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Increased striatal dopamine synthesis capacity has consist-
ently been reported in patients with schizophrenia. However,
the mechanism translating this into behavior and symptoms
remains unclear. It has been proposed that heightened stri-
atal dopamine may blunt dopaminergic reward prediction
error signaling during reinforcement learning. In this study,
we investigated striatal dopamine synthesis capacity, reward
prediction errors, and their association in unmedicated schiz-
ophrenia patients (» = 19) and healthy controls (n = 23).
They took part in FDOPA-PET and underwent functional
magnetic resonance imaging (fMRI) scanning, where they
performed a reversal-learning paradigm. The groups were
compared regarding dopamine synthesis capacity (Ki),
fMRI neural prediction error signals, and the correlation of
both. Patients did not differ from controls with respect to stri-
atal Ki*. Taking into account, comorbid alcohol abuse re-
vealed that patients without such abuse showed elevated Ki*
in the associative striatum, while those with abuse did not
differ from controls. Comparing all patients to controls, pa-
tients performed worse during reversal learning and displayed
reduced prediction error signaling in the ventral striatum. In
controls, Ki in the limbic striatum correlated with higher
reward prediction error signaling, while there was no signifi-
cant association in patients. Ki*" in the associative striatum
correlated with higher positive symptoms and blunted reward
prediction error signaling was associated with negative symp-
toms. Our results suggest a dissociation between striatal
subregions and symptom domains, with elevated dopamine
synthesis capacity in the associative striatum contributing to
positive symptoms while blunted prediction error signaling in
the ventral striatum related to negative symptoms.

Key words: psychosis/reinforcement learning/computa-
tional psychiatry/PET/reversal learning/fMRI

Introduction

In schizophrenia, a hyperdopaminergic state in the stri-
atum is a cornerstone in the neurobiological explanation
of the disorder.! Firstly, anti-dopaminergic neuroleptics
are known to reduce psychotic symptoms. Secondly, there
is meta-analytic evidence for increased presynaptic stri-
atal dopamine function of schizophrenia patients,>* pre-
sumably mainly in the associative striatum.* Nevertheless,
there is heterogeneity concerning this hyperdopaminergic
state in Sz,> which challenges its interpretation as either
a symptomatic state marker of psychosis or a longer
enduring trait of schizophrenia. In favor of the “state”
interpretation, striatal dopamine levels were associated
with the degree of positive symptoms in patients with
schizophrenia as well as bipolar disorder® and decreased
in schizophrenia patients in remission of positive symp-
toms.” However, anti-dopaminergic medication did not
affect the presynaptic dopamine levels in patients in one
study in first-episode patients,® suggesting that dopamin-
ergic alterations might be a trait marker. Moreover, pa-
tients with comorbidities such as substance addictions
showed decreased striatal dopamine release; however,
amphetamine-induced dopamine release still correl-
ated with increase in positive symptoms.” Furthermore,
some patients show psychotic symptoms while displaying
normal or even decreased dopamine levels.!®!? This het-
erogeneity is still not fully understood.
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How heightened striatal dopamine translates into
schizophrenia symptoms in terms of cognition and be-
havior, ie, its functional role still remains to be elucidated.
In that sense, many authors have proposed disturbed
prediction errors as a mediating mechanism.'*"'® In rein-
forcement learning, initially neutral cues gain values via
associative pairing with a rewarding outcome. The reward
prediction error serves as a teaching signal for updating
these values reflecting the trial-by-trial difference between
the perceived outcome and the expectation'’"? and thus
mark relevant environmental events. In animal studies,
phasic firing rates of dopaminergic midbrain neurons
projecting to the striatum®-*' were found to reflect such
reward prediction errors. In humans, the striatal BOLD
response is interpreted to reflect such reward prediction
error signals, which were found to be affected by (anti)
dopaminergically acting agents. For instance, whereas
L-DOPA increased striatal reward prediction error sig-
nals,?” they were decreased following methamphetamine®
as well as after dopamine antagonists.* It was proposed
that dysregulated striatal dopamine turnover, as reflected
in heightened dopamine synthesis, may enhance the asso-
ciability of events even if those were merely coinciding.?
In the same vein, heightened dopamine synthesis may
cause spontaneous, not stimulus-driven dopamine re-
lease acting as prediction errors. Thus, in the absence of
relevant stimuli such prediction error signals may cause
the attribution of meaningfulness to coinciding, but ac-
tually irrelevant stimuli.”"'® While this theory has been
influential in explaining positive symptoms, dysregulated
dopamine release may also contribute to negative symp-
toms. The proposedly chaotic nature of prediction error
signaling may reduce signal-to-noise ratio, and thus, pre-
diction errors to actually relevant events may stand out
less causing devaluation of relevant outcomes, which
may reduce motivation and increase motivational nega-
tive symptoms.'® Human imaging studies reported striatal
BOLD prediction error signaling to be decreased in schiz-
ophrenia patients receiving no antipsychotic medica-
tion?* 28 (but see Ermakova et al*®) and in youth at clinical
high-risk for psychosis,® whereas findings in medicated
patients are more heterogeneous.’'>¢ Further brain re-
gions, such as midbrain or DLPFC also showed reduced
prediction error coding in patients with schizophrenia.?

To our knowledge, the proposed relationship between
increased striatal dopamine synthesis and blunted reward
prediction error signals has not been directly probed in
patients with schizophrenia so far. This proposedly in-
verse relationship differs from what has been reported in
healthy individuals. In the healthy state, dopamine syn-
thesis capacity was positively associated with working
memory>*® and goal-directed decision making.* Based
on the literature, the relationship between dopamine and
cognitive capacities might follow an inverted U-shape, ie,
being positively directed in a low dopamine range and
negatively at higher or even pathological levels.*
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In the current study, we investigate the potential re-
lationship between striatal dopamine synthesis ca-
pacity and striatal reward prediction error signaling in
unmedicated patients with schizophrenia as well as in
healthy controls. We measured dopamine synthesis ca-
pacity using positron emission tomography (PET) with
[18F]Fluoro-3.,4-dihydroxyphenyl-l-alanine ~ (FDOPA).
The striatal prediction error signal was assessed during a
reversal-learning task via functional magnetic resonance
imaging (fMRI). Compared to controls, we expected
schizophrenia patients to display lower striatal reward
prediction error signaling, higher striatal dopamine syn-
thesis capacity, and an inverse relation between both
measures.

Methods

Sample Characteristics

In order to measure striatal dopamine synthesis ca-
pacity, 20 unmedicated schizophrenia patients and 23
healthy controls (matched for age and gender) under-
went fluorine-18-1-dihydroxyphenylalanine (18F-DOPA
PET) PET. The sample size was based on a power-
calculation assuming a large effect size*! with a power
of 0.8 for the difference in striatal Ki®r between schiz-
ophrenia patients and controls. In a separate fMRI ses-
sion (days between PET and fMRI scan: mean = 15.5,
median = 5, min = 1, max = 84), participants performed
a reversal-learning paradigm (n = 21 patients [3 without
PET] and n = 23 controls). Following exclusion due to
structural abnormalities (# = 1 patient) and invalid be-
havioral responses during fMRI (n = 1 patient), the final
PET sample included 19 unmedicated schizophrenia pa-
tients and 23 healthy controls (table 1), the fMRI sample
also comprised 19 unmedicated schizophrenia patients
and 23 healthy controls, and the overlapping PET and
fMRI sample consisted of 16 patients and 23 controls.
All patients met the ICD-10 criteria for the diagnosis of
schizophrenia and were free of medication for at least
5 half-lives of previous antipsychotic treatment. We did
not control for reasons why patients who had been medi-
cated in the past discontinued antipsychotic medication.
Schizophrenia patients were recruited at the inpatient
and outpatient units as well as at the rescue centers of the
Department of Psychiatry and Psychotherapy Campus
Charité Mitte of the Charité-Universitdtsmedizin Berlin
as well as from the Psychiatric Schlosspark-Klinik
Berlin. Verbal IQ was assessed using the Wortschatztest
(vocabulary test).** Controls reported no past or present
Axis 1 disorder according to the Structural Clinical
Interview for the DSM-IV.#® Exclusion criteria were
general contraindications for MRI (eg, metal implants,
pacemakers, claustrophobia). Psychopathology was as-
sessed using the Positive and Negative Syndrome Scale
(PANSS)* where we chose to use the 5 factors version
due to better construct validity based on factor analytic



Table 1. Demographics and Psychopathology of PET Sample

Dopamine and Prediction Errors in Schizophrenia

Unmedicated Schizophrenia
Patients (N = 19)

Healthy Individuals

(N=23) Statistics

Gender 12 males, 7 females
Age (y) 33.2 £ 9.5y (20-56)
Verbal 1Q 96.7 £10.3 (80-110)

Medication status n = 6 drug-naive
n = 13 unmedicated
4.6 +5.3(0-18)

28.2 £10.7 (15-51)
15.3£3.4(8-21)
24.5 5.2 (14-33)
11.6 £ 2.7 (8-20)
11.2£2.7(8-17)
10.6 £ 2.3 (7-15)
73.1 £ 10.9 (49-95)

Duration of illness (y)
Age of illness onset (y)
SF-PANSS® positive
SF-PANSS® negative
SF-PANSS® disorganized
SF-PANSS® excited
SF-PANSS? depressed
SF-PANSS: total

X(1)=0.192, P = .661
(37)=0.365, P = 717
1(35) = 3.0, P = .005

16 males, 7 females
32.2 + 8.2 (20-50)
105.2 £ 7.3 (85-115)

Note: Mean = SD (minimum-maximum). PANSS, Positive and Negative Syndrome Scale.
a5F-PANSS referring to the consensus 5 factors structure reported by Wallwork and colleagues.®

evidence (positive [4 items], negative [6 items], disorgan-
ized/concrete [3 items], excited [4 items] and depressed
[3 items] symptoms; please see supplementary table S1
for standard PANSS solution).** Based on medical re-
ports by the treating psychiatrists, patients had no
current or past history of drug dependence, although
patients reported consumption of alcohol (n = 7), THC
(n = 6), and amphetamines (n = 4) meeting criteria for
abuse according to ICD-10 (this information was not
available for 2 patients; supplementary figure S1). We
performed clinical evaluation and, if necessary, urine
testing in order to detect possible current drug use. All
participants gave written informed consent and received
monetary compensation for study participation as well
as the wins in the fMRI paradigm. The study was ap-
proved by the local medical ethics committee of the
Charité-Universitdtsmedizin Berlin.

PET: Dopamine Synthesis Capacity

Dopamine synthesis capacity was characterized quan-
titatively by the FDOPA utilization rate constant Ki®r
(min™!) estimated by the graphical tissue-slope inter-
cept method with the cerebellum (mask derived from
WFU Pickatlas excluding the vermis) as reference
region.*** The Patlak tissue-slope intercept method
was applied on a voxel-by-voxel basis to the dynamic
FDOPA-PET image frames (from 20 to 60 min after
intravenous FDOPA injection). The parametric Kic
maps were spatially normalized to the anatomical
space of the Montreal Neurological Institute (MNI)
based on spatial normalization of the coregistered indi-
vidual anatomical T1 images using the unified segmen-
tation approach of SPM.* Ki®" values were extracted
from 3 volumes of interest (VOI): limbic/ventral, sen-
sorimotor, and associative striatum,* separately for
both hemispheres (for a depiction of these VOlIs, see

supplementary short animation). Group differences in
mean Ki®r values of those 6 VOIs were evaluated using
a multivariate ANOVA with group (patients vs con-
trols) as between-subjects factor.

Based on previous findings suggesting a bias through
moderating effects of drug abuse on presynaptic do-
pamine function,’*® we carried out exploratory linear
regression analyses predicting striatal dopamine levels
(for each of the 6 VOIs). As predictors, we entered co-
morbid substance abuse status coded with 3 dummy
variables (alcohol, THC, amphetamines) as well as
group (controls, patients). Note that none of the con-
trols fulfilled ICD-10 criteria for substance abuse.
Therefore and in order to rule out that effects of sub-
stance abuse on Ki®" were not solely driven by controls
we repeated the linear regression analyses in schizo-
phrenia patients only.

Reversal Learning Task

In this task consisting of 160 trials, participants had to
choose one out of 2 cards that probabilistically (0.8/0.2)
led to wins or losses and these contingencies reversed sev-
eral times. For a more detailed description of the task,
see figure 1A, the supplementary material or the original
publication.> We tested for group differences in choosing
the currently correct (=80% rewarded) card, the amount
of missed trials as well as in repeating a choice after wins
(“win-stay”) and switching after losses (“lose-shift”)
using 2-sample -tests (2-sided; 0.05 P-value threshold for
statistical significance). Individual trial-by-trial choice
data were analyzed using computational modeling tech-
niques. The total model space contained 6 Rescorla
Wagner learning models for prediction error (J; equation
1) based updating of cue-action values (Q; equation 2),
describing the probability of winning when choosing the
respective stimulus.
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Fig. 1. (A) Depiction of reversal learning paradigm. Every trial, subjects had to choose one out of 2 cards in order to receive either a win
(+10 Eurocents) or a loss (-10 Eurocents). The cue-outcome contingencies were perfectly anti-correlated (0.8/0.2 rewards) and reversed
several times following a longer stable period in the beginning and remained stable again at the end of the paradigm. (B) Reinforcement
learning. Schizophrenia patients chose the correct option less often than healthy controls. (C) Striatal reward prediction error. Main

effect of reward prediction error signaling across all participants in the bilateral ventral striatum (left: [-10/12/=8], t = 7.11, P,

the whole brain =.001 : rlght [10/12/10]’ 1=6. 3’ PFWE-corrsc(ed for the whole brain

=.011; displayed at ¢ > 3).

striatal PE

5Qa, t= It — Qa,t (1)

Qa, t+1 = Qa,t + ax 5Qa, t (2)

The value trajectories estimated by the learning model
were transformed into choice generation via a softmax
with a free parameter [ for inverse decision noise (equa-
tion 3).

exp (B8 * Quy) 3)
exp (B * Qus) +exp (B * Quy)

Par =

We set up a model-space containing 6 models, which either
contained one learning rate (alpha) or 2 separate learning
rates for win and loss trials (alpha win and alpha loss) and
which differed in the value update of the unchosen cue, ie,
no update of the unchosen option (single update), full up-
date of the unchosen option (reflecting the anti-correlated
task structure; full double update), and individual-
weighted double update (by the free parameter x). Please
see the Supplementary for a more detailed description of
the model space and priors (supplementary table S3).

1538

FWE-:corrected for

= .013; displayed at ¢ > 6). (D) Reward prediction error group difference.
Schizophrenia patients displayed decreased reward prediction error signaling compared to healthy controls ([12/14/-10], t = 3.43, P

SVC for

FMRI: Striatal Prediction Error Analyses

For information on the fMRI sequence, preprocessing
and first-level analysis (using SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12/), see the supplemen-
tary material. The individual trial-by-trial prediction
error trajectory from the best-fitting model (SU-1alpha)
was introduced as a parametric modulator on the single-
subject-level. For group-level analysis, the individual con-
trast images for prediction errors were used in a 2-sample
t-test for between-group comparisons (controls vs pa-
tients). Results are reported using FWE correction at the
voxel level across the whole brain. The search volume
for group comparisons and correlational analyses was
restricted to voxels showing a significant main effect for
reward prediction error signaling in the ventral striatum
(Prwicomeea < -03; total of 42 voxels centered around
[-11/10/-9] and [11/12/—-10]) across the entire sample.

Association Between PET Dopamine Synthesis
Capacity and fM RI Reward Prediction Error Signal

In order to probe the association between striatal do-
pamine synthesis capacity and reward prediction
error signaling, we carried out voxel-based analyses in
SPM with the reward prediction error contrast images
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compared between groups with Ki" values entered as a
covariate. Due to the limbic localization of the prediction
error signal, we entered the individual Ki*" values of the
limbic striatum as covariates in 2 separate analyses for the
left and right hemispheres, respectively. We probed the in-
teraction of group (patients vs controls) with Ki® values
(F-contrast), and followed up significant findings with
post hoc #-tests within groups. We used small volume cor-
rection for the voxels in the unilateral striatum showing
a main effect of prediction error signaling and applied
Bonferroni-correction for multiple testing.

Association With Symptoms

In an exploratory approach, we probed the associations
between psychopathology and striatal prediction error sig-
nals as well as with Ki*' values using the positive and neg-
ative symptoms scale of the 5-factor PANSS-solution.*
For association with the fMRI reward prediction error
signal, the respective PANSS factor scores were entered
as covariates in separate l-sample z-tests within SPM.
Associations between Ki® values and PANSS scores
were tested using Pearson correlation within SPSS25. For
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visualization and plotting we used the ggplot2-package in
RStudio version 1.2.1555 and R version 3.6.0.

Results
Dopamine Synthesis Capacity: Ki«

Schizophrenia patients and controls did not differ signifi-
cantly in their striatal dopamine synthesis capacity (effect
of group: F=0.57, P = .46; figure 2).

In exploratory analyses, we probed the moderating
effects of comorbid drug abuse on presynaptic dopa-
mine function® using linear regression analyses. These
regression models significantly explained variance in
Ki®r values of the left associative striatum (adjusted
R = .17, F=3.0, P=.031, beta,, , = —0.54, 1 = 3.11,
P = .004; beta oup = 0.35, t = 1.85, P = .073; other betas
P> 2)and left sensorimotor striatum (adjusted R* = .21,
F=3.6, P= 015, beta,, , = —0.58, =339, P=.002;
beta .= 0.31,7=1.385, P=.074; other betas P > .3; other
regression models P > .28). Repeating these regression
analyses excluding controls revealed similar effects; diag-
nosis of alcohol abuse significantly predicted lower Ki®r
in the left associative striatum (adjusted R*> = .31, F= 3.7,

limbic right

associative right

e

sensorimotor right

K9 &

Fig. 2. Dopamine synthesis capacity. Patients with schizophrenia (the right/red boxplots within each panel) and controls (the left/blue boxplots)
did not differ significantly in any of the striatal subregions (F = 0.64, P = .70). The brain figures depict the respective striatal subregion that was
used for the parameter extraction of Ki® (for visualization purposes, data-points were stacked and binned with a bin-width of 0.0005).
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Fig. 3. (A) Post hoc Ki*r comparison between 3 subgroups. Splitting the schizophrenia sample into patients without and with comorbid
alcohol abuse revealed that patients without alcohol abuse displayed increased Ki'-values in the left associative striatum compared to
healthy individuals (HC; P = .033, Bonferroni-corrected) as well as to schizophrenia patients with alcohol abuse (P = .03, Bonferroni-
corrected). (B) Positive symptoms from the 5-factor solution of the Positive and Negative Syndrome Scale (PANSS) were associated with
higher dopamine synthesis capacity in the left (r = .48, P = .037) and right (r = .52, P = .023) associative striatum.

P = 051, beta,, . = —0.64, r = 3.03, P = .01) and the
left sensorimotor striatum (adjusted R> = .42, F = 4.87,
P = 018, beta,, = —0.66, t = 3.43, P = .04). We fol-
lowed up on these findings using post hoc Mann Whitney
U-tests. Schizophrenia patients without alcohol abuse pre-
sented increased Ki*" values in the left associative striatum
compared to controls (U = 101.0, P = .033, Bonferroni-
corrected for multiple testing) as well as compared to
schizophrenia patients with alcohol abuse (U =9, P = .03,
Bonferroni-corrected; figure 3A). In the left sensorimotor
striatum of schizophrenia patients, Ki® was higher in those
without alcohol abuse compared to those with alcohol
abuse (U = 6, P = .009, Bonferroni-corrected; supplemen-
tary figure S2). Patients with and without alcohol abuse did
not significantly differ in clinical and demographic charac-
teristics nor in psychopathology (supplementary table S2).

Reversal Learning and Striatal Reward
Prediction Error Signaling

In the reversal learning paradigm, patients chose the cor-
rect option less often than healthy individuals (z = 3.7,
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= .001), showed less win-stay behavior (¢ = 3.78,
P = .001) and switched more often after losses (r = 2.2,
P = .037; supplementary table S4 and figure 1B). We ap-
plied computational modeling to describe single-trial
behavior comparing different reinforcement learning
models and found that a single-update model with one
learning rate explained the data best in both groups (for
model comparison, see supplementary material). The in-
verse decision noise was decreased in schizophrenia pa-
tients (7 = 3.0, P = .004), whereas the learning rate did not
differ between groups (¢ = 2.9, P = .77) (supplementary
material).

Reward prediction errors were coded across several
brain areas, such as bilateral striatum, anterior orbital
gyrus, middle temporal gyrus, angular gyrus, anterior and
middle cingulate cortex, anterior insula, and cerebellum
(3.11 at PFWE corrected for the whole brain 05) See Supplementary
table S6 for all brain regions showing a main effect for
the reward prediction error signal. Within the scope of
this study, we focused on the reward prediction error
BOLD response in the bilateral ventral striatum which
was significantly activated in both healthy controls and
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patients with schizophrenia (main effect left: [-10/12/-8],
t=71 1’ PFWE-corrected for the whole brain = 001’ rlght [10/12/10]’
1= 63’ PFWE-corrected for the whole brain = 013’ ﬁgure IC’ Se€ sup-
plementary material, section 2.2 for significant within-
group effects). Across the whole brain, there was no
group difference in reward prediction error signaling
(supplementary material). Schizophrenia patients dis-
played decreased reward prediction error signaling in the
right ventral striatum compared to controls ([12/14/—10],
t=343, P =.013; figure 1D).

SVC for striatal PE

Association Between Dopamine Synthesis and Reward
Prediction Error Signal

We tested for group differences in the association between
striatal dopamine synthesis and the fMRI reward predic-
tion error signal. For that, we carried out voxel-wise SPM
analyses introducing limbic Ki®" values as covariate and
probing a group by covariate interaction (figure 4B for the
design matrix). This revealed that groups differed in their
correlation between Ki*" values and reward prediction
error signaling in the right ventral striatum (significant
group by covariate interaction: [12/8/—12], F = 11.2, P,

svC
=.022, Bonferroni-corrected,

for right striatal reward prediction error (RPE) -
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figure 4A). Post hoc 1-sample z-tests within groups
showed that there was a positive correlation between stri-
atal reward prediction error signaling and Ki®" values in
the right ventral striatum in controls ([12/8/—12], t = 4.1,

SVC for rightstriaal rpe. < -001), but no significant association in
patients. No significant effect was found for the left limbic
Ki*r values. In order to test the robustness of this finding,
we ran additional independent VOI-analyses predicting
reward prediction error that were in line with our voxel-
wise findings (supplementary material); limbic Ki* values
predicted higher prediction error signaling (r = .608, ad-
justed R*> = .340, P = .002; based on independent VOI
analysis) in controls, but not in patients (r = .12, adjusted
R>=.056, P > .6; figure 4C).

Correlation With Psychopathology

In exploratory analyses, positive symptoms correlated
with Ki®r values in the left (r = .48, P = .037) and right
(r=.52, P=.023) associative striatum (figure 3B). There
was no significant association between Ki® values and
negative symptoms (P > .2). Striatal prediction error
signaling in schizophrenia patients was negatively cor-
related with negative symptoms ([12/8/—10], ¢t = 3.23,

contrast

B

1 2 3
Design matrix
SZn=16
° ? L]
e ° J -.
0.012 0.014 0.016 0.018 0.020

ki (min™") limbic right

Fig. 4. Association between dopamine synthesis capacity and reward prediction error. (A) The voxel-wise analysis revealed that groups
differed in their correlation between right limbic striatal Ki® values and the reward prediction error signal in the same region ([12/8/—12],
F=112,P =.022, Bonferroni-corrected). (B) The SPM design matrix using the individual reward prediction error contrast

SVC for right striatal RPE -

images with limbic Ki*" as covariate allowing to test group-wise interaction effects. (C) In controls (left scatterplot), limbic Ki*r values
correlated with higher reward prediction error signaling (r = .608, adjusted R> =.340, P = .002; based on independent VOI analysis). There
was no significant association between both measures in schizophrenia patients (right scatterplot; r = .12, adjusted R> =.056, P > 0 .6).
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PSYC for striatal RPE — .03.9)..There was no s;gmﬁcant corre-
lation between prediction error signaling and positive

symptoms.

Discussion

In the current study, we found no difference in striatal do-
pamine synthesis capacity when comparing unmedicated
schizophrenia patients to controls. However, exploratory
post hoc analyses revealed that patients without comorbid
alcohol abuse showed increased dopamine synthesis ca-
pacity in the associative striatum compared to controls as
well as to schizophrenia patients with alcohol abuse. In
addition, schizophrenia patients performed worse in re-
versal learning and showed decreased ventral striatal re-
ward prediction error signaling. Probing the relationship
between limbic dopamine synthesis capacity and predic-
tion error revealed that higher dopamine synthesis ca-
pacity correlated with increased coding of the prediction
error signal in controls, but this association was absent in
schizophrenia patients.

We did not replicate the meta-analytic finding of
heightened striatal dopamine synthesis capacity*? in our
total sample of unmedicated patients. We had calculated
our sample size based on a large effect size,*! which has
decreased according to more recent meta-analyses.>>>>2
Thus, our study may have been insufficiently powered
to detect a group difference in Ki. Further, there were
differences in our PET protocol compared to previous
studies®%35 regarding no application of entacapone/
carbidopa to block peripheral FDOPA metabolism
(which might have decreased signal-to-noise ratio in our
study) as well as shorter scanning duration (60 min com-
pared to 95 min). However, a scanning duration of 60 min
has been used before and was suggested to be valid> (for
further discussion, please see Avram et al’).

Alternatively, it was noted that patients with schizo-
phrenia display more heterogeneity in PET measures of
their dopaminergic system.> Moderating factors on the
dopaminergic system suggested by former studies include
substance abuse’ as well as the degree of current psychotic
symptoms.® While none of our patients showed with-
drawal signs, dependence or drug-induced psychosis, sev-
eral patients met the ICD-10 criteria for abuse of alcohol.
On the one hand, this reflected the high ecological validity
of our sample, since up to 50% of schizophrenia patients
have a comorbid diagnosis of alcohol or drug abuse.”*
On the other hand, this comorbidity supposedly affected
our PET findings, since striatal dopamine function was
reported to be blunted in substance use patients,**>*% as
well as in schizophrenia patients with comorbid substance
dependency.’ Also, subjects with clinical high risk for
schizophrenia who used cannabis showed reduced stress-
induced dopaminergic responses in the striatum.®! When
differentiating our patient sample according to alcohol
abuse, we found that only patients without alcohol abuse
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showed elevated dopamine synthesis capacity in the asso-
ciative striatum compared to controls and patients with
alcohol abuse. This localization within the striatum is in
line with evidence suggesting that dopamine synthesis ca-
pacity in schizophrenia patients is elevated mainly in the
associative and sensorimotor subdivisions.*> This finding
may point towards alcohol abuse as an important mod-
erator of dopamine synthesis capacity in schizophrenia
patients. Nevertheless, it remains an exploratory post hoc
finding and should thus be treated with caution; replica-
tion remains warranted in future studies.

Higher dopamine synthesis capacity was associated
with increased positive symptoms in a sample of schiz-
ophrenia as well as bipolar patients with current psy-
chosis,® suggesting dopamine synthesis capacity as a
(transdiagnostic) state marker of the psychotic state. In
our sample of unmedicated schizophrenia patients with
comparatively high levels of current psychotic symptoms,
we replicated a positive correlation between positive
symptoms and dopamine synthesis capacity in the asso-
ciative striatal subregion. Though it should be noted that
we used the positive scale from the 5-factor solution® in-
stead of the standard* PANSS scale as previous reports.®
Thompson et al. found that despite lower dopamine re-
lease in schizophrenia patients with comorbid substance
dependence, the degree of amphetamine-induced DA
release was positively associated with amphetamine-
induced increase in positive symptoms.” Similar to this
latter finding, in the present study positive symptoms
were related to dopamine synthesis capacity in patients
displaying a comparably normal range of presynaptic do-
pamine function. A recent study reported even decreased
dopamine synthesis levels in patients with remitted psy-
chosis.” Presumably, these findings might indicate a
functional hypersensitivity of postsynaptic striatal D2
function in psychosis.®? Therefore, longitudinal studies
targeting the dopaminergic system over the time-course
of different illness stages are warranted.

Inline with previous studies in unmedicated patients**2
(but see Ermakova et al®®) as well as in youth at risk for
psychosis,* patients were impaired in reversal learning
on the behavioral level and displayed reduced coding
of reward prediction error in the ventral striatum com-
pared to controls. The prediction error signal serves as a
crucial teaching signal in order to optimally learn from
interacting with a dynamic environment.'”" Aberrant
prediction error signaling has been hypothesized to play
an important role in the generation of both psychotic
positive and motivational negative symptoms.'166364 In
the reward domain, altered striatal reward signals were
mainly associated with negative symptoms.3!$>-67 Here, we
found that reduced reward PE signaling in the right limbic
striatum was associated with higher negative symptoms.
This suggests that decreased neural coding of prediction
error signals may blunt the incentive value of relevant
and rewarding events, thus possibly causing decreased



motivational behavior and experiences.'**¢ Crucially,
learning from rewards is a basic mechanism in everyday
life and the described relationship between dysfunctional
reward learning and motivation might be relevant beyond
the scope of the investigated disorder. In line with that, re-
duced prediction error signaling was also correlated with
increased anhedonia in patients suffering from major de-
pression.®® With our acquired psychometrics, we cannot
disentangle which negative symptoms, eg, anhedonia or
amotivation, were specifically correlated with the reduced
prediction error signal and whether they overlap with de-
pressive symptoms. Therefore, future studies in patients
with schizophrenia as well as depression should aim to
dissociate this via more apt instruments, such as the Brief
Negative Symptoms Scale® and the Calgary Depression
Scale.” Whereas we focused strongly on the striatum,
others have found decreased prediction error responses
in the midbrain and DLPFC in schizophrenia patients.”
In our exploratory analyses (supplementary material),
we did not observe group differences or correlations with
striatal Ki*" in those regions which might be explained
via different task designs; our task only used 2 stimuli
whereas more complex cognitive processes (and thereby
different brain regions) might be engaged in learning
tasks using more stimuli and reinforcement types.

Our results do not support the notion that the reduced
ventral striatal reward prediction error signal in schizo-
phrenia patients can be explained by local differences in
dopamine synthesis capacity, as we did not observe group
differences in limbic Ki*". Instead, we found that only in
controls, limbic striatal dopamine synthesis capacity cor-
related positively with the reward prediction error signal
in the same area. In controls, higher striatal dopamine
synthesis was associated with better cognitive functions
such as working-memory?”’! and goal-directed decision
making.*® Such positive associations have also been re-
ported for other markers of the dopamine system such as
D2/3 availability,” although a non-monotonic relation-
ship depending on latent profiles characterized by, eg,
education level and resting-state connectivity has been
suggested, so that functional implications of dopamine
levels may differ.”” Regarding associations between dopa-
mine measures and functional MRI activation, both posi-
tive and negative associations have been reported: ventral
striatal BOLD activation during reward processing was
positively associated with striatal dopamine release,”™
whereas striatal reward prediction error BOLD signal
was inversely related to dopamine synthesis capacity.®’
The latter findings are in contrast to those of the present
study. These discrepancies might be due to the specific
task solving strategies employed by participants in the
respective tasks and studies. In a more complex sequen-
tial decision making task, limbic Ki®" was positively as-
sociated with the degree to use a goal-directed, so-called
model-based, strategy based on forward planning and ac-
companied by stronger coding of model-based PE related

Dopamine and Prediction Errors in Schizophrenia

to that strategy and reduced coding of model-free stri-
atal prediction errors.®® In the current study, participants
used a basic strategy as reflected by the model compar-
ison, which revealed that the single-update reinforcement
learning model best explained the behavior in our sample.

In schizophrenia patients, we did not observe a signif-
icant association between dopamine synthesis capacity
and reward prediction error in the limbic striatum, re-
sulting in a significant group by covariate interaction. This
indicates a dysregulation in the limbic ventral striatum in
patients that is reflected in a prediction error signal de-
crease only. While the relationship between BOLD re-
ward prediction error and dopamine remains a matter of
debate (eg, Brocka et al’®), some evidence links the stri-
atal BOLD signal to stimulus-related dopamine release
in the ventral tegmental area.”””® Our results suggest that
reduced reward prediction error in schizophrenia patients
is not due to hyperdopaminergic state as characterized
by increased dopamine synthesis capacity in the limbic
striatum. Nonetheless, reduced prediction error signaling
may be due to dysregulated, task-independent dopamine
release, resulting in a decreased signal-to-noise ratio but
not reflected in increased synthesis.> Another explanation
may be that the observed reduced coding of BOLD pre-
diction error signal is due to non-dopaminergic mech-
anisms, such as increased cortical inhibition of striatal
signaling.”’

Limitations

Several limitations of our study have to be stated. First,
our sample size was small, which decreased our power to
detect group differences and correlations, with the cor-
relations between psychopathology and neural measures
not withholding correction for multiple comparisons.
Information on (parental) education was not collected so
that we cannot rule out that potential differences in ed-
ucation might have affected the observed group effects.
However, the sample is rather large for a multi-modal ap-
proach in a highly symptomatic patient sample. Notably, all
patients were unmedicated, which allowed us to investigate
dopamine synthesis capacity without antipsychotic drug
confounds.” Secondly, we had heterogeneity regarding
previous medication and illness duration, which might ad-
ditionally affect dopamine synthesis capacity and could
not be fully controlled in this study design. In the same re-
gard, elevated dopamine synthesis capacity was suggested
to be only apparent in patients who later responded to an-
tipsychotic medication, while non-responders showed no
significant elevation.® In our sample, we had no informa-
tion about treatment response due to the cross-sectional
design. Therefore, we cannot rule out that our sample in-
cluded non-responders to anti-dopaminergic treatment,
potentially due to non-dopaminergic psychosis.!! Here, we
utilized FDOPA-PET to study the presynaptic dopamine
function. It should be noted that the relationships between
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different markers of the dopaminergic system remain
understudied and may relate to different mechanisms, in-
cluding dopamine synthesis and release.®*®' Lastly, predic-
tion error coding appears in the context of predictive value
representation. Due to our task-design, we could not ad-
dress the latter though it reflects an important aspect in
schizophrenia research.®%

Conclusion

Taken together, we found that only in controls, limbic
striatal dopamine synthesis capacity positively correlated
with striatal prediction error signaling. Unmedicated and
highly symptomatic patients only differed from controls
in dopamine synthesis capacity when considering alcohol
abuse as a moderating factor. In schizophrenia patients,
reduced ventral striatal reward prediction error coding
was related to negative symptoms and could not be ex-
plained by a limbic presynaptic hyperdopaminergic state.
This association underlines the importance of this basic
learning signal for motivational negative symptoms, while
a hyperdopaminergic state in the associative striatum re-
lated to positive symptoms. Future longitudinal studies
should investigate the effect of antipsychotics on the re-
lationship between striatal dopamine synthesis capacity
and prediction error signaling in schizophrenia patients.
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Supplementary material is available at Schizophrenia
Bulletin online.
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