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Striatal dopamine, reward, and decision 
making in schizophrenia  
Lorenz Deserno, MD; Florian Schlagenhauf, MD, MA;  
Andreas Heinz, MD, PhD

Elevated striatal dopamine function is one of the best-
established findings in schizophrenia. In this review, 
we discuss causes and consequences of this striatal do-
pamine alteration. We first summarize earlier findings 
regarding striatal reward processing and anticipation 
using functional neuroimaging. Secondly, we present a 
series of recent studies that are exemplary for a particu-
lar research approach: a combination of theory-driven 
reinforcement learning and decision-making tasks in 
combination with computational modeling and func-
tional neuroimaging. We discuss why this approach 
represents a promising tool to understand underlying 
mechanisms of symptom dimensions by dissecting the 
contribution of multiple behavioral control systems 
working in parallel. We also discuss how it can advance 
our understanding of the neurobiological implemen-
tation of such functions. Thirdly, we review evidence 
regarding the topography of dopamine dysfunction 
within the striatum. Finally, we present conclusions 
and outline important aspects to be considered in fu-
ture studies.             
© 2016, AICH – Servier Research Group Dialogues Clin Neurosci. 2016;18:77-89.

Introduction

 The dopamine hypothesis of schizophrenia has 
been one of the most influential concepts in schizophre-
nia research.1,2 Initially based upon the observation that 
dopamine D2 receptor antagonists reduce auditory hal-
lucinations and delusions, early neurochemical imag-
ing studies using positron emission tomography (PET) 
and single-photon emission tomography (SPECT) 
with radiotracers of the dopamine system provided 
evidence for elevated striatal dopamine levels in pa-
tients suffering from schizophrenia.3,4 To date, and in 
line with the early formulation of this hypothesis, ele-
vation of striatal presynaptic dopamine function is one 
of the best-established findings in schizophrenia (eg, 
see ref 5; for meta-analyses and for detailed review of 
different neurochemical PET studies in schizophrenia, 
see refs 6-10). The dopamine hypothesis was reformu-
lated several times (for a historical summary, see ref 1) 
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to include the notion of prefrontal dopaminergic “hy-
pofrontality” and also as a combined dopamine-gluta-
mate hypothesis.11 A comprehensive neurobiological 
theory of schizophrenia has described the disease as 
an illness of disordered synaptic plasticity,12-14 and dis-
rupted mechanisms of learning have been proposed to 
play a crucial role both in the development of positive 
symptoms,2,15,16 in particular delusions, as well as nega-
tive symptoms.17-19 In this review, we do not cover the 
development of dopamine hypothesis itself. Instead, 
we aim to describe likely consequences and poten-
tial causes of the well-documented excess in striatal 
presynaptic dopamine function by mainly focusing on 
task-based functional neuroimaging studies to exam-
ine motivational and cognitive aspects of learning. In 
addition, we aim to explain the putative relevance for 
symptomatology. 
 Around the same time as early PET and SPECT stud-
ies in schizophrenia, animal research demonstrated that 
phasic firing patterns of midbrain dopamine neurons 
signal temporal-difference reward prediction errors.20,21 
This neuronal teaching signal represents the difference 
between experienced events—eg, rewards—and expec-
tations about the environment and is fundamentally 
involved in learning.22 Cognitive neuroscience research 
regarding such dopaminergic learning signals was influ-
enced by computational models of learning and decision 
making,23,24 and this has profoundly enhanced our under-
standing of the underlying neurobiological mechanisms. 
 This review first summarizes findings from function-
al neuroimaging studies about reward processing and 
anticipation and their potential link to elevated stria-
tal dopamine in schizophrenia. As neuroimaging has 
become ubiquitous in psychiatric research in the last 
decade, we go on to describe a series of very recent and 
selected studies that are exemplary for the utilization of 
a particular research approach: a combination of theo-

ry-driven reinforcement learning and decision-making 
tasks in combination with computational modeling and 
multimodal functional neuroimaging. We outline why 
this represents a promising tool to understand the neu-
robiological implementation of these functions, with a 
particular focus on the role of striatal dopamine and as-
sociated learning signals in schizophrenia. 

Striatal activation during reward anticipation 
and feedback processing

Up to now, many clinical neuroimaging studies have used 
the monetary incentive delay (MID) task or variations 
of this task, originally presented in a study by Knutson 
and colleagues.25 In this task, individuals are presented 
with abstract geometric cues that are indicative of a 
subsequent monetary outcome. Before functional mag-
netic resonance imaging (fMRI), participants are trained 
on cue-outcome contingencies to minimize the effect 
of learning. During fMRI, individuals are instructed to 
press a button as fast as possible to obtain a reward. As 
task difficulty is adapted according to individual differ-
ences in reaction times, all participants experience the 
expected reward in 70% of their responses. Thus, brain 
activation can be studied during two phases of the task, 
the anticipation of a reward and its subsequent delivery, 
the outcome. This can be applied equivalently for mone-
tary wins and losses as well as for different values of wins 
and losses. In the following, we mainly focus on anticipa-
tion, as this can be measured robustly with this task. The 
delivery of outcomes in this task remains confounded 
with aspects of learning via prediction errors and can, 
in our view, be more appropriately examined by using 
dynamic learning tasks probing the coding of prediction 
errors directly (see section on striatal learning signals). 
However, we also describe findings from the outcome 
phase, although more briefly. 

Reward anticipation

Juckel et al26 applied the MID task for the first time in 
a group of unmedicated patients suffering from schizo-
phrenia and found reduced ventral striatal activation 
during reward anticipation (Figure 1A). Consistently, 
this initial finding was replicated in two larger cohorts 
of medication-naive, first-episode patients.27,28 The re-
duction in ventral striatal activation during reward 
anticipation appears to be modulated by antipsychotic 
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medication: patients treated with first-generation (or 
“typical”) antipsychotics (FGAs) showed this reduc-
tion, whereas it was not observed in patients treated 
with second-generation (or “atypical”) antipsychotics 
(SGAs).29 In line with this finding, switching patients 
from FGAs to SGAs30 or subsequent treatment of 
medication-naive, first-episode patients with SGAs31 
revealed that striatal activation during reward antici-
pation was not distinguishable from controls when pa-
tients were medicated with SGAs. Supporting evidence 
comes from further cross-sectional studies comparing 
controls and patients treated with SGAs, which did not 
find group differences in striatal activation during antic-
ipation of monetary reward.32-37 Interestingly, a recent 

study demonstrated ventral striatal activation during 
reward anticipation to be reduced in first-degree rela-
tives of patients suffering from schizophrenia, thus sup-
porting the idea of reduced ventral striatal activation as 
an intermediate phenotype of the disorder.38 
 Potentially consistent with the observation of re-
duced ventral striatal activation to rewards in unmedi-
cated and medication-naive patients as well as non-
treated first-degree relatives (as described above) is the 
observation of elevated presynaptic striatal dopamine 
function in these groups.4,5,39 Thus, one might ask how 
elevated levels of dopamine could specifically drive the 
results obtained from functional neuroimaging during 
reward anticipation. It was found that amphetamine 
administration (a paradigm to induce massive dopa-
mine release) was accompanied by reduced ventral 
striatal activation during reward anticipation.40 Further 
evidence was provided by a study demonstrating that 
reward-induced dopamine release, as measured via ra-
dioligand displacement, was positively correlated with 
ventral striatal activation during reward anticipation.41 
Recently, it was shown that administration of ketamine 
(a well-established model of psychosis) also reduces 
reward anticipatory activation in the ventral striatum 
both in humans and in animals.42 This translational “dis-
ruption model”42 with acute subanesthetic ketamine has 
been used for a long time and also revealed elevation in 
striatal dopamine levels measured via radioligand dis-
placement43 as well as an extra boost of amphetamine-
induced striatal dopamine release under ketamine.44 

More specifically, animal research revealed that N-
methyl-d-aspartate (NMDA) receptor blockade in the 
prefrontal cortex induces elevated release of dopamine 
in the striatum.45,46 Using an indirect measurement of 
glutamate levels via magnetic resonance spectroscopy, 
prefrontal glutamate was found to be negatively cor-
related with ventral striatal presynaptic dopamine as 
measured via 18F-fluorodihydroxyphenylalanine (FDO-
PA) PET in healthy human individuals.47 In patients 
and individuals at risk for psychosis, prefrontal activa-
tion during working memory was negatively correlated 
with striatal presynaptic dopamine levels.48,49 Taken 
together, these studies provide cumulative evidence 
for a proposed mechanism13: disrupted glutamatergic 
synaptic plasticity, most likely NMDA-receptor medi-
ated, could lead to elevated striatal dopamine, which 
interferes with ventral striatal activation during reward 
anticipation. 
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Figure 1.  Ventral striatal dysfunction in unmedicated schizophrenia 
patients. (A) Reduced ventral striatal activation during re-
ward anticipation using the monetary incentive delay (MID) 
task as reported by Juckel et al.26 (B) Coding of reward pre-
diction errors in ventral striatal activation during reversal 
learning in healthy controls. (C) Reduced coding of reward 
prediction errors in ventral striatal activation in unmedicated 
schizophrenia patients compared with healthy controls. 

  A is reproduced from ref 26: Juckel G, Schlagenhauf F, Koslowski M, 
et al. Dysfunction of ventral striatal reward prediction in schizophrenia. 
Neuroimage. 2006;29(2):409-416. Copyright © Elsevier Inc, 2005. 

   B and C are reproduced from ref 52:  Schlagenhauf F, Huys QJ, De-
serno L, et al. Striatal dysfunction during reversal learning in unmedi-
cated schizophrenia patients. Neuroimage. 2014;89:171-180. (No 
permission required as this article is available under the terms of the 
Creative Commons Attribution License.) 
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Outcome delivery

One explicitly examining the delivery of outcome (re-
ward or punishment) during the MID or similar tasks, it 
was mainly found that unexpected outcomes elicit ab-
normal responses in patients. In unmedicated patients, 
Schlagenhauf et al50 observed elevated medial prefron-
tal activation when an expected reward was not deliv-
ered, and found ventral striatal activation to be reduced 
when comparing trials of successful against unsuccess-
ful avoidance of punishment. In a similarly designed 
study, investigators reported reduced medial and lateral 
prefrontal cortex activation when comparing win-ver-
sus-loss trials in patients medicated with SGAs.34 In line 
with this, another study found lower saliency process-
ing in patients medicated with SGAs in right ventro-
lateral prefrontal cortex.32 Using juice as a reward, one 
study found abolished striatal and midbrain responses 
to expected and unexpected rewards in medicated pa-
tients.51 Also supporting the notion of altered coding 
of expected versus unexpected events in schizophre-
nia patients, ventral striatal responses to expected re-
wards were found to be exaggerated, whereas they were 
blunted in response to unexpected outcomes.51 Results 
of these studies have been interpreted as dysfunctional 
coding of reward prediction errors in schizophrenia; 
more direct support for this notion comes from studies 
implementing a computational modeling approach to 
this question,52 which we will discuss in the section on 
striatal learning signals. 

Relation to symptoms

It has long been thought that subcortical dopamine 
excess mainly contributes to the positive symptoms 
of the disorder; this notion was built upon the poten-
tial of dopamine-enhancing drugs to induce psychosis, 
and also on the attenuating effects of D2 antagonists 
used to treat these symptoms.1,2 Supporting evidence 
mainly comes from pharmacological challenge studies 
in combination with SPECT or PET: while baseline D2 
receptor availability does not differ between groups, 
amphetamine-induced dopamine release, measured as 
a reduction in binding potential compared with base-
line, is elevated in medication-free patients and this 
correlates with the change in the degree of induced 
positive symptoms.3,4 When using a dopamine depletion 
paradigm, studies revealed larger increases in D2 avail-

ability in patients than in controls, suggesting elevated 
endogenous dopamine levels,53 a finding that was pre-
dictive for treatment response of positive symptoms to 
antipsychotic medication. On the basis of these findings, 
one could have expected a correlation of reduced ven-
tral striatal activation during reward anticipation with 
positive symptoms. However, the initial study by Juckel 
et al25 found a significant correlation between ventral 
striatal activation during reward anticipation and nega-
tive symptoms, which is in line with the idea that ventral 
striatal dopamine dysfunction could impair motivation 
and increase apathy.2 
 However, Juckel et al26 also observed a statistical 
trend for correlation with positive symptoms.26 Sub-
sequently, in medication-naive patients, a correlation 
between ventral striatal activation during anticipation 
with positive symptoms was indeed found,27,28 and the 
normalization of ventral striatal activation after treat-
ment with amisulpride was correlated with the improve-
ment in positive symptoms.29 A correlation between 
ventral striatal activation during reward anticipation 
and positive symptoms was also reported in individu-
als at risk for psychosis.54 However, other studies us-
ing the MID task contribute to a mixed picture: while 
overall group differences in striatal reward anticipation 
seem to be restricted to medication-free patients,30,31 
some studies found correlations of ventral striatal re-
ward anticipation with negative symptoms,34 apathy,33,35 

and between anticipatory signals in dorsal striatum and 
avolition.37 Another study found depressive symptoms 
across five major psychiatric disorders to be correlated 
with ventral striatal anticipation of reward.55 Thus, al-
though reward anticipation as measured with the MID 
task has reliably provided insight in neurobiological 
disease correlates, these symptom correlations raise 
new questions: they call for future studies probing their 
predictive value regarding the clinical development 
of patients in longitudinal studies with overall larger 
sample sizes,56 refinement and consensus of clinical and 
psychometric ratings,57 and the elucidation of the exact 
biological mechanisms underlying such brain activation 
patterns.13,58,59 Regarding the last point, it is conceivable 
that measures such as ventral striatal reward anticipa-
tion are most likely conflating affective and cognitive 
processes at work in parallel. We will return to this issue 
in the section on striatal learning signals of this article. 
 The association of dopamine and positive symp-
toms as described in neurochemical PET and SPECT 
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studies has also influenced the hypothesis of aberrant 
salience attribution in schizophrenia2,15,16: whereas el-
evated presynaptic dopamine may lead to “drowning” 
of phasic signals assigning salience to motivationally 
relevant stimuli in the noise of chaotic dopamine re-
lease,60 this may go along with aberrant salience attri-
bution to otherwise motivationally irrelevant stimuli. 
Some of the studies discussed above indeed support 
the idea of reduced neural processing of motivationally 
relevant stimuli.26,27 Regarding the elevated processing 
of motivationally irrelevant stimuli, it was found that 
schizophrenic patients rate neutral pictures as more sa-
lient than controls.56 Esslinger et al28 combined the MID 
task with a second task possibly reflecting salience, and 
found in an exploratory correlation analysis that pro-
nounced ventral striatal hypoactivation during reward 
anticipation was associated with salience attribution to 
neutral stimuli. Another study reported higher dorso-
lateral prefrontal cortex activation elicited by neutral 
outcomes during the MID task in unmedicated pa-
tients.27 In a study using classical conditioning, ventral 
striatal activation to stimuli preceding neutral events 
relative to aversive events was elevated in patients 
compared with controls,62 and midbrain activation to 
stimuli preceding neutral events predicted a higher de-
gree of delusion severity.63 The latter study also applied 
a temporal-difference model to the data and found re-
duced correlates of prediction errors elicited by aver-
sive events in the midbrain of patients when compared 
with controls. Intriguingly, when modeling prediction 
errors for neutral events, this signal was coded in mid-
brain of patients but not in controls.63 
 One task that was specifically developed to measure 
aberrant salience is the “salience attribution test” as 
described by Roiser et al,64 which assesses speeding up 
of reaction times to relevant and irrelevant dimensions 
in an instrumental reward paradigm. Initially, this task 
revealed no overall group differences in reaction time 
measures of aberrant salience; however, among medi-
cated patients, the severity of delusions was positively 
correlated with explicit measures of aberrant salience 
(ratings after the task).64 Unmedicated people at risk 
for psychosis exhibited greater measures of explicit 
aberrant salience, and this was correlated with sever-
ity of delusion-like symptoms.65 A recent study for the 
first time reported elevated implicit aberrant salience 
in medicated patients compared with healthy controls, 
based on reaction-time measurements during the task.66 

Healthy individuals with subclinical delusional experi-
ences showed intermediate aberrant salience levels, 
though this was not significantly different from healthy 
controls.66 In this study by Pankow et al, implicit aber-
rant salience was also negatively correlated with neu-
ral processing of self-reference in medial prefrontal 
cortex of medicated patients. Another study in healthy 
individuals reported a negative correlation between 
aberrant salience and coding of reward prediction er-
rors in ventral striatum and orbitofrontal cortex.67 Both 
studies support the idea that high levels of aberrant sa-
lience can interfere with coding motivationally relevant 
stimuli and are in line with a dimensional perspective 
on positive symptoms—in particular, delusions—in the 
population.68,69 Nevertheless, these findings require fur-
ther validation, most importantly among unmedicated 
patients. Probing the driving variables in these seem-
ingly anticorrelated processes would be of great rel-
evance but can be challenging to achieve experimen-
tally.59 Adding to the existing evidence for the potential 
of dopamine agonists to induce psychosis, Boehme et 
al67 found a positive correlation of ventral striatal dopa-
mine synthesis capacity with implicit aberrant salience 
in healthy individuals, and a study in Parkinson disease 
supports this link more directly via a pharmacological 
design with dopamine agonists.70 In studies with pa-
tients, a correlation of striatal dopamine synthesis ca-
pacity with positive symptoms was found to be less con-
sistent than in the PET studies that challenge dopamine 
release,6 but the great clinical relevance of this measure 
of presynaptic dopamine function is underlined by the 
observation that it is elevated before the onset of the 
illness,71,72 predicts the transition to schizophrenia,73,74 
and distinguishes treatment responders from nonre-
sponders.75 These studies have also pointed toward 
some important regional specificity with respect to the 
latter findings, which we will describe in the section of 
this review addressing topography within the striatum. 

Striatal learning signals

So far, we have discussed fMRI studies of reward an-
ticipation and processing mainly using the MID task in 
conjunction with neurochemical PET studies of striatal 
dopamine function. As described in the previous sec-
tion, these neurochemical PET studies have great clini-
cal validity in terms of striatal dopamine being involved 
in positive symptoms and their treatment response, as 
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well as elevation of striatal dopamine synthesis capac-
ity predicting the course of the disorder and treatment 
resistance. Regarding task-based fMRI studies, the pic-
ture is less clear, in particular due to a lack of longitu-
dinal studies (but see ref 30 for a notable exception) 
and the inconsistent results regarding symptom corre-
lations. To target the latter question, it seems important 
to examine the temporal dynamics of reward-based 
learning and decision making more closely. This can 
help to identify specific behavioral readouts to address 
heterogeneity in symptoms. Encouraging the hope that 
this promise will hold is evidence from cognitive (neu-
ro-) science that many behavioral tasks are not process 
pure. For example, even simple reinforcement learning 
tasks put some load on working memory; thus, even 
many supposedly very basic processes receive influ-
ences from higher-order systems.76 One comprehensive 
principle stems from so-called dual (or multiple) system 
theories proposing reflexive versus reflective, automatic 
versus deliberative, slow versus rapid, or habitual ver-
sus goal-directed systems.77 It is important to note that 
these functions evolve dynamically over time, which is 
also a fundamental principle of brain signals. In recent 
years, cognitive neuroscience has provided convinc-
ing evidence that such systems work in parallel, with 
considerable interindividual differences, but that their 
integration is much tighter than previously assumed, 
behaviorally, but most surprisingly also regarding their 
neural instantiation.78 One illustrative example is that 
the ventral striatum codes components of both habitual 
and goal-directed decision-making systems with inter-
individual differences reflecting the influence of both 
systems.78 This behavioral has been replicated twice79,80 
and also found to be similar with different tasks in other 
studies.81-83 The isolation of such components in behav-
ioral and neural data could improve the specificity of 
relationships between neural data and clinical ratings 
tremendously. However, this requires a constant mutual 
refinement of experiments and their analytic tools—in 
particular, computational models—as they allow for a 
priori simulation when planning new experimental de-
signs and a posteriori analysis on a trial-by-trial level 
after the data are collected. Therefore, addressing the 
temporal dynamics underlying learning and decision-
making can provide a deeper understanding into symp-
tom-specific and disease-specific processes associated 
with schizophrenia.58 In the following, we will discuss 
three illustrative examples for this approach,52,84,85 which 

has recently been framed within the larger agenda of 
computational psychiatry.59,86-88 
 First, based on a series of studies by Gold, Waltz, 
and their colleagues in conjunction with neurocompu-
tational models of the dopamine system by Frank and 
colleagues, there is evidence for a deficit in patients to 
learn from rewards, whereas learning from punishment 
remains spared (for a summary, see ref 89). After the 
initial findings, Gold et al85 examined learning from re-
wards contrasted with learning from punishments by 
using an instrumental decision-making task in medicat-
ed, chronically ill patients. The deficit in learning from 
rewards was particularly pronounced in patients with 
high levels of negative symptoms, whereas learning 
from punishment was relatively intact. A similar find-
ing was also reported in two independent studies.90,91 
Gold et al85 also collected data from a post-acquisition 
test where participants could select previously learned 
stimuli from newly combined pairs across reward and 
punishment conditions. In controls, two patterns of be-
havior were observed in this test phase: (i) “choosing 
frequent winners over frequent loss avoiders,” demon-
strating sensitivity to actual outcome values, which are 
always higher in the reward condition; (ii) “choosing the 
frequent loss avoiders over infrequent winners,” show-
ing no sensitivity to actual outcome values. Intriguingly, 
patients with high levels of negative symptoms showed 
the latter pattern of behavior. To gain an understanding 
of the behavioral mechanisms, the authors tested two 
variants of reinforcement learning to explain the ob-
served behavior. One algorithm was Q-learning, where 
in reward and punishment conditions, each of the two 
stimuli available for action is associated with a single 
value that signals the expected outcome; these expected 
values are used to compute a prediction error to up-
date values. Therefore, this model represents specific 
expected outcome value and thus results in “choosing 
frequent winners over frequent loss avoiders.”85 In con-
trast, a more rigid actor-critic algorithm cannot give this 
pattern of behavior, but it can explain choices in line 
with “choosing the frequent loss avoiders over infre-
quent winners.” This is because it learns only one state 
value for reward and punishment conditions via predic-
tion errors. Consistent with this, frequent loss avoiders 
are learned similarly from positive prediction errors as 
frequent winners. Thus, at the end of learning, frequent 
loss avoiders are preferred over infrequent winners. 
As both aspects of behavior were observed across pa-
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tients and controls, a combination of both algorithms 
explained the behavior best potentially reflecting influ-
ences of a rapid prefrontal-orbitofrontal system (Q-
learning) versus a slow striatal system (actor-critic). 
Strikingly, a weighting parameter, reflecting the relative 
influence of each mechanism in an individual, was bi-
ased toward actor-critic learning in patients with high 
levels of negative symptoms. This study represents one 
illustrative example of how specific cognitive decision-
making tasks can be parsed into different mechanisms 
at work that map on a specific symptom dimension in 
patients—in this case, negative symptoms. 
 The second example stems from work into flexible 
behavioral adaptation using reversal-learning tasks. 
Worth mentioning from a clinical perspective, medi-
cation-naive, first-episode patients display impaired 
flexible adjustment of behavior to changes in the envi-
ronment,92 indicating that these deficits are not due to 
neuroleptic medication or chronic disease course and 
remain relatively stable over time (6 years), indepen-
dent of general effects of IQ.93 Targeting the putative 
mechanism underlying this important behavioral defi-
cit, Schlagenhauf et al52 studied reversal learning during 
fMRI complemented by computational modeling of the 
observed choice behavior, notably in unmedicated pa-
tients. The computational modeling analysis showed that 
a flexible, belief-based hidden Markov model was the 
best fit with the behavioral data when compared with 
variants of reinforcement-learning models. The hidden 
Markov model dynamically updates the probability of 
being in one of the two task states, hence the probability 
that one of the two stimuli is the one with the higher 
reward probability. This represents the anticorrelated or 
counterfactual structure inherent to this reversal task52 
and to most serial reversal learning tasks.94 In line with 
the observed choices, this model revealed an increased 
tendency to switch to be a key mechanism of impaired 
reversal learning in patients. One subgroup of patients 
who performed the task rather poorly and whose 
choices could not be explained better than chance by 
any model also showed reduced sensitivity to rewards 
and significantly higher levels of positive symptoms. On 
the neural level, ventral striatal learning signals were 
reduced in unmedicated patients, a finding based not 
only on prediction errors from a reinforcement-learning 
model (Figure 1B and 1C), but also on punished trials 
that were informative about shifts in action-outcome 
contingencies as inferred by the hidden Markov model. 

Interestingly, another subgroup of patients with insight 
into the task structure showed relatively intact prefron-
tal activation to these informative punishments, whereas 
ventral striatal learning signals remained reduced.52 This 
striatal finding is consistent with the assumption of im-
paired dopamine-dependent striatal error signaling, po-
tentially due to excessive striatal presynaptic dopamine 
function. This interpretation can also account for the 
increased tendency to switch in unmedicated patients. 
This study nicely shows that computational models of 
choice data acquired during reversal learning can en-
able the identification of behavioral key mechanisms 
and helps to isolate neural differences—here, reduced 
ventral striatal learning signals—as a likely consequence 
of interindividual variation in striatal dopamine excess. 
Supporting this view, one study found reduced coding of 
reward prediction errors in ventral striatum (and medial 
prefrontal cortex) under methamphetamine challenge 
in healthy individuals.95 Consistent with this, ventral 
striatal reward prediction errors from a reinforcement-
learning model were reported in two independent stud-
ies to be negatively correlated with ventral striatal pre-
synaptic dopamine in healthy individuals.79,96 In addition 
to this negative correlation, Deserno et al79 could also 
demonstrate that ventral striatal presynaptic dopamine 
positively relates to neural signatures of goal-directed 
behavioral control in the prefrontal cortex, underlining 
that the computational approach to decision making 
can also crucially inform multimodal imaging studies—
in this case, fMRI and neurochemical PET. This result 
is consistent with the notion that striatal dopamine 
may gate environmental information to the prefron-
tal cortex.97 Importantly, the study by Schlagenhauf et 
al52 investigated unmedicated patients; thus, medica-
tion effects are unlikely to play a role. Future studies 
should clarify whether these striatal and behavioral ef-
fects generalize to medicated patients. Interestingly, in 
healthy individuals, pretreatment with amisulpride did 
not protect against the disruption of ventral striatal re-
ward prediction by methamphetamine.95 Behaviorally, 
increased switching was, however, observed in two in-
dependent studies using probabilistic reversal learning 
in medicated patients, but these studies did not apply 
computational modeling.98,99 Systematic investigations 
of the behavioral and neural processes as a function of 
medication status remain to be carried out. 
 The above-described examples have contrasted 
more flexible versus more rigid learning algorithms to 
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analyze behavioral choice data. There is overwhelm-
ing evidence for a cognitive deficit in schizophrenia, eg, 
with respect to working memory. In line with dual-pro-
cess theories, it is conceivable that even a very simple 
motivational task, such as deterministic reinforcement 
learning, could be influenced by higher cognitive func-
tions, such as working memory.75 Thus, it would be of 
great interest to explore to what extent reinforcement 
learning deficits can actually be attributed to working-
memory impairments. This requires appropriate experi-
mental designs and computational analysis to dissociate 
the underlying mechanisms. One such example is the 
study by Collins et al84 in patients receiving long-term 
medication; by using a deterministic reinforcement 
learning task with systematic variation of set size, the 
authors found that the overall observed deficit in learn-
ing was entirely attributed to parameters derived from 
the working-memory component of the model. Valid-
ity of the working-memory parameters obtained from 
computational modeling was demonstrated via princi-
ple component analysis on model parameters and a cor-
relation of the identified working memory component 
with independent measures of working memory.84 This 
exemplary study is of importance, as cognitive deficits 
and negative symptoms share some variance and are 
both predictive for clinical outcome.100,101 A further dis-
section of these mechanisms could greatly improve our 
understanding of symptom dimensions. 

Topography within the striatum

So far, we have discussed likely consequences, and 
some potential causes, of striatal presynaptic dopamine 
excess as it is observed in schizophrenia. Currently, two 
meta-analyses have confirmed this finding when look-
ing at the entire striatum.6,8 However, there is consider-
able variability within the striatum. The so-called capac-
ity for dopamine release,9 a summary label for FDOPA 
PET and the challenge studies, shows higher signals 
along a dorsal to ventral, or sensorimotor to limbic, 
gradient in healthy individuals.102 Most of the discussed 
task-based functional imaging studies revealed the ven-
tral striatum (or limbic striatum, Figure 2) to code re-
ward anticipation as well as prediction errors. This ap-
pears plausible based on the dense innervation that this 
striatal subregion receives from the ventral tegmental 
area (Figure 2), where phasic dopamine bursts signal a 
reward prediction error.21 Interestingly, although pre-

synaptic striatal dopamine is most likely elevated in 
all subregions, there is some evidence that this effect 
is most pronounced in more dorsorostral parts,103 also 
named the associative striatum (Figure 2). Interesting-
ly, in the latter study, this finding was related to nega-
tive symptoms in patients. This clearly points toward 
the idea that this observation results from interactions 
within frontostriatal loops (Figure 2). In this regard, the 
associative striatum has relatively specific connections 
with the frontal cortex.104 A dysfunction of this region 
has been proposed to be a key player in schizophre-
nia,105 in particular for cognitive deficits,106,107 and was 
shown to be related to striatal hyperdopaminergia in 
patients48 and at-risk individuals.49 

Figure 2.  Schematic illustration of frontostriatal connections with a 
focus on the ventral striatum. Blue arrows, inputs; gray ar-
rows, outputs; Amy, amygdala; BNST, bed nucleus stria ter-
minalis; dACC, dorsal anterior cingulate cortex; DPFC, dorsal 
prefrontal cortex; Hipp, hippocampus; Hypo, hypothalamus; 
MD, mediodorsal nucleus of the thalamus; NB, nucleus 
basalis; OFC, orbitofrontal cortex; PPT, pedunculopontine 
nucleus; S, shell; SN, substantia nigra; THAL, thalamus; VP, 
ventral pallidum; VTA, ventral tegmental area; vmPFC, ven-
tral medial prefrontal cortex. 

  Reprinted from ref 104: Haber SN, Knutson B. The reward circuit: link-
ing primate anatomy and human imaging. Neuropsychopharmacol-
ogy. 2010;35(1):4-26. Copyright © Nature Publishing Group, 2009
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 Animal research demonstrated that experimentally 
induced overexpression of D2 receptors can result in 
prefrontal dysfunction associated with low prefron-
tal dopamine function.108 However, findings regarding 
changes in D2 receptors in schizophrenia patients remain 
debatable and are likely secondary to antipsychotic 
treatment.6 It was also shown that developmentally ear-
ly temporolimbic lesions result in an impaired prefron-
tal regulation of striatal dopamine function.109,110 Stud-
ies focusing on glutamate (NMDA receptor)-mediated 
plasticity also support this notion of a secondary striatal 
dopamine excess.12 Recent advances in neurochemical 
PET imaging provided important results by showing 
that cortical and extrastriatal subcortical dopamine re-
lease is widely blunted.111 This supports the idea of an 
overall cortical dopamine deficit in addition to the well-
know presynaptic elevation in the striatum; however, 
these findings are inconclusive regarding a causal chain 
of these alterations. One well-known developmental 
animal model of schizophrenia has established a key, 
most likely causal, role for increased glutamate release 
from the ventral hippocampus to the ventral striatum 
underlying excessive dopamine dysregulation.112 This 
emphasizes the role of hippocampal-striatal connectiv-
ity, again supportive of striatal dopamine dysregulation 
being secondary to dysfunctions in other brain areas. 
Predictions of this model are being translated to human 
studies.113 In line with this, a recent combined magnetic 
resonance spectroscopy and FDOPA PET study found 
local (ventral) striatal glutamate levels, probably con-
veyed by hippocampal inputs, to be positively correlat-
ed with ventral striatal presynaptic dopamine in healthy 
individuals.47 Overall, the presented view fits well with 
the neurodevelopmental hypothesis114-116 of schizophre-
nia and with recent twin studies,117 which point toward 
important shared genetic and environmental effects on 
neuromodulatory function in frontohippocampal and 
frontostriatal networks. 

Conclusion and outlook

In this review, we have discussed functional and behav-
ioral consequences of elevated striatal dopamine func-
tion as observed in schizophrenia. Consistently, ventral 
striatal reward anticipation and ventral striatal coding 
of reward prediction errors were reduced in unmedi-
cated patients.26,52 For studies of reward anticipation 
and processing, there is a mixed picture with respect to 

clinical correlations. In the section on striatal learning 
signals, we have suggested specifically designed deci-
sion-making tasks in conjunction with computational 
models of choice behavior as a promising way to over-
come these inconsistencies and have discussed three 
exemplary studies using this approach in patients.52,84,85 
Delineating more clearly how such computationally 
specified cognitive and motivational subprocesses re-
late to the functional topography of dopamine within 
the striatum would be illuminating. This requires a 
translational bridge between animal and human re-
search as well as computational and clinically guided 
neuroscience. Computational psychiatry is a promising 
framework to achieve this.59,86-88 
 In this brief outlook section, we would like to point 
toward three aspects that appear of particular impor-
tance for future studies. Firstly, using decision-making 
tasks with computational modeling has proven fruit-
ful, as described in the section on striatal learning sig-
nals. This can help to dissociate neural signatures in 
fMRI data, and multimodal imaging with neurochemi-
cal measurements have also proven to further reveal 
specific associations with neurotransmitter systems74 
and are applicable in patients.48,49 Secondly, antipsy-
chotic medication remains a crucial issue. Although it 
is worth emphasizing the importance of still relatively 
rare studies with unmedicated or medication-naive 
patients,27,52,111 systematic comparisons of medication 
status are warranted. In combination with the com-
putational approach to decision making pursued here, 
this could provide important insight regarding treat-
ment response by subgrouping patients with respect to 
specific behavioral mechanisms or the neuronal imple-
mentation of these mechanisms.88,118 In fact, knowing 
“who should be treated how” based on a biological 
stratification may greatly improve clinical effects. This 
seems promising because such decision-making mod-
els mirror important aspects of the function of the main 
neuromodulatory systems targeted by the well-known 
antipsychotics: most prominently dopamine,20,79 but 
also serotonin119 and acetylcholine.120 Furthermore, 
such tasks and tools are feasible and patient friend-
ly. In contrast, although neurochemical imaging has 
substantially improved our insight into the dopamine 
system in schizophrenia, these measurements are ex-
pensive and are associated with a high logistic burden, 
which renders any future clinical application unlikely. 
Thirdly, despite the promising advances based on com-
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putational approaches, there is unfortunately a lack 
of longitudinal studies in psychiatric neuroscience in 
general. These studies are urgently required to assess 
the relevance for clinical outcome prediction of any of 
the measures discussed here. Thus, a combination of 
computational approaches to reward-based decision 
making with functional neuroimaging in longitudinal 

multicenter studies, also in adolescents or at-risk indi-
viduals,121 can pave the way to promising progress.  o
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Dopamina estriatal, recompensa y toma de 
decisiones en la esquizofrenia 

El aumento de la función dopaminérgica estriatal es uno 
de los hallazgos mejor establecidos en la esquizofrenia. 
En esta revisión se discuten las causas y consecuencias 
de esta alteración de la dopamina estriatal. Inicialmente 
se resumen los primeros hallazgos en relación con los 
procesos de recompensa y anticipación en el estriado 
empleando neuroimágenes funcionales. En segundo 
lugar se presenta una serie de estudios recientes que 
ejemplifican una forma especial de investigación: una 
combinación de aprendizaje por refuerzo basado en la 
teoría y tareas de toma de decisiones en combinación 
con modelos computacionales y neuroimágenes fun-
cionales. Se discute por qué esta forma representa una 
herramienta promisoria para comprender los mecanis-
mos subyacentes de dimensiones sintomáticas mediante 
la disección de la contribución de sistemas de control 
conductual múltiple trabajando en paralelo. También se 
discute cómo se puede avanzar en la comprensión de 
la implementación neurobiológica de tales funciones. 
En tercer lugar, se revisa la evidencia relacionada con la 
topografía de la disfunción dopaminérgica dentro del 
estriado. Por último se presentan las conclusiones y se 
destacan aspectos importantes para ser considerados en 
futuros estudios. 

Dopamine striatale, récompense et prise de 
décision dans la schizophrénie

La schizophrénie se caractérise par un taux élevé de 
dopamine striatale. Dans cet article, nous analysons les 
causes et les conséquences de cette modification de la 
dopamine striatale. Nous résumons tout d’abord les 
premiers résultats obtenus par neuro-imagerie fonc-
tionnelle, concernant l’anticipation et le processus de 
récompense striatale. Deuxièmement, nous présentons 
une série d’études récentes emblématiques d’une re-
cherche particulière : une association d’apprentissages 
par renforcement basés sur la théorie et de tests de prise 
de décision combinés à une modélisation informatique 
et à la neuro-imagerie fonctionnelle. Nous analysons 
pourquoi cette approche représente un outil promet-
teur pour la compréhension des mécanismes sympto-
matiques sous-jacents en étudiant l’apport de multiples 
systèmes de contrôle comportementaux travaillant en 
parallèle. Nous analysons aussi la façon dont cela peut 
améliorer notre compréhension de la mise en place 
neurobiologique de telles fonctions. Troisièmement, 
nous passons en revue les arguments sur la topographie 
de la dysfonction de la dopamine au sein du striatum. 
Enfin nous présentons nos conclusions et soulignons les 
aspects importants à considérer dans des études ulté-
rieures.

38. Grimm O, Heinz A, Walter H, et al. Striatal response to reward antici-
pation: evidence for a systems-level intermediate phenotype for schizo-
phrenia. JAMA Psychiatry. 2014;71(5):531-539.
39. Huttunen J, Heinimaa M, Svirskis T, et al. Striatal dopamine synthe-
sis in first-degree relatives of patients with schizophrenia. Biol Psychiatry. 
2008;63(1):114-117.
40. Knutson B, Bjork JM, Fong GW, Hommer D, Mattay VS, Weinberg-
er DR. Amphetamine modulates human incentive processing. Neuron. 
2004;43(2):261-269.
41. Schott BH, Minuzzi L, Krebs RM, et al. Mesolimbic functional mag-
netic resonance imaging activations during reward anticipation cor-
relate with reward-related ventral striatal dopamine release. J Neurosci. 
2008;28(52):14311-14319.
42. Francois J, Grimm O, Schwarz AJ, et al. Ketamine suppresses the ven-
tral striatal response to reward anticipation: a cross-species translational 
neuroimaging study. Neuropsychopharmacology. 2015 Sep 21. Epub ahead 
of print. doi:10.1038/npp.2015.291.
43. Smith GS, Schloesser R, Brodie JD, et al. Glutamate modulation of 
dopamine measured in vivo with positron emission tomography (PET) 
and 11C-raclopride in normal human subjects. Neuropsychopharmacology. 
1998;18(1):18-25.
44. Kegeles LS, Abi-Dargham A, Zea-Ponce Y, et al. Modulation of am-
phetamine-induced striatal dopamine release by ketamine in humans: 
implications for schizophrenia. Biol Psychiatry. 2000;48(7):627-640.
45. Usun Y, Eybrard S, Meyer F, Louilot A. Ketamine increases striatal dopa-
mine release and hyperlocomotion in adult rats after postnatal functional 
blockade of the prefrontal cortex. Behav Brain Res. 2013;256:229-237.

46. Del Arco A, Segovia G, Mora F. Blockade of NMDA receptors in the pre-
frontal cortex increases dopamine and acetylcholine release in the nucleus 
accumbens and motor activity. Psychopharmacology (Berl). 2008;201(3):325-
338.
47. Gleich T, Deserno L, Lorenz RC, et al. Prefrontal and striatal glutamate 
differently relate to striatal dopamine: potential regulatory mechanisms 
of striatal presynaptic dopamine function? J Neurosci. 2015;35(26):9615-
9621.
48. Meyer-Lindenberg A, Miletich RS, Kohn PD, et al. Reduced prefrontal 
activity predicts exaggerated striatal dopaminergic function in schizo-
phrenia. Nat Neurosci. 2002;5(3):267-271.
49. Fusar-Poli P, Howes OD, Allen P, et al. Abnormal frontostriatal interac-
tions in people with prodromal signs of psychosis: a multimodal imaging 
study. Arch Gen Psychiatry. 2010;67(7):683-691.
50. Schlagenhauf F, Sterzer P, Schmack K, et al. Reward feedback altera-
tions in unmedicated schizophrenia patients: relevance for delusions. Biol 
Psychiatry. 2009;65(12):1032-1039.
51. Waltz JA, Schweitzer JB, Gold JM, et al. Patients with schizophrenia 
have a reduced neural response to both unpredictable and predict-
able primary reinforcers. Neuropsychopharmacology. 2009;34(6):1567- 
1577.
52. Schlagenhauf F, Huys QJ, Deserno L, et al. Striatal dysfunction dur-
ing reversal learning in unmedicated schizophrenia patients. Neuroimage. 
2014;89:171-180.
53. Abi-Dargham A, Rodenhiser J, Printz D, et al. Increased baseline oc-
cupancy of D2 receptors by dopamine in schizophrenia. Proc Natl Acad Sci 
U S A. 2000;97(14):8104-8109.



C l i n i c a l  r e s e a r c h

88

54. Wotruba D, Heekeren K, Michels L, et al. Symptom dimensions are 
associated with reward processing in unmedicated persons at risk for psy-
chosis. Front Behav Neurosci. 2014;8:382.
55. Hagele C, Schlagenhauf F, Rapp M, et al. Dimensional psychiatry: re-
ward dysfunction and depressive mood across psychiatric disorders. Psy-
chopharmacology (Berl). 2015;232(2):331-341.
56. Button KS, Ioannidis JP, Mokrysz C, et al. Power failure: why small 
sample size undermines the reliability of neuroscience. Nat Rev Neurosci. 
2013;14:365-376.
57. Galderisi S, Bucci P, Mucci A, et al. Categorical and dimensional ap-
proaches to negative symptoms of schizophrenia: focus on long-term sta-
bility and functional outcome. Schizophr Res. 2013;147:157-162.
59. Deserno L, Boehme R, Heinz A, Schlagenhauf F. Reinforcement learn-
ing and dopamine in schizophrenia: dimensions of symptoms or specific 
features of a disease group? Front Psychiatry. 2013;4:172.
59. Stephan KE, Mathys C. Computational approaches to psychiatry. Curr 
Opin Neurobiol. 2014;25:85-92.
60. King R, Barchas JD, Huberman BA. Chaotic behavior in dopamine neu-
rodynamics. Proc Natl Acad Sci U S A. 1984 ;81:1244-1247.
61. Pankow A, Friedel E, Sterzer P, et al. Altered amygdala activation 
in schizophrenia patients during emotion processing. Schizophr Res. 
2013;150(1):101-106.
62. Jensen J, Willeit M, Zipursky RB, et al. The formation of abnormal 
associations in schizophrenia: neural and behavioral evidence. Neuropsy-
chopharmacology. 2008;33(3):473-479.
63. Romaniuk L, Honey GD, King JR, et al. Midbrain activation during Pav-
lovian conditioning and delusional symptoms in schizophrenia. Arch Gen 
Psychiatry. 2010;67(12):1246-1254.
64. Roiser JP, Stephan KE, den Ouden HE, Barnes TR, Friston KJ, Joyce EM. 
Do patients with schizophrenia exhibit aberrant salience? Psychol Med. 
2009;39(2):199-209.
65. Roiser JP, Howes OD, Chaddock CA, Joyce EM, McGuire P. Neural and 
behavioral correlates of aberrant salience in individuals at risk for psycho-
sis. Schizophr Bull. 2013;39(6):1328-1336.
66. Pankow A, Katthagen T, Diner S, et al. Aberrant salience is related 
to dysfunctional self-referential processing in psychosis. Schizophr Bull. 
2016;42(1):67-76.
67. Boehme R, Deserno L, Gleich T, et al. Aberrant salience is related to 
reduced reinforcement learning signals and elevated dopamine synthesis 
capacity in healthy adults. J Neurosci. 2015;35(28):10103-10111.
68. van Os J, Kenis G, Rutten BP. The environment and schizophrenia. Na-
ture. 2010;468(7321):203-212.
69. Heinz A, Deserno L, Reininghaus U. Urbanicity, social adversity and 
psychosis. World Psychiatry. 2013;12(3):187-197.
70. Nagy H, Levy-Gigi E, Somlai Z, Takats A, Bereczki D, Keri S. The effect 
of dopamine agonists on adaptive and aberrant salience in Parkinson’s 
disease. Neuropsychopharmacology. 2012;37(4):950-958.
71. Egerton A, Chaddock CA, Winton-Brown TT, et al. Presynaptic striatal 
dopamine dysfunction in people at ultra-high risk for psychosis: findings 
in a second cohort. Biol Psychiatry. 2013;74(2):106-112.
72. Howes OD, Montgomery AJ, Asselin MC, et al. Elevated striatal do-
pamine function linked to prodromal signs of schizophrenia. Arch Gen 
Psychiatry. 2009;66(1):13-20.
73. Howes O, Bose S, Turkheimer F, et al. Progressive increase in striatal 
dopamine synthesis capacity as patients develop psychosis: a PET study. 
Mol Psychiatry. 2011;16(9):885-886.
74. Howes OD, Bose SK, Turkheimer F, et al. Dopamine synthesis capacity 
before onset of psychosis: a prospective [18F]-DOPA PET imaging study. Am 
J Psychiatry. 2011;168(12):1311-1317.
75. Demjaha A, Murray RM, McGuire PK, Kapur S, Howes OD. Dopamine 
synthesis capacity in patients with treatment-resistant schizophrenia. Am 
J Psychiatry. 2012;169(11):1203-1210.
76. Collins AG, Frank MJ. How much of reinforcement learning is working 
memory, not reinforcement learning? A behavioral, computational, and 
neurogenetic analysis. Eur J Neurosci. 2012;35(7):1024-1035.
77. Dolan RJ, Dayan P. Goals and habits in the brain. Neuron. 2013;80(2):312-325.
78. Daw ND, Gershman SJ, Seymour B, Dayan P, Dolan RJ. Model-based 
influences on humans’ choices and striatal prediction errors. Neuron. 
2011;69(6):1204-1215.

79. Deserno L, Huys QJ, Boehme R, et al. Ventral striatal dopamine reflects 
behavioral and neural signatures of model-based control during sequen-
tial decision making. Proc Natl Acad Sci U S A. 2015;112(5):1595-1600.
80. Deserno L, Wilbertz T, Reiter AMF, et al. Lateral prefrontal model-
based signals are reduced in healthy individuals with high trait impulsiv-
ity. Transl Psychiatry. 2015;5:e659.
81. Simon DA, Daw ND. Neural correlates of forward planning in a spatial 
decision task in humans. J Neurosci. 2011;31(14):5526-5539.
82. Wimmer GE, Daw ND, Shohamy D. Generalization of value in rein-
forcement learning by humans. Eur J Neurosci. 2012;35(7):1092-1104.
83. Li J, Daw ND. Signals in human striatum are appropriate for policy 
update rather than value prediction. J Neurosci. 2011;31(14):5504-5511.
84. Collins AG, Brown JK, Gold JM, Waltz JA, Frank MJ. Working memory 
contributions to reinforcement learning impairments in schizophrenia. J 
Neurosci. 2014;34(41):13747-13756.
85. Gold JM, Waltz JA, Matveeva TM, et al. Negative symptoms and the 
failure to represent the expected reward value of actions: behavioral and 
computational modeling evidence. Arch Gen Psychiatry. 2012;69(2):129-
138.
86. Montague PR, Dolan RJ, Friston KJ, Dayan P. Computational psychia-
try. Trends Cogn Sci. 2012;16(1):72-80.
87. Wang XJ, Krystal JH. Computational psychiatry. Neuron. 2014;84(3):638-
654.
88. Stephan KE, Iglesias S, Heinzle J, Diaconescu AO. Translational per-
spectives for computational neuroimaging. Neuron. 2015;87(4):716-732.
89. Frank MJ. Schizophrenia: a computational reinforcement learning 
perspective. Schizophr Bull. 2008;34(6):1008-1011.
90. Somlai Z, Moustafa AA, Keri S, Myers CE, Gluck MA. General function-
ing predicts reward and punishment learning in schizophrenia. Schizophr 
Res. 2011;127(1-3):131-136.
91. Yilmaz A, Simsek F, Gonul AS. Reduced reward-related probability 
learning in schizophrenia patients. Neuropsychiatr Dis Treat. 2012;8:27-34.
92. Murray GK, Cheng F, Clark L, et al. Reinforcement and reversal learn-
ing in first-episode psychosis. Schizophr Bull. 2008;34(5):848-855.
93. Leeson VC, Robbins TW, Matheson E, et al. Discrimination learning, 
reversal, and set-shifting in first-episode schizophrenia: stability over six 
years and specific associations with medication type and disorganization 
syndrome. Biol Psychiatry. 2009;66(6):586-593.
94. Doll BB, Simon DA, Daw ND. The ubiquity of model-based reinforce-
ment learning. Curr Opin Neurobiol. 2012;22(6):1075-1081.
95. Bernacer J, Corlett PR, Ramachandra P, et al. Methamphetamine-
induced disruption of frontostriatal reward learning signals: relation to 
psychotic symptoms. Am J Psychiatry. 2013;170(11):1326-1334.
96. Schlagenhauf F, Rapp MA, Huys QJ, et al. Ventral striatal prediction 
error signaling is associated with dopamine synthesis capacity and fluid 
intelligence. Hum Brain Mapp. 2013;34(6):1490-1499.
97. Braver TS, Cohen JD. Dopamine, cognitive control, and schizophrenia: 
the gating model. Prog Brain Res. 1999;121:327-349.
98. Waltz JA, Kasanova Z, Ross TJ, et al. The roles of reward, default, and 
executive control networks in set-shifting impairments in schizophrenia. 
PLoS One. 2013;8(2):e57257.
99. Culbreth AJ, Gold JM, Cools R, Barch DM. Impaired activation in cogni-
tive control regions predicts reversal learning in schizophrenia. Schizophr 
Bull. 2015 Jun 6. Epub ahead of print. pii:sbv075.
100. Bowie CR, Leung WW, Reichenberg A, et al. Predicting schizophrenia 
patients’ real-world behavior with specific neuropsychological and func-
tional capacity measures. Biol Psychiatry. 2008;63(5):505-511.
101. Gonzalez-Ortega I, de Los Mozos V, Echeburua E, et al. Working 
memory as a predictor of negative symptoms and functional outcome in 
first episode psychosis. Psychiatry Res. 2013;206(1):8-16.
102. Martinez D, Slifstein M, Broft A, et al. Imaging human mesolimbic 
dopamine transmission with positron emission tomography. Part II: am-
phetamine-induced dopamine release in the functional subdivisions of 
the striatum. J Cereb Blood Flow Metab. 2003;23(3):285-300.
103. Kegeles LS, Abi-Dargham A, Frankle WG, et al. Increased synaptic 
dopamine function in associative regions of the striatum in schizophrenia. 
Arch Gen Psychiatry. 2010;67(3):231-239.
104. Haber SN, Knutson B. The reward circuit: linking primate anatomy 
and human imaging. Neuropsychopharmacology. 2010;35(1):4-26.



Reward and dopamine in schizophrenia - Deserno et al Dialogues in Clinical Neuroscience - Vol 18 . No. 1 . 2016

105. Weinberger DR, Berman KF. Prefrontal function in schizophre-
nia: confounds and controversies. Philos Trans R Soc Lond B Biol Sci. 
1996;351(1346):1495-1503.
106. Manoach DS. Prefrontal cortex dysfunction during working memory 
performance in schizophrenia: reconciling discrepant findings. Schizophr 
Res. 2003;60(2-3):285-298.
107. Deserno L, Sterzer P, Wustenberg T, Heinz A, Schlagenhauf F. Re-
duced prefrontal-parietal effective connectivity and working memory 
deficits in schizophrenia. J Neurosci. 2012;32(1):12-20.
108. Kellendonk C, Simpson EH, Polan HJ, et al. Transient and selective 
overexpression of dopamine D2 receptors in the striatum causes persistent 
abnormalities in prefrontal cortex functioning. Neuron. 2006;49(4):603-615.
109. Saunders RC, Kolachana BS, Bachevalier J, Weinberger DR. Neonatal 
lesions of the medial temporal lobe disrupt prefrontal cortical regulation 
of striatal dopamine. Nature. 1998;393(6681):169-171.
110. Heinz A, Saunders RC, Kolachana BS, et al. Striatal dopamine recep-
tors and transporters in monkeys with neonatal temporal limbic damage. 
Synapse. 1999;32(2):71-79.
111. Slifstein M, van de Giessen E, Van Snellenberg J, et al. Deficits in 
prefrontal cortical and extrastriatal dopamine release in schizophrenia: 
a positron emission tomographic functional magnetic resonance imaging 
study. JAMA Psychiatry. 2015;72(4):316-324.
112. Lodge DJ, Grace AA. Aberrant hippocampal activity underlies the 
dopamine dysregulation in an animal model of schizophrenia. J Neurosci. 
2007;27(42):11424-11430.

113. Modinos G, Allen P, Grace AA, McGuire P. Translating the MAM mod-
el of psychosis to humans. Trends Neurosci. 2015;38(3):129-138.
114. Fatemi SH, Folsom TD. The neurodevelopmental hypothesis of 
schizophrenia, revisited. Schizophr Bull. 2009;35(3):528-548.
115. Weinberger DR. On the plausibility of “the neurodevelopmen-
tal hypothesis” of schizophrenia. Neuropsychopharmacology. 1996;14(3 
suppl):1S-11S.
116. Uhlhaas PJ, Singer W. The development of neural synchrony and 
large-scale cortical networks during adolescence: relevance for the 
pathophysiology of schizophrenia and neurodevelopmental hypothesis. 
Schizophr Bull. 2011;37(3):514-523.
117. Stokes PR, Shotbolt P, Mehta MA, et al. Nature or nurture? Determin-
ing the heritability of human striatal dopamine function: an [18F]-DOPA 
PET study. Neuropsychopharmacology. 2013;38(3):485-491.
118. Brodersen KH, Deserno L, Schlagenhauf F, et al. Dissecting psychiatric 
spectrum disorders by generative embedding. Neuroimage Clin. 2014;4:98-
111.
119. den Ouden HE, Daw ND, Fernandez G, et al. Dissociable effects of do-
pamine and serotonin on reversal learning. Neuron. 2013;80(4):1090-1100.
120. Iglesias S, Mathys C, Brodersen KH, et al. Hierarchical prediction er-
rors in midbrain and basal forebrain during sensory learning. Neuron. 
2013;80(2):519-530.
121. Schumann G, Loth E, Banaschewski T, et al. The IMAGEN study: rein-
forcement-related behaviour in normal brain function and psychopathol-
ogy. Mol Psychiatry. 2010;15(12):1128-1139.

89




