, manic patients are not simply due

to an acute psychiatric illness or due to treatment with
neuroleptic medication.

MATERIALS AND METHODS

Subjects

A total of 12 patients with a diagnosis of bipolar manic
disorder (referred to as ‘mania’ in the following) admitted
to McLean Hospital for an acute manic or mixed episode
and one outpatient with a recent episode were included and
completed the study. All bipolar subjects carried a diagnosis
of Bipolar Disorder type I, eight of them were currently
suffering from a manic, three from a mixed and one subject
from a hypomanic episode. During the current episode, six
of the bipolar patients included experienced mood-
congruent, three patients mood-incongruent psychotic features.
They were compared with 12 patients with a diagnosis of
schizophrenia or schizoaffective disorder (referred to as
‘schizophrenia’ in the following) admitted for an acute
episode of the illness to McLean Hospital and with 12

Table 1 Demographic and Clinical Characteristics of the Three Study Groups

PatientsFBPm
(n¼ 12) Mean (SD)

PatientsFSZ
(n¼12) Mean (SD)

ControlsFC
(n¼12) Mean (SD)

BPm vs SZ
t (df¼ 22); p

BPm vs C
t (df¼22); p

SZ vs C
t (df¼ 22); p

Age (years) 33.9 (11.2) 36.7 (7.8) 36.2 (11.2) �0.70; 0.49 �0.49; 0.63 0.13; 0.90

Ethnicity 8 c, 2 b, 2 a 9 c, 3 b 9 c, 3 b

Male/female 7/5 5/7 7/5

Education (years) 15.7 (1.9) 13.8 (1.5) 15.3 (2.2) 2.67; 0.014* 0.5; 0.63 �1.84; 0.081

Parental education (years)a 15.8 (3.5) 16.0 (2.8) 15.4 (2.4) �0.18; 0.83 0.27; 0.74 0.54; 0.49

NAART-errors 19.2 (11.1) 24.8 (9.2) 15.8 (7.25) �1.34; 0.19 0.88; 0.40 2.64; 0.017*

Novelty seeking 20.9 (7.8) 20.3 (4.4) 17.2 (5.15) 0.22; 0.83 1.39; 0.18 1.61; 0.15

Physical anhedonia 13 (8.5) 15 (3.5) 12 (6.6) �0.94; 0.38 0.11; 0.92 1.3; 0.23

Social anhedonia 7.7 (6.1) 15 (6.7) 10.7 (6.7) �2.81; 0.026* �1.15; 0.26 1.58; 1.18

Medication (mg of
CLPZ-equivalents)

375 (397) 595 (357) F �1.43; 0.17

Positive and Negative
Syndrome Scale

Positive 19 (6.8) 21.3 (4.6) F �0.98; 0.34

Negative 10.9 (6.3) 17 (5.9) F �2.43; 0.024*

Total (positive, negative
general)

62.0 (23.0) 74 (16.9) F �1.46; 0.16

Psychotic symptoms
(P1, P2, P3)

8.6 (4.2) 11.6 (2.2) F �2.21; 0.042*

Brief psychiatric rating
scale

31.9 (14.5) 35.7 (10.3) F �0.73; 0.47

Montgomery–Asberg
depression scale

11.8 (15.4) 13 (9.6) F �0.22; 0.83

Young mania rating scale 21.8 (9.0) 12.3 (11.1) F 2.30; 0.032*

Years of illness 12.8 (11.7) 15.6 (5.2) F �0.74; 0.47

Scanned days after
admission

11.5 (9.9) 11.3 (6.6) F 0.04; 0.97

Abbreviations: a, Asian; b, Black; BPm, bipolar manic disorder; C, Healthy Controls; c, Caucasian; NAART, North American Adult Reading Test; PANSS, Positive and
Negative Symptom Scale; SD, standard deviation; SZ, schizophrenia/schizoaffective disorder; y, years.
aNot known for two schizophrenic and three bipolar patients; Psychotic symptoms (P1, P2, P3): Averaged scores of the sum of the three PANSS items characterizing
psychotic symptoms: delusions, hallucinatory behavior, and conceptual disorganization.
Bold value significant at Po0.05.
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healthy control subjects (Table 1). Diagnoses were assessed
according to the Diagnostic and Statistical Manual of
Mental Disorders with a Structured Clinical Interview for
DSM-IV (SCID) by a psychiatrist not involved in the
neuroimaging study. None of the subjects had a history of
major medical or neurological illness, and no healthy
control subject had a history of psychiatric illness according
to the SCID Axis I Disorders. All patients were taking a
stable dose of antipsychotic medication. Three patients with
schizophrenia and one bipolar manic patient were treated
with first-generation antipsychotic medication. All other
patients were on second-generation antipsychotic medica-
tion. Medication in the two patient groups (Table 1) did not
differ in chlorpromazine equivalents received (Baldessarini
and Tarazi, 2001).

All bipolar manic and eight of the patients with
schizophrenia were on mood stabilizers (lithium, antiepi-
leptic drugs). Seven patients with schizophrenia but no
bipolar patient took antidepressant medication. Three
schizophrenia patients and five bipolar patients received
benzodiazepines (up to 5 mg of clonazepam and 2 mg of
lorazepam per day). No subject met DSM-IV criteria for
alcohol or substance abuse within the previous 6 months.
No subject reported a history of alcohol or substance
dependence. Several participants denied any use of illegal
drugs (mania: six, schizophrenia: four, controls: six), some
reported occasional use of cannabis, 10 or more years ago
(mania: three, schizophrenia: four, controls: three) and
some reported occasional cannabis use within the past 10
years (mania: three, schizophrenia: four, controls: three).
Five of the patients with schizophrenia, but none of the
bipolar patients and none of the controls reported having
tried other illegal drugs (cocaine, opioids, LSD, mescaline).
Some of the patients (mania: two, schizophrenia: seven) but
none of the controls were cigarette smokers. Nine of the
manic patients were hospitalized for three or less times,
three patients for more than five times. Six of the patients
with schizophrenia reported more than 10 hospitalizations
in the past, the others at least two. Two of the bipolar manic
and none of the patients with schizophrenia had a
documented depressive episode in the past. Patients and
controls did not differ significantly in age or level of
parental attained formal education (Table 1). Manic
subjects had significantly, and controls a trend toward,
more years of attained education compared to patients with
schizophrenia. Controls displayed a lower number of errors
in the North American Adult Reading Test (NAART) than
patients with schizophrenia.

All participants, patients and controls, gave written
informed consent after complete description of the study.
The study was carried out in accordance with the latest
version of the Declaration of Helsinki and approved by the
ethics committee of McLean Hospital, Belmont, MA.

Ratings and Psychological Testing

In addition to the SCID interview, we assessed all patients
with the Positive and Negative Symptom Scale (PANSS),
Brief Psychiatric Rating Scale, Montgomery Asberg Depres-
sion Rating Scale, and the Young Mania Rating Scale
(YMRS).

After scanning, patients and healthy subjects were asked
to complete two questionnaires: the Novelty Seeking
subscale of Cloninger’s Temperament and Character
Inventory (Cloninger, 1987; Cloninger and Svrakic, 1997)
and the BBPSA to assess scores of social and physical
anhedonia. Outside of the scanner, subjects performed two
additional simple reaction time tasks (RT1: simple reaction
to visual stimulus, RT2: reaction to visual stimulus after
audible warning tone).

Reward Task

We employed a previously validated monetary incentive
task that parametrically modulated three possible wins
($1.25 $0.40, no win) (Abler et al, 2005). Subjects completed
two scanning sessions of 60 trials each (10 no-win-trials, 25
trials with potential gain of $1.25 and 25 trials with potential
gain of $0.40). Each trial started with one of three symbols
(cue, 750 ms) indicating the possible amount of money to
win. After an expectation period (delay, 3000 ms), subjects
had to correctly react with a left or right button press to one
of two symbols (a square or a triangle; target) within a fixed
interval of 1500 ms with the index or middle finger of their
dominant (left or right) hand. Subjects were informed that
their chances to win were independent of their reaction
times. In reacting correctly, they preserved themselves a
60% chance to win the announced amount of money ($1.25
or $0.40: win trial). In 40% of the trials, subjects were not
rewarded despite pressing the correct button (omission
trial). Incorrect button presses resulted in a feedback of zero
dollars at any rate. Win and omission trials as well as the
three trial types ($1.25, $0.40, no win) appeared in a random
order. In the control trials (no win) no money was
announced, subjects only had to press an arbitrary button
and could not win any money. To make sure that all trials
included a button press of any kind, subjects were informed
that they would lose $1 if no button press occurred.
Feedback (outcome, 1500 ms) followed the targets disap-
pearance and notified subjects the amount of money they
won in the trial. Reaction times and errors were registered.
Median reaction times were calculated across trials for each
single subject, means were calculated to average over
subjects.

fMRI Acquisition

A 3 Tesla Siemens TRIO Scanner (Siemens AG, Germany)
equipped with a head coil was used to acquire T1
anatomical volume images (1� 1� 1 mm voxels) and
functional MR images. A total of 21 axial slices were
acquired with an image size of 64� 64 pixels and a FoV of
192 mm. Slice thickness was 3 mm with 0.75 mm gap
resulting in a voxel size of 3� 3� 3.75 mm. Images were
angled along a line connecting basal forebrain and basal
cerebellum. Images were centred on basal structures of the
brain including subcortical regions of interest (basal
ganglia, orbitofrontal, and ventral frontal regions). Func-
tional images were recorded using a T2*-sensitive gradient
echo sequence measuring changes in BOLD-contrast. A total
of 426 volumes were obtained during each of the two reward
sessions at a TR of 1500 ms (TE 35 ms, flip 901).
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fMRI Analysis

Image processing and statistical analysis were carried out
using Statistical Parametric Mapping (SPM2, Wellcome
Department, London, UK). Images were pre-processed
including slice timing, realignment to correct for motion
artifacts, and spatial normalization to a standard template
(Montreal Neurological Institute, MNI) with a resampled
voxel size of 3� 3� 3 mm. Smoothing was applied with an
8 mm Gaussian kernel. Intrinsic autocorrelations were
accounted for by AR(1) and low frequency drifts were
removed via high pass filter.

After preprocessing, first level analysis was performed on
each subject estimating the variance of voxels according to a
general linear model. The three expectation periods
(including presentation of the cue) as well as the button
press and the three different outcome events (win,
omission, control trial) were each modeled as a boxcar
function and convolved with the hemodynamic response
function resulting in seven orthogonal regressors. The 6
realignment parameters were included in the model,
resulting in 13 regressors. Contrast images for regressors
of interest were calculated for each subject. The contrast
images of the parameter estimates were then included in a
second level group analysis (mixed effects model), treating
subject as a random effect. One-sample t-tests were used to
investigate within group effects and effects for all subjects
together, two-sample t-tests for effects between groups.
Statistical maps were thresholded at po0.001 for the voxel-
wise analysis comprising all subjects, and po0.005 for all
other voxel-wise within and between group comparisons. In
a priori ROI of the mesolimbic reward system (ie the ventral
striatum (Abler et al, 2005, 2006; Knutson and Cooper,
2005; Knutson et al, 2001b) and the tegmental area/brain
stem (Dreher et al, 2006)) the p-values were corrected for
the number of comparisons made within each region using
the small volume correction procedure (Worsley et al,
1996). A priori volumes of interest were derived from a
previous pharmaco-fMRI experiment in healthy subjects
with the same task from the trials without medication
(Abler et al, 2007). A 10 mm sphere was centered in the
voxels of maximal activation as found in this prior
experiment (ventral striatum: x/y/z¼�6/15/�3, left or
9/15/0, right; brain stem: x/y/z¼�12/�24/�21, left or
12/�24/�15, right; ventral tegmental area: x/y/z¼ 9/�15/�15,
right). As no left-sided ventral tegmental peak activation
was found in our previous experiment, the right-sided
activation was mirrored to the left for the volume of interest
definition (x/y/z¼�9/�15/�15).

For the analysis of the signal time course data, functional
ROIs were defined from the activations found in the
analysis including all 36 subjects. For ROI definition, the
following maps were thresholded at po0.005 false discovery
rate corrected to ensure that only voxels with strong effects
were included: mania/schizophrenia/controls: expectation
of high4no reward and mania/schizophrenia/controls:
outcome: win4omission. For each subject, the averaged,
mean-corrected first eigenvariate of the signal intensity of
all voxels within a predefined region was extracted to obtain
fMRI signal time series. The event-related time courses as
depicted in Figures 3 and 4 were obtained by first extracting
series of 13 time points (TRs) from onset of each trial on

and then averaging over all trials of one type, the two runs
and the respective subjects. T-tests were used to compute
differential effects in the ROI time series using external
software (Microsoft: Excel, Statsoft: Statistica).

Between group effects within the ROIs were calculated
using MarsBar (Brett et al, 2002).

RESULTS

Clinical Rating Scales

Schizophrenia patients scored higher on the Social Anhe-
donia and the Negative Syndrome Scale and lower on the
YMRS compared with bipolar patients (Table 1).

To further characterize the level of psychosis, we
calculated the average scores of the sum of the PANSS
items for delusions, hallucinatory behavior, and conceptual
disorganization. We found significantly higher levels in the
schizophrenia group than in the bipolar manic patients. The
mean YMRS score of 21.8 in the bipolar group indicates a
significant level of manic symptoms, similar to previous
studies of cognitive function in acute mania (Blumberg
et al, 2003; Clark et al, 2001).

Accuracy and Reaction Time Data

The mean accuracy and reaction time for all trials and all
three groups were 96.5% and 768 ms, respectively. Both
patient groups were less accurate (mania: 95.7%;
t(11)¼ 2.79; po0.01; schizophrenia: 94.9%; t(11)¼ 2.85;
po0.01) and slower (mania: 829 ms, SD 99; t(11)¼ 3.91;
po0.001 schizophrenia: 768 ms, SD 91; t(11)¼ 2.12;
po0.05) than the control group (99.0% and 705 ms, SD
47). The two patient groups did not differ significantly in
accuracy or reaction time.

As expected (Abler et al, 2005, 2006), reaction times in the
controls (no/low/high reward: 715/718/684 ms) were sig-
nificantly faster in the high reward trials than in the low
(po0.005) or the no reward trials (p40.05) (Figure 1). This
main effect of reward was seen in the schizophrenia group
as well (no/low/high reward: 780/778/746 ms; po0.03 for
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Figure 1 Mean reaction times and standard deviation during scanning of
the reward task in the three groups (for the three trial types: high/low/no
reward). In the high reward trials of the controls and SZ patient groups, we
observed a significant (*po0.05) acceleration of reaction times compared
to both the low and no reward trials, which was not present (J) in the
manic patients.
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Table 2 Brain activation in a priori regions of interest (ventral striatum, tegmental area/brain stem) during the expectation phase (high4no reward and high4low reward) and the
outcome phase (win4omission) of the experiment

Overall Controls, C Schizophrenia, S Mania, M C vs M C vs S S vs M

Contrast/region L/R Z NV Peak coordinates
x/y/z

Z NV Peak coordinates
x/y/z

Z NV Peak coordinates
x/y/z

Z NV Peak coordinates
x/y/z

Expectation: high4no reward NS NS NS NS

Ventral tegmental area R 6.88 950 9/�12/�12 7.10 441 6/�12/�12 5.72 47 6/�12/�15

L 5.68 a �6/�12/�15 6.50 a �3/�9/�12

Nucleus accumbens R 5.22 a 12/3/�6 6.01 a 9/6/0 4.28 83 18/6/�9#

L 4.48 a �12/9/�3 3.80 a �9/6/�3#

Expectation: high4low reward NS NS NS NS

Brainstem R 4.63 79 6/�24/�12 4.72 b 6/�24/�18

L 4.37 a �3/�27/�12 4.85 85 �6/�36/�18

Outcome: win4omission NS NS NS

Nucleus accumbens R 6.62 252 9/12/�6 5.27 71 6/9/�6

L 5.05 a �9/9/�6 6.64 294 �6/9/�6 3.98 24 �3/12/�9

Abbreviations: BA, Brodmann area; IFG: inferior frontal gyrus; L/R/M, left/right/midline; MNI, Montreal Neurological Institute; NS, not significant; NV, number of voxels in cluster; SPM, Statistical Parametric Mapping; SVC,
small volume correction; Z, Z-level at peak coordinate.
Significant activations are listed for an overall analysis of all three groups together (first column), separately for each group and for the between group comparisons, respectively. The activations reported were significant at
a level of po0.05 corrected for the number of comparisons made within each region using the SVC procedure apart from the two regions marked (#).
Coordinates are SPM/MNI-coordinates.
NS, no significant differences for this contrast at the given level.
#Significance level po0.005 (voxel level) and po0.05 (cluster level) uncorrected.
aPart of cluster above.
bPart of cluster below.
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low and po0.01 for no reward trials), but was attenuated
and not significant in the manic group (no/low/high: 839/
835/812 ms). A 2� 3 ANOVA with the factors ‘group’ and
‘condition’ did not reveal significant interaction effects
(F¼ 0.13, p¼ 0.97).

Average reaction times in the tests after scanning (RT1/
RT2) were significantly faster in the controls group (302/
268 ms) than in schizophrenia (386/356 ms; p¼ 0.0005/
0.001) or manic patients (404/380 ms, p¼ 0.0008/0.0009).
Performance in the patient groups was not significantly
different for the two tasks (p¼ 0.43/0.33).

Functional Imaging Data

We investigated main effects of group (mania, schizophre-
nia, and controls) and group-by-condition interactions to
study the two phases of the experiment: the expectation
phase (contrast (1) expectation of high vs no reward,
contrast (2) expectation of high vs low reward) and the
outcome phase (contrast (3) win vs omission of reward,
contrast (4) omission of reward vs win) (Abler et al, 2005).
Out of these, the contrasts 1–3 yielded meaningful results at
the predefined thresholds and are reported here. Table 2
shows the results in a priori ROI (ventral striatum,
tegmental area/brain stem).

We were able to replicate previous findings in an overall
analysis of all three groups. We found activation of NAcc,
ventral tegmental area, anterior insula, parahippocampus,
cingulate, and medial prefrontal cortex for contrast 1
(expectation of high vs no reward) and activation of
anterior insula/inferior frontal gyrus and brain stem in
contrast 2 (expectation of high vs low reward) analysis.
Contrast 3 (win vs omission of reward) showed activation of
NAcc, cingulate and medial prefrontal cortex, and the right
parahippocampus.

This pattern of reward-related brain regions was similar
but less pronounced in the analysis of the 12 control
subjects (Table 2), with ventral tegmental area and bilateral
ventral striatum activation upon expectation of high versus
no reward (contrast 1) and NAcc and medial prefrontal
cortex activation upon win versus omission of reward
(contrast 3). Likewise, we found ventral tegmental and NAcc
activation upon expectation of high vs no reward and NAcc
activation upon receipt versus omission of reward in the
analysis of the 12 subjects with schizophrenia. In contrast,
we did not find any activation of the reward circuitry in the
analysis of the 12 manic subjects.

To confirm the finding of decreased reward circuitry
activation in the bipolar subjects, we tested for significant
group-by-condition interactions in contrasts 1 and 3, using
the control group activation maps as an inclusive mask
(voxel-wise comparison, thresholded at po0.005 at the
voxel- and po0.05 at the cluster level). This analysis
revealed a significantly greater activation in the left NAcc
(x/y/z¼�3/12/�9, Z¼ 3.98 NV¼ 24, Figure 2) in healthy
control compared with bipolar manic subjects. No between
group effects were found when comparing the two patient
groups.

To further investigate the fMRI signal in our groups, we
defined functional ROIs in the main activation clusters from
the analyses of all 36 subjects: left and right ventral
tegmental area activation during the expectation phase

(Figure 3) and left and right NAcc activation during the
outcome phase (Figure 4). Using MarsBAR, we calculated
group differences for the brain activation within these ROIs.
We found no significant group differences of ventral
tegmental area activation during the expectation phase
(Figure 3) but did find greater activation of the control
subjects compared with the bipolar subjects during the
outcome phase in left NAcc (t¼ 2.42; p¼ 0.012) and right
NAcc (t¼ 1.56; p¼ 0.066) (Figure 4).

We then extracted signal time courses from left and right
ventral tegmental area (Figure 3) and from left and right
NAcc (Figure 4) separately for each group. Calculating
activation differences (high vs no reward) from the signal
time courses of the VTA for scans 5–8 as depicted in the
time course graphs in Figure 3 (corresponding to the
expectation phase), we found significant differences in the
time courses of the control and schizophrenia group but not
the mania group (Figure 3). Signal time courses from the
NAcc showed significant differences between receipt and
omission of reward (approximately corresponding to scan 9
and 10) only in the control group and a trend (p¼ 0.078) in
the schizophrenia group (right NAcc).

Differences between receipt and omission of reward in the
signal time courses were greater in the control subjects as
compared to the bipolar manic subjects (Controls4Mania
[win4omission]) in both, right and left NAcc (Figure 4).

DISCUSSION

Our study provides the expected evidence for neural
correlates of altered reward processing in bipolar manic
patients. Mere medication effects could be excluded as both,
healthy controls and medicated patients with schizophrenia
showed elevated activation of dopaminergic brain areas
when expecting high rewards compared to anticipation of
no rewards, which is in line with previous studies of healthy
volunteers (Abler et al, 2005; Knutson et al, 2001a). We also
replicated the previously reported pattern of decreased

Outcome Phase

Healthy Controls>Bipolar Manic Patients

(win>omission of rewardl)

Y=12

Z= -9

right

Figure 2 Differential fMRI activation (controls (outcome: win4omission
of reward) 4mania (outcome: win4omission of reward)) at po0.005,
uncorrected for multiple comparisons.
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Figure 3 Functional magnetic resonance imaging (fMRI) activation (mania, schizophrenia, controls groups together, contrast: expectation of high4expectation of no reward) and time courses (first
eigenvariate of the fMRI signal intensity as provided by standard SPM functions) in left and right ventral tegmental area for each of the groups. The map was thresholded at po0.001and extent threshold
corrected at po0.05. Mean-corrected first eigenvariate values were extracted from the left and right ventral tegmental functional ROI for each subject and averaged over groups. The time course data were
averaged event-related to depict the mean fMRI signal and standard error related to expectation of high and no reward in each of the three groups. Grey shades indicate the period when reward
expectation and receipt or omission of reward took place relative to the MR signal, assuming a delay of the BOLD signal of 6 s. * : Significant differences (po0.05) between conditions. Mania: bipolar manic
patients; Schizo.: schizophrenia/schizoaffective patients; Cont.: healthy control subjects.
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ventral striatum activation when an expected reward was
omitted compared to receipt of an anticipated reward in
healthy controls and schizophrenia patients (Abler et al,
2005; Knutson et al, 2001a). In contrast, the differences in
activation of dopaminergic brain areas upon anticipation
and receipt of rewards were markedly reduced in medicated
manic patients. We will now review the patterns of brain
activation during the expectation and the outcome phase of
the experiment.

Expectation Phase

While the whole brain and ROI analyses did not reveal
significant group differences during the expectation phase,

the difference in the signal time courses for high and not
rewarded stimuli was significantly reduced in manic
patients. This pattern was not a result of decreased
responses to the rewarded stimuli but rather of a
comparatively high fMRI signal upon not rewarded condi-
tions. Furthermore, in contrast to patients with schizo-
phrenia and controls, manic patients did not show the
expected acceleration of reaction times in the higher
rewarded trials (Abler et al, 2005, 2006). These findings
can be interpreted as a deficit in distinguishing potentially
rewarding, ie behaviorally relevant from less relevant
stimuli. All stimuli were equally salient to the bipolar
patients eliciting high fMRI signal in all conditions
irrespective of the reward to be expected. In healthy
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Figure 4 (a) Differential functional magnetic resonance imaging (fMRI) activation (Mania, Schizophrenia, Controls groups together, contrast: outcome:
win4omission of reward) and time courses (first eigenvariate of the fMRI signal intensity as provided by standard SPM functions) in left and right nucleus
accumbens (NAcc) for each of the groups. The map was thresholded at po0.001 and extent threshold corrected at po0.05. Mean-corrected first
eigenvariate values were extracted from the left and right NAcc functional ROI for each subject and averaged over groups. The time course data were
averaged event-related to depict the mean fMRI signal and standard error related to the outcome phase (win and omission of reward), in each of the three
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subjects, such expectation signals are believed to help
prepare for upcoming events and support decision making
and planning processes. Dysfunctions of expectation signals
could therefore help to explain the observation (Murphy
et al, 2001) that manic patients tend to make suboptimal,
often disadvantageous, decisions.

However, we observed the same pattern of brain
activation seen here in our manic patients in a study of
healthy subjects who had taken a single dose of anti-
psychotic medication (Abler et al, 2007). After a single dose
of olanzapine, healthy subjects displayed elevated fMRI
signal when expecting no rewards and therefore decreased
differential activation compared to the scans without
medication. Thus, the effect seen in the manic subjects in
this study could be a confound of antipsychotic medication.
While we cannot rule out such a confounding effect in our
manic subjects, the medicated patients with schizophrenia
in this study, who were being treated with even higher doses
of antipsychotic medication, showed the normal pattern of
ventral tegmental area activation during the expectation
phase.

A recent study of untreated patients with schizophrenia
revealed decreased differential responses of dopaminergic
brain areas when expecting a monetary reward (Juckel et al,
2006b), which normalized with atypical antipsychotic
medication (Juckel et al, 2006a). Our study confirms a
normal functioning of the reward system in schizophrenia
patients medicated with atypical neuroleptics, in contrast to
patients with mania who show altered activation patterns
despite being medicated with atypical neuroleptics.

Outcome

Suppression of ventral striatal activity when anticipated
rewards were not obtained (omission trials) has been
interpreted as a prediction error signal in previous fMRI
studies (Abler et al, 2005; Knutson et al, 2001a). The
findings from neuroimaging studies in humans are
consistent with reports of nonhuman primate studies,
which show a phasic decrease in dopamine neuron activity
at the time when expected rewards fail to appear (Holler-
man and Schultz, 1998). This signal coding error in the
prediction of reward resembles the teaching signals
employed in computational learning models (Sutton and
Barto, 1981) and has been interpreted as an important basis
of learning. While both, schizophrenia patients and healthy
controls, showed lower NAcc activation upon omission than
upon receipt of rewards as a potential correlate of such a
learning signal, bipolar manic patients did not display a
similar reduction in the activation of dopaminergic brain
regions. More specifically, the difference in the left NAcc
activation when comparing receipt to omission of an
expected reward was significantly smaller in manic patients
compared to healthy controls.

This deficit in prediction error monitoring is in line with
previous findings in bipolar disorder. For example, manic
patients make suboptimal decisions in the Cambridge
Decision Making Task and this deficit correlates positively
with the clinical severity of mania (Murphy et al, 2001).
When manic patients performed this task during PET
scanning, they showed abnormal brain activation in dorsal
anterior cingulate, frontal polar, and right inferior frontal

cortical regions, with anterior cingulate activation being
predicted by the severity of manic symptoms (Rubinsztein
et al, 2001).

Such impaired anterior cingulate cortex activation could
be related to our finding of abnormal NAcc activation in
mania. Considering that reinforcement learning signals are
conveyed to the cingulate cortex by the mesencephalic
dopamine system (Holroyd and Coles, 2002), we suggest
that dysfunctional NAcc activation during prediction error
processing (as found in this study) leads to cortical and
subcortical hyperactivity in mania (Caligiuri et al, 2003).
Our findings add to the hypothesis that deficits in gating
functions as measured by prepulse inhibition in manic
patients may be due to impairments in the cortico-striatial
circuitry (Perry et al, 2001).

Accordingly, unsuccessful motor inhibition was asso-
ciated with decreased striatal fMRI activation in pediatric
bipolar disorder. A lack of striatal error signals as
demonstrated in our study was suggested to account for
these motor regulatory deficits and contribute to impulsiv-
ity and irritability (Leibenluft et al, 2007) as observed in
bipolar patients. Indeed, elevated measures of state and trait
impulsivity have been observed in bipolar manic patients
(Swann et al, 2003). Impulsivity was suggested to represent
a core characteristic of the disorder (Najt et al, 2007)
responsible for symptoms like hyperactivation, excitability,
and hasty decision making that could be related to striatal
dysfunction as demonstrated here.

Cognitive deficits including early information processing,
response inhibition, executive functions, and memory are
core characteristics of affective disorders (Tavares et al,
2003). Cognitive impairments like problems of sustained
attention that are potentially related to striato-cortical
dysfunction (Sarter et al, 1999) occur in acute mania (Clark
et al, 2001) and extend into remitted state (Clark et al,
2002). While deficits in more standard tests of cognitive
functioning (motor function, memory, planning) do not
appear to be specific for manic episodes and do not provide
a significant means of differentiating between, eg mania and
depression (Martinez-Aran et al, 2004; Quraishi and Frangou,
2002), tasks of decision making or response inhibition seem to
be suitable to identify impairments specific to manic episodes
(Murphy et al, 2001; Murphy et al, 1999).

Limitations

The significance of our results is limited by the fact that all
patients were treated with antipsychotic medication of
various types, potentially influencing the dopaminergic
reward system. Due to the small number of subjects and the
number of different medication regimens, it was not
possible to calculate covariation effects rendering the
interpretation of the results more difficult. However, we
found distinct patterns of brain activation in the study
groups treated with medication, the schizophrenia, and
bipolar manic patients, respectively. This makes it unlikely
that the decreased reward circuitry activation that we
observed in bipolar manic patients is entirely due to the
confounding effect of medication.

The small number of subjects investigated limits the
generalizability of our data. Replications of the experiment
are needed to endorse the significance of our results.
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Although we excluded all subjects with a history of
substance dependence, we have to consider the history of
illicit drug use and the history of cigarette smoking in some
of our subjects as confounding effects. We were able to
match our patient groups, especially the mania group, with
the control group with regard to the history of illegal drug
use. Furthermore, while addicts ascribe higher salience
values to drugs of addiction at the expense of decreased
sensitivity for other salient events like monetary rewards,
this is related to an overall decrease in dopamine activity
(Volkow et al, 2004). This pattern cannot explain our
finding of increased reward circuitry activity upon not
rewarded trials in bipolar manic subjects.

Conclusion

Our investigation provides initial evidence for dysfunctional
reward pathways in acute mania. Specifically, our results
implicate alterations in the coding of prediction error
signals in the ventral striatum in acutely manic patients.
This could be the neural basis for deficits in learning and
decision making, features frequently seen in acutely manic
patients.
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