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Monday 26 May 2014 

 
Amphithéâtre Jules Ferry at Ecole Normale Supérieure (ENS). 

29 rue d’Ulm - 75005 Paris 
 
 
 

Morning - Session #1: Who is making decisions? cortex or basal ganglia 
 
 

8:30-8:50 Registration 
8:50-9:00 Welcome word 

 
9:00-9:35 Pete Redgrave. A crocodile in the basement. 

9:35-10:10 Masamichi Sakagami. Reward Inference by Prefrontal and Striatal neurons and their 
interaction. 

10:10-10:45 Aldo Genovesio. Evolution of goal decision related activity in the dorsal prefrontal 
cortex of macaques. 

  
Coffee break  
 

11:15-11:50 Camillo Padoa-Schioppa. Neuronal mechanism of good-based economic decisions. 
11:50-12:25 Nathaniel D. Daw. World models and reinforcement learning. 

  
 
 
Lunch time  
 

 
 
Afternoon - Session #2: New computational approaches to decision-making 
 
 

14:30-15:05 Alex Pouget. What limits performance in decision making? 
15:05-15:40 Jean Daunizeau. The evolution of mentalizing: a computational, behavioural and 

ethological approach. 
15:40-16:15 Etienne Koechlin. Reasoning in human decision-making and adaptive behavior. 

  
Coffee break  
 

16:45-17:20 Anne Collins. Generalization and transfer in structure learning. 
17:20-17:55 Matthew Botvinick. Hierarchical reinforcement learning and human behavior. 

  
18:00 Buffet / Apéritif – Cour aux Ernest, Ecole Normale Supérieure. 

  
 
 
 
  



 

 

Tuesday 27 May 2014 
 

Amphithéâtre of the Institut du Cerveau et de la Moelle Epinière (ICM). 
Hôpital Pitié-Salpêtrière, 47 boulevard de l'hôpital - 75013 Paris 

 
 
 

Morning - Session #3: A new player in decision-making: the hippocampus 
 
 

9:00-9:35 Sidney I. Wiener. Hippocampal activity related to acquisition and execution of a 
decision-making task: Comparisons with prefrontal and striatal activity. 

9:35-10:10 Genela Morris. The role of dopamine in shaping the hippocampal cognitive map. 
10:10-10:45 Karim Benchenane. Creation of an explicit memory trace during sleep: a causal role 

of place cell on representation of space. 
  

Coffee break & Poster session 
 

11:30-12:05 Roland Benoit. The episodic simulation of future affective states. 
12:05-12:40 Daphna Shohamy. Memory, value and decision making. 

  
 
 
Lunch time & Poster session 
 

 
 
Afternoon - Session #4: Neuromodulation of decision-making 
 
 

14:30-15:05 Bernard Balleine. Multiple neuromodulators mediate the influence of predictive 
learning on choice. 

15:05-15:40 Philippe Faure. Nicotinic modulation of dopaminergic system: impact on decision 
making. 

15:40-16:15 Kenji Doya. Patience, confidence, and serotonin. 
  

Coffee break & Poster session 
 

17:00-17:35 Roshan Cools. Affective and decision functions of serotonin. 
17:35-18:10 Molly Crockett. Neuromodulation of moral decision-making. 

  
 

19:00 Social event - Buffet with panoramic view on Paris, from the 24th floor of Tour 
Zamansky, on Université Pierre et Marie Curie (UPMC) campus. 

  
 
 
 
 
  



 

 

 
Wednesday 28 May 2014 

 
Amphithéâtre of the Institut du Cerveau et de la Moelle Epinière (ICM). 

Hôpital Pitié-Salpêtrière, 47 boulevard de l'hôpital - 75013 Paris 
 
 
 

Morning – Session #5: Maladaptive decisions in clinical conditions 
 
 

9:00-9:35 Klaas Stephan. Translational Neuromodeling. 
9:35-10:10 Stefano Palminteri. Outcome and confidence monitoring in reinforcement learning: 

evidence from clinical and pharmacological studies. 
10:10-10:45 Jonathan Roiser. Abnormal habenula function during punishment processing in 

depression. 
  

Coffee break & Poster session 
  

11:30-12:05 Mathias Pessiglione. Why don't you make an effort? Dissociation of motivational 
from motor disorders. 

12:05-12:40 Lesley Fellows. What decisional processes are disrupted by frontal lobe damage? 
  

 
 
Lunch time & Poster session 
 

 
 
Afternoon – Session #6: Who is more rational? Decision-making across species 
 
 

14:30-15:05 Tobias Kalenscher. Why be nice? Pro-social behaviour in rats and its neural basis. 
15:05-15:40 Elsa Addessi. Are capuchin monkeys ecologically rational? Decision-making over time 

and under risk in Sapajus spp. 
  

Coffee break & Poster session 
  

16:25-17:00 James Marshall. From house-hunting honeybees to Weber's law and speed-accuracy 
trade-offs. 

17:00-17:35 Ben Hayden. Information seeking, curiosity, and reward. 
 

17:45 Conclusion. 
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ABSTRACTS 
 
 
Session #1: Who is making decisions? cortex or basal ganglia 
Monday 26 May, morning – Ecole Normale Supérieure (ENS) 
 
 
Pete Redgrave (University of Sheffield, UK)  
“A crocodile in the basement” 
 
“Who is making decisions? Cortex or basal ganglia?”. This critical issue will be addressed from an 
evolutionary perspective. With the dramatic expansion of the cerebral cortex delayed for at least 340 million 
years, the need to interact with the cerebral cortex will have played little or no major role in the basal ganglia’s 
original evolution >400 million years ago.  However, insofar as both the macro- and micro-architectures of 
basal ganglia nuclei have been highly conserved, it is reasonable to assume that the computational problem(s) 
the basal ganglia evolved to solve have remained pressing for all vertebrate species.   What to look at (attend 
to) and what motivation should be allowed to guide behaviour are decisions that affect all vertebrates.  Using 
the superior colliculus (optic tectum – in non-mammals) as a model system, it appears that the re-entrant sub-
cortical loops that connect it with the basal ganglia can, in part, resolve the problem of what to look at.  
Generalising this model, the re-entrant-loops that connect cortical and sub-cortical structures with the basal 
ganglia are in a position to resolve parallel processed, but incompatible, motivational, cognitive and 
sensorimotor options that can guide behaviour. Because the cerebral cortex and the basal ganglia are both 
part of the macro-re-entrant loop architecture, which computational analyses and robotics have shown can 
act as a decision-making/selection mechanism, an answer to the original questions is ‘both’. 
 
 
Masamichi Sakagami (Tamagawa University, Japan) 
“Reward Inference by Prefrontal and Striatal neurons and their interaction” 
 
The brain contains multiple yet distinct systems involved in reward prediction. To understand the nature of 
these processes, we recorded single-unit activity from the lateral prefrontal cortex (LPFC) and the striatum of 
monkeys performing a reward inference task using an asymmetric reward schedule. Prefrontal neurons 
inferred the reward value (amount) of a stimulus, even when the monkeys had not yet learned the stimulus-
reward association directly. Striatal neurons, however, predicted the reward for the stimulus only after directly 
experiencing the stimulus-reward contingency. Our results suggest dissociable functions in their reward 
prediction, i.e., that the LPFC utilizes stimulus categorization in a generative process of reward inference, 
whereas the striatum applies direct experiences of stimulus-reward associations in the guidance of behavior. 
However, while the LPFC and striatum have mutual connections through direct and indirect pathways, it is 
not clear that how the two structures are interactive to make a reward prediction. To investigate this issue, we 
simultaneously recorded local field potential (LFP) from the both areas during monkey's performing the 
reward inference task and performed the Granger-causality analysis with the LFP data. Information flow 
from LPFC to striatum was larger than that from striatum to LPFC, particularly in correct trials, in trials with 
new stimulus and in small reward trials. 
 
 
Aldo Genovesio (Universita La Sapienza, Italy)  
“Evolution of goal decision related activity in the dorsal prefrontal cortex of macaques” 
 



 

 

Dorsal prefrontal cortex (PF) has an important role in the generation of goals based on context. We have 
found that this area encodes decisions about future goals by a task, modality, and domain specific activity that 
only later evolves in a more general abstract representation of goals. First, I will present how the decision 
process in the duration and distance domains starts as a domain dependent process coding which stimulus is 
either farther (spatial domain) or longer (duration domain) to represent only later the behavioral goal 
independently of the task domain. Second, I will show that the information about the previously chosen goal 
is maintained from one trial to the next when it is irrelevant to the task performance, in contrast to the 
information about other previous trials’ stimuli and events, indicating that dorsal PF contributes both to the 
generation and to the monitoring of the goal history. 
 
 
Camillo Padoa-Schioppa (Washington University St-Louis, USA)  
“Neuronal mechanism of good-based economic decisions” 
 
Two lines of evidence suggest that economic decisions between goods take place in the orbitofrontal cortex 
(OFC). First, together with the amygdala, OFC is the only brain region where lesions reliably impair value-
based choices. Second, neurophysiology and imaging studies show that the activity in OFC during economic 
decisions correlates with subjective values. More specifically, when monkeys choose between different goods, 
distinct groups of cells in the OFC encode three variables intimately related to the decision process: offer value, 
chosen value and chosen good. In principle, these populations could be sufficient to generate a decision. In recent 
work, we examined the relation between trial-by-trial fluctuations in the activity of individual cells and the 
decision made by the animal in any given trial. For offer value cells -- the putative input to the decision circuit -- 
such relation can be quantified using choice probabilities (CPs). Notably, CPs measured for offer value cells are 
one order of magnitude smaller than those reported for the middle temporal (MT) area during perceptual 
decisions. This fact might seem to challenge the hypothesis that decisions are based on offer value cells. 
However, CPs are closely related to neuronal noise correlations, and we find that noise correlations in the 
OFC are one order of magnitude smaller than those reported for MT. We thus examine a linear model in 
which decisions are generated through a linear combination of the activity of offer value cells. Assuming 
realistic noise correlations, we can reconstruct the CPs measured in the experiments imposing that 20-30% of 
offer value cells contribute to the decision with a negative read-out weight. Interestingly, this fraction 
corresponds closely to the fact that ~25% of offer value cells encode offer values with a negative slope. 
 
 
Nathaniel D. Daw (New-York University, USA)  
“World models and reinforcement learning” 
 
Trial-by-trial learning in decision tasks exhibits distinct contributions from two computational strategies, 
model-based and model-free. Our ability to dissociate these systems’ contributions in laboratory decision 
tasks has allowed us to examine many questions about their properties. I report on recent work studing the 
relationship between these computational algorithms and other capacities studied in cognitive neuroscience, 
including how model-based learning draws on episodic memory and cognitive control, and how these 
learning algorithms come to produce devaluation-sensitive or -insensitive decisions like those long studied in 
animals. Functional imaging data verify that model-based decisions draw on mental representations or 
simulations of anticipated states at decision time, and suggest that model-based and model-free systems are 
distinct at the level of cortex, but come together in the basal ganglia. 
 
 
Session #2: New computational approaches to decision-making 
Monday 26 May, afternoon – Ecole Normale Supérieure (ENS) 
 



 

 

 
Alexandre Pouget (University of Rochester, USA) 
“What limits performance in decision making?” 
 
 
Jean Daunizeau (INSERM – ICM, France) 
“The evolution of mentalizing: a computational, behavioural and ethological approach” 
 
What is so special about the way we behave in a social context? In general, we make decisions on the basis of 
their expected consequences, which we may have to learn from trial and error. However, when this involves 
predicting other peoples' overt reactions, we almost irrepressibly engage in rich and complex representations 
of their hidden mental states, such as beliefs, emotions, intentions, etc... In fact, one of the most critical 
aspect of human social cognition may be our insight that other peoples' behaviour is driven by their beliefs 
and preferences, rather than by what is objectively true or valuable. In its most sophisticated forms, such 
Theory of Mind (ToM) endows us with highly specific social skills, e.g.: convincing, teaching, lying, etc... Here 
ToM sophistication relates to the depth of our recursive beliefs, as in "I believe that you believe that I intend 
to...". In this talk, I will address the question of the evolutionary foundation of primates' mentalizing skills. 
First, I will expose an information theoretic model of ToM, which will serve to guide our evaluation of ToM’s 
adaptive fitness. The critical point is that identifying an agent’s mental states from observed behaviour is an 
intricate issue, which is solved by assuming that others behave according to common sense. Second, I will 
focus on the impact of mentalizing in the context of mutual social interactions. Using behavioural 
experiments in humans, I will ask whether sophisticated (recursive) beliefs subtend learning in the context of 
social interaction, as opposed to, e.g., reinforcement learning heuristics that prevail in non-social contexts. 
Importantly, our results show that we would not be able to decipher intentional behaviour without a priori 
adopting the mentalizing stance. This is the first demonstration of the specific impact and added-value of 
mentalizing on learning. Results also show that people's ToM sophistication is limited and heterogeneous. 
From a Darwinian perspective, this seems paradoxical: shouldn't the necessity to outsmart conspecifics have 
selected higher ToM sophistication? In the third part of my talk, I will use evolutionary game theoretic 
simulations to show that competition and cooperation act as opposite evolutionary forces on ToM 
sophistication. This non-trivial result highlights the importance of the socio-ecological niche of primate 
species in the emergence of mentalizing. In the last part of my talk, I will expose preliminary results of 
experiments conducted in two non-human primate species, namely macaque monkeys and orang-utan great 
apes. In this context, the appeal of our approach lies in its ability to capture quantitative differences in ToM 
sophistication through its impact on behaviour, without being confounded by linguistic skills. 
 
 
Etienne Koechlin (CNRS – INSERM – ENS, France) 
“Reasoning in human decision-making and adaptive behavior” 
 
 
Anne Collins (Brown University, USA) 
“Generalization and transfer in structure learning” 
 
Even without supervision or incentives, humans are able to acquire the complex rules that govern their 
environment. When learning stimulus-action mappings through reinforcement, they tend to structure their 
policy into abstract rules, even when this does not afford any immediate advantage. In this talk, I investigate 
how and why individuals build such rules, using our structured reinforcement-learning model to derive three 
new behavioral predictions and a new experimental paradigm to test them. Results confirm that structure-
learning provides subjects with two kinds of opportunities to generalize and transfer knowledge while 
learning new associations: On one hand, they can abstract away sensory context in favor of gathering rule-



 

 

specific, rather than context-specific, knowledge about new stimuli, thus learning faster by generalizing across 
contexts cueing the same rule. On the other hand, they can also speed up learning by appropriately 
transferring previously learned rules to new contexts. Furthermore, this generalization follows a specific prior 
pattern: subjects are more likely to transfer rules that cluster more contexts. Last, I will present EEG results 
that support our previous findings and relate to individual differences in structure learning. These results 
confirm our model’s predictions, and show that the seemingly suboptimal strategy of building complex 
structure affords long-term advantages given the opportunity to generalize across contexts in various sorts of 
new situations.  
 
 
Matthew Botvinick (Princeton University, USA) 
“Hierarchical reinforcement learning and human behavior” 
 
Research on action selection has long emphasized its hierarchical structure, according to which tasks are 
comprised of subtask sequences, which are themselves built of simple actions. The hierarchical structure of 
behavior has also been of enduring interest within neuroscience, where it has been widely considered to 
reflect prefrontal cortical functions. In recent work, we have been reexamining behavioral hierarchy and its 
neural substrates from the point of view of contemporary developments in computational reinforcement 
learning. Specifically, we've been considering at a set of approaches known collectively as hierarchical 
reinforcement learning, which extend the reinforcement learning paradigm by allowing the learning agent to 
aggregate actions into reusable subroutines or skills. A close look at the components of hierarchical 
reinforcement learning suggests how they might map onto neural structures, in particular regions within the 
dorsolateral and orbital prefrontal cortex. It also suggests specific ways in which hierarchical reinforcement 
learning might provide a complement to existing psychological models of hierarchically structured behavior. 
A particularly important question that hierarchical reinforcement learning brings to the fore is that of how 
learning identifies new action routines that are likely to provide useful building blocks in solving a wide range 
of future problems. Here and at many other points, hierarchical reinforcement learning offers an appealing 
framework for investigating the computational and neural underpinnings of hierarchically structured 
behavior. In addition to introducing the theoretical framework, I will describe a first set of neuroimaging and 
behavioral studies, in which we have begun to test specific predictions. 
 
 
Session #3: A new player in decision-making: the hippocampus 
Tuesday 27 May, morning – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
 
Sidney I. Wiener (CNRS – Collège de France, France)  
“Hippocampal activity related to acquisition and execution of a decision-making task: Comparisons with 
prefrontal and striatal activity” 
 
The hippocampus has been strongly implicated in representing spatial and temporal contextual information 
for long-term memory as well as participating in working memory buffer functions for short delays. In 
multichannel neuronal and field potential recordings of hippocampus and prefrontal cortex and striatum in 
visual cue discrimination or spatial maze tasks, our results point to the hippocampus as providing vital 
contextual signals for decision, but the only evidence that we have acquired concerning neural processes 
underlying actual decision-making and rule-learning suggests that they are executed downstream in 
prefrontal/striatal areas. 
 



 

 

 
Genela Morris (University of Haifa, Israel)  
“The role of dopamine in shaping the hippocampal cognitive map” 
 
Since the seminal discovery of place cells by O’Keefe and Dostrovsky, models of hippocampal activity have 
referred to the hippocampus as a cognitive map. This term dates back to Tolman, who used it to describe the 
internal model of the environment that animals use to mediate inputs to outputs. An important advantage of 
using an internal model is that it may represent a subset of inputs important for adaptive behavior, thus 
optimizing efficiency. This is a critical asset, because in our highly multidimensional environment most facets 
of the input are irrelevant to obtaining rewards. To learn efficiently, one should attend to and learn about only 
the sparse task-relevant information, generalizing over the rest.  
We recorded the activity of hippocampal primary neurons in a specially devised olfactory space, in which rats 
foraged for reward based solely on olfactory cues and studied the dependence of the activity of these neurons 
on the ‘state’ assumed by the animal, as derived from behavioral parameters. We show that classical place-
cells perform superb encoding of olfactory space, when this is the only reference frame that is relevant for 
reward collection. Furthermore, the same cells shifted their firing fields from room coordinates to olfactory 
coordinates as animals learned to rely on them in order to obtain reward. Since in the hippocampus, long 
term synaptic plasticity is modulated by dopamine, we suggest that dopaminergic projections from the VTA 
serve to mold the internal model to represent adaptive (reward-relevant) dimensions of the sensory input, 
much in the same way as it serves to tune cortico-striatal connections to behaviorally adaptive action. To 
support this suggestion, we show that locally blocking of D1 dopamine receptors in the hippocampus 
prevents learning of a new reference frame by animals. 
 
 
Karim Benchenane (CNRS – ESPCI, France)  
“Creation of an explicit memory trace during sleep: a causal role of place cell on representation of space” 
 
 
Roland Benoit (Harvard University, USA)  
“The episodic simulation of future affective states” 
 
The human ability to simulate prospective episodes conveys great adaptive value. It allows for the mental 
experience of an episode’s anticipated emotional impact, and thus can provide motivational incentives that 
guide future-oriented decisions. The presented studies focus on the contributions of two brain regions to 
such episodic simulations, i.e. the hippocampus and the medial prefrontal cortex (mPFC). First, I will present 
evidence that episodic simulations can effectively attenuate temporal discounting of future rewards. 
Neuroimaging data indicate that this effect is mediated by interactions between the hippocampus, a region 
presumably involved in constructing episodes, and the mPFC, a region involved in processing the anticipated 
reward magnitude of the simulated episode. The second part of the talk will further elucidate the role of 
mPFC in episodic simulations. I will show data indicating that this region integrates prior knowledge about an 
episode’s constituting elements to simulate the episode’s emergent affective quality. This value representation, 
in turn, may then inform future-oriented decisions, even for novel situations. 
 
 
Daphna Shohamy (Columbia University, USA) 
“Memory, value and decision making” 
 
How are decisions guided by past experience? Much research concerns how the brain computes the average, 
over many experiences, of rewards received for an option. This form of incremental learning is known to 
depend on dopaminergic inputs to the striatum. But single past experiences are also likely to guide decisions. 



 

 

Such a process is likely to depend on memory for specific episodes, but much less is known about how 
episodic memory guides decisions and how incremental and episodic influences trade-off dynamically. In this 
talk I will describe recent behavioral and brain imaging studies aimed to address this gap. Our findings 
demonstrate that episodic memory, supported by the hippocampus, plays a central role in guiding decision 
making, complementing the well-known role of dopaminergic and striatal systems in incremental learning of 
value. 
 
 
Session #4: Neuromodulation of decision-making 
Tuesday 27 May, afternoon – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
 
Bernard Balleine (Brain & Mind Research Institute, University of Sydney, Australia) 
“Multiple neuromodulators mediate the influence of predictive learning on choice” 
 
Recent studies point to a number of learning and modulatory processes that contribute to various forms of 
decision-making. Distinct learning processes mediate the acquisition of goal-directed and habitual actions and 
are subserved by parallel circuits involving the dorsomedial and dorsolateral striatum, respectively. In 
addition, appetitive events can function as incentives to reward actions, and as reinforcers to strengthen 
habits. Evidence suggests that two forms of incentive process modulate choice and decision-making: (i) the 
experienced incentive value derived from consummatory experience, and (ii) the predicted incentive value 
derived from cues that predict reward. With regard to the later we have found that the influence of predictive 
learning on choice depends critically on basolateral amygdala afferents on the nucleus accumbens shell. Like 
other parts of the striatum, the shell is composed primarily of two populations of spiny projection neurons 
(SPNs) that differentially express dopamine D1 and D2 receptors. In addition, these D1 and D2 SPNs release 
distinct opioid ligands, dynorphin and enkephalin respectively. In recent studies we have found that the 
influence of predictive learning on choice depends on the interaction of D1 MSNs with a delta-opioid 
receptor process in the shell.  Subsequent studies have established that this interaction is controlled by 
cholinergic interneurons; we found that delta-receptors translocate to the membrane of cholinergic 
interneurons in response to predictive learning  - perhaps the first evidence of learning related translocation 
of a GPCR - where they modulate the release of acetycholine and, hence, the activity of D1-repector 
expressing SPNs to influence the effect of predictive learning on choice.  Interestingly, the translocation 
event appears to be influenced by BLA afferents on the shell and serves to modulate both excitatory and 
inhibitory predictions on choice. 
 
 
Philippe Faure (CNRS – Université Pierre et Marie Curie, France) 
“Nicotinic modulation of dopaminergic system: impact on decision making” 
 
Nicotine addiction represents a serious social and public health problem. Dopaminergic signaling is critical to 
the neurobiology of reward and motivation and the dopamine system constitutes the primary target of 
addictive drugs. Numerous theories have been developed to model addiction, but an important framework 
states that addictive drugs change the characteristics of dopamine activity in reward signaling and in decision 
making. Using behavioral analysis, in vivo electrophysiological recording and genetic tools to modify 
expression of the nicotinic acetylcholine receptors (nAChRs) in mice, we analyze the modifications of DA 
network dynamics and the reinforcing properties of nicotine in mice lacking ß2-containing (*) nAChRs. 
Furthermore, using a behavioral paradigm that can be considered as a game where animals make a continuous 
series of choices between probabilistic brain stimulation rewards, we deciphered the role of nicotinic control 
of dopamine activity in uncertainty-driven exploration. Overall our results suggest that ß2*nAChRs in the 
VTA control reinforcement learning but also the balance between exploration of uncertain options and 



 

 

exploitation of known rewards. It thus allows to link two different aspect of nicotine effect: the aberrant 
learning of cue-drug association and the modifications of processing of rewards unrelated to drug. 
 
 
Kenji Doya (Okinawa Institute of Science and Technology, Japan) 
“Patience, confidence, and serotonin” 
 
The central serotonergic system has been implicated in aversion, behavioral inhibition, and impulsivity. Here 
we focus on the serotonin's effect on the patience for delayed reward. We previously showed that serotonin 
neurons in the dorsal raphe nucleus (DRN) increase firing while rats waited for a reinforcer tone or a food 
pellet. In this study, we used transgenic mice that expressed ChR2 (C128S) under the control of Tph2 
promoter and optically stimulated DRN serotonin neurons during a tone-food waiting task. Stimulation of 
DRN serotonin neurons following tone or food site entry decreased premature exits (wait errors). Stimulation 
before tone or food site entry did not reduce waiting errors, nor caused any effect on locomotor behaviors. In 
an experiment with random reward delays out of 3s, 6s, 9s, and infinity (omission), the mean waiting time in 
the omission trials became significantly longer with DRN serotonin neuron stimulation. We also performed 
an experiment with 3s or infinite reward delay in three different sessions: 1) 1 food pellet in 75% of trials, 2) 1 
food pellet in 25% of trials, and 3) 3 food pellets in 25% of trials. The waiting time in omission trials in 3) was 
longer than in 2), but shorter than in 1). The mean waiting time became significantly longer with DRN 
serotonin neuron stimulation in 1), but not in 2) and 3). These results show that DRN serotonin neuron 
activation enhances the patience for delayed rewards and reward predictive cues, but the effect depends on 
the certainty or confidence of reward delivery. 
 
 
Roshan Cools (Radboud Univ. Nijmegen, The Netherlands) 
“Affective and decision functions of serotonin” 
 
The ascending monoamine neuromodulatory systems are implicated in a wide variety of healthy and 
disordered functions. In the case of dopamine notable progress has been made in the last decade or two. In 
particular, models of reinforcement learning have been used as a framework to interpret and connect 
observations that dopamine is involved, on the one hand, in reward and motivation, and on the other in 
behavioral activation or the vigor of movement. By contrast, although the neuromodulator serotonin has 
functional and clinical importance at least equal to that of dopamine (e.g., it is implicated in impulsivity, 
depression, and pain), there is no similarly well developed framework for understanding any of its roles. In 
this talk I will present data from a series of experiments with human volunteers, in which effects of central 
serotonin levels were studied by means of the dietary acute tryptophan depletion procedure and genetic 
approaches. Data demonstrate that such manipulation of serotonin has effects along two similar axes: a 
motivational (aversive processing) as well as an activational axis (inhibiting behavioral responses). We put 
forward the hypothesis that effects of serotonin can best be understood as serving to couple these two axes 
rather than affecting them independently. 
 
 
Molly Crockett (University College London, UK) 
“Neuromodulation of moral decision-making” 
 
 
Session #5: Maladaptive decisions in clinical conditions 
Wednesday 28 May, morning – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 



 

 

 
 
Klaas Stephan (University of Zurich and ETH Zurich, Switzerland) 
“Translational Neuromodeling” 
 
For many brain diseases, particularly in psychiatry, we lack objective diagnostic tests and cannot predict 
optimal treatment for individual patients.  This presentation outlines a translational neuromodeling 
framework which aims at establishing “computational assays” for inferring subject-specific mechanisms of 
brain disease from non-invasive measures of behaviour and neuronal activity.  A particular focus of this assay 
development is on mechanisms underlying pathological decision-making, a generic feature of psychiatric 
diseases. Based on a generative modelling approach, we try to infer both physiological (synaptic plasticity and 
neuromodulation) and computational (information processing) mechanisms of learning and decision-making 
in individual subjects. If successful, this may provide a formal basis for differential diagnosis and treatment 
predictions in individual patients and, eventually, to the construction of pathophysiologically grounded 
disease classifications.  The framework presented emphasizes the importance of longitudinal validation 
studies in patients and of concrete clinical problems for providing an independent benchmark against which 
models of brain disease should be evaluated.  This presentation will show some (still very simple) examples of 
first patient studies that hint at its potential utility for clinical diagnostics, and outline the opportunities and 
challenges that lie ahead.  
 
 
Stefano Palminteri (Ecole Normale Supérieure, Paris, France) 
“Outcome and confidence monitoring in reinforcement learning: evidence from clinical and pharmacological 
studies” 
 
 
Jonathan Roiser (University College London, UK) 
“Abnormal habenula function during punishment processing in depression” 
 
The lateral habenula is a small epithalamic nucleus which receives excitatory input from the pallidum and 
inhibits (indirectly) midbrain dopamine neurons. The lateral habenula responds to cues that predict aversive 
stimuli in non-human primates, has been implicated in rodent models of major depressive disorder (MDD). It 
is thought to play an important role in decision-making and is hypothesised to be hyperactive in depression. 
However, little is known about the function of the human habenula, due to the difficulty in acquiring 
neuroimaging data from this tiny structure. We report the first high-resolution functional magnetic resonance 
imaging (fMRI) investigation of the human habenula during appetitive and aversive reinforcement learning. 
Two experiments will be described, both of which used the same Pavlovian conditioning procedure to elicit 
habenula responses: in healthy volunteers (Experiment 1); and healthy volunteers and unmedicated MDD 
patients (Experiment 2). Participants were passively exposed to conditioned stimuli (CSs) that preceded 
reinforcing outcomes (win £1; lose £1; or painful electric shock) in a probabilistic manner. Neural responses 
were monitored using high-resolution fMRI (1.5 mm isotropic), and 0.77 mm isotropic anatomical images 
were obtained to accurately define the habenula according to a previously validated procedure. Trial-by-trial 
values for CSs associated with wins, losses and shocks were derived for each subject using a computational 
modelling procedure and used as parametric modulators in the fMRI analysis. In Experiment 1 conditioning 
was verified using explicit (choice preference), implicit (reaction time) and autonomic (pupil dilation) metrics. 
We identified positive habenula responses corresponding to shock CS values in healthy volunteers; while 
responses to win CS values were numerically negative. Across subjects, the greater the habenula response to 
shocks, the greater was the degree of conditioned suppression (slowing of reaction times to shock CSs); while 
the converse was the case for responses to win CSs. In Experiment 2 we replicated the positive habenula 
responses to shock CSs in an independent sample of healthy volunteers. Responses to win and loss CSs were 



 

 

similar between healthy volunteers and MDD subjects, but directly counter to our hypothesis responses to 
shock CSs were significantly negative in MDD subjects (and significantly different to healthy volunteers). 
There were no differences in behaviour, habenula volume or habenula perfusion between the groups. These 
surprising results suggest profound differences in the way that depressed patients process aversive stimuli, 
though not in the manner predicted, with potentially important implications for understanding symptoms 
such as anhedonia and difficulty in decision-making. 
 
 
Mathias Pessiglione (INSERM – Institut du Cerveau ICM, Paris, France) 
“Why don't you make an effort? Dissociation of motivational from motor disorders”  
 
 
Lesley Fellows (McGill University, Canada) 
“What decisional processes are disrupted by frontal lobe damage?” 
 
Value-based decision-making is increasingly understood as encompassing a diversity of cognitive processes. I 
will discuss studies in people with focal frontal lobe damage that aim to better to define the component 
processes of decision-making. Which aspects of decision-making are affected, and which are spared, after 
damage to putatively key sub-regions? What are the mechanisms underlying the observed deficits? The talk 
will focus on the roles of orbitofrontal and dorsomedial frontal cortex, and consider the potential 
contributions of these regions to processes ranging from early attention to motivationally relevan features of 
the environment through to the action selection that commits the decision-maker to her choice. I will 
critically consider which of these processes might be "special" to decision-making, and which are more 
general abilities brought to bear on decision problems. The implications of this work for better understanding 
behavioural symptoms in neurological and psychiatric disorders will also be discussed. 
 
 
Session #6: Who is more rational? Decision-making across species 
Wednesday 28 May, afternoon – Institut du Cerveau et de la Moëlle Epinière (ICM) 
 
 
Tobias Kalenscher (Heinrich-Heine Universität Düsseldorf, Germany) 
(with the contribution of J. Hernandez-Lallement, M. van Wingerden, C. Marx, M. Srejic) 
“Why be nice? Pro-social behaviour in rats and its neural basis” 

Pro-social behavior is the tendency increase the well-being of other individuals. Complex pro-social 
behaviors, such as cooperation and altruism, are part of human daily interactions and are often essential to 
group achievements. Despite recent advances, however, it remains unclear whether rodents also show pro-
social behavior. To address this issue, we trained rats in a Pro-social Choice Task. Animals had to decide 
between a selfish alternative, yielding a reward only to themselves, or a pro-social alternative, resulting in a 
reward for both them and a partner. We contrast the rats’ behavior to their choices in a non-social control 
condition where the partner was replaced by an inanimate rat puppet while keeping reward contingencies 
identical. We find that rats had a higher propensity to make pro-social choices when paired with a real rat 
than with an inanimate partner. The tendency to make pro-social choices was modulated by the difference in 
weight between the actor and the partner. I will also present preliminary lesion data suggesting that 
orbitofrontal cortex (OFC) seems to be necessary to discriminate between social and non-social contexts, but 
not for the execution of pro-social behavior per se. This may suggest that pro-social behavior in rats is the 
consequence of a model-based social reinforcement learning process that requires intact neural architecture 
supporting goal-directed learning.  
 



 

 

 
Elsa Addessi (CNR – Institute of Cognitive Science & Technology, Italy) 
“Are capuchin monkeys ecologically rational? Decision-making over time and under risk in Sapajus spp.” 
 
Both human and non-human animals often face decisions between options available at different times, and 
the ability of delaying gratification has usually been considered one of the features distinguishing humans 
from other animals. Delay of gratification can vary across species and it is unclear if phylogenetic relatedness, 
feeding ecology, social structure, or metabolic rate account for these differences. We evaluated temporal 
preferences in capuchin monkeys (Sapajus spp.), South-American primates that, despite splitting off from 
human lineage approximately 35 million years ago, show striking behavioral analogies with hominids. In the 
delay choice task (in which individuals can select a delayed reward over an immediate one), capuchins 
performed similarly to chimpanzees – our closest relatives. Since the future is uncertain, waiting implies the 
potential cost of not collecting a delayed reward and individuals showing good delay tolerance skills should 
also be risk prone. When tested in a risky choice task (in which they could choose between a fixed and a 
variable option), capuchins again performed similarly to chimpanzees, being risk prone. Moreover, they 
flexibly modified their risk preferences according to the probability of receiving the larger payoff. Within an 
ecological rationality framework, capuchin feeding ecology might explain their delay tolerance and risk 
proneness, but contrary to our expectation their performances in the delay choice task and in the risky choice 
task did not correlate. However, further testing in other delay tolerance tasks showed that at least some of the 
capuchin choices of the larger delayed option in the delay choice task might be due to a failure to inhibit a 
prepotent response towards the larger option rather than to willingness to wait. Thus, at least in capuchins, 
the delay choice task may overestimate delay tolerance. 
 
 
James Marshall (University of Sheffield, UK) 
“From house-hunting honeybees to Weber's law and speed-accuracy trade-offs” 
 
Effective decision-making is crucial for organisms at all levels of biological complexity. I will present a model 
of collective decision-making based on empirical observations of a novel cross-inhibitory behaviour in house-
hunting honeybee swarms. The pattern of interactions observed in collectively-deciding honeybees gives rise 
to a number of important value-sensitive decision-making characteristics. The model is able to achieve stable 
deadlock for poor but equal alternatives, but spontaneously choose between good alternatives. This enables 
sophisticated 'wait and see' decision-making. The model's  sensitivity to value is similar to Weber's law of just-
noticable-difference from psychology. When differences are large enough to be noticeable, the model exhibits 
speed-accuracy trade-offs in decision-making similar to classic models from psychology. Given the simplicity 
of the model, the importance of value-sensitivity, and the similar patterns of interaction seen in other 
decision-making systems, I will ask whether genetic switches and neural circuits may exist that implement the 
same basic decision mechanism, and present preliminary data from psychological experiments designed to 
test the behavioural predictions of the model. 
 
 
 
Ben Hayden (University of Rochester, USA) 
“Information seeking, curiosity, and reward” 
 
Humans and monkeys are innately curious, often seeking out new information at the expense of larger 
primary rewards. Why are we curious, and what are the neural processes that allow us to integrate the desire 
for information into our decisions? We developed a monkey gambling task with delayed resolution of 
outcomes. Monkeys could pay a variable amount of water to get immediate resolution of uncertainty, thus 
obtaining sooner information. We found that this information was worth about 25% the amount of water 
offered, and scaled with the stakes of the gamble. We also found that neurons in area 13m of the the 



 

 

orbitofrontal cortex (OFC) encoded the information value and water amount of offers, but used uncorrelated 
encoding schemes to represent these two variables. These results are consistent with the idea that OFC 
carries multiple distinct variables relevant to choice, but does not integrate them into a value signal. Thus our 
findings suggest that OFC is pre-decisional and that integration into a common value signal occurs 
downstream of OFC. 
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1 A two-layer neural network for learning and evaluating contextual rules in the Wisconsin Sorting 

Card Game 
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ABSTRACT 
Taking decisions is a hard task: which sensory information shall we consider to choose/evaluate the current 
context/situation and to take right decision? In the Wisconsin Sorting Card (WSC) test for example, the 
subject has to find the correct parameter (color, numerosity, shape) in order to select the right card (Grant & 
Berg, 1948). 
Considering the neural mechanism it may involve, within the brain, it is well-known that the prefrontal cortex 
(PFC) is in charge of evaluating the right parameter in a sequence of actions as well as for scheduling 
cognitive tasks. Moreover, the PFC interacts mostly with the other structures like the striatum and the 
hippocampus, which provide its first informative subtract. The prefrontal cortex can evaluate and chooses the 
right action to do in a complex situation (Daw Niv & Dayan, 2005). 
In computational models of the WSC test, some neural networks have been used to evaluate the relevance of 
choosing a rule versus another. Although these networks can learn rapidly which rule they should use after 
only one or two trials, those models usually present a built-in representation of rules (Dehaene & Changeux, 
1991). Despite their high performances, these networks are static and cannot learn or forget new rules for 
new contexts and problems. 
In order to tackle these flaws, we propose a new neural architecture based on two neural networks: a slow 
NN using a more adaptive reinforcement learning (RL) rule and a faster one which evaluates the rules. The 
slower NN constructs the rules while the faster NN evaluates them. Once the slower network converges to a 
stable state (when its synaptic weights have memorized the current rule) the second network learns the rule. 
This new rule is then tested against the older ones. At the end, if none of them are efficient enough, the first 
NN takes back the control and tries to find a new rule. 
We evaluated this neural architecture in the WSC test and compared its performance with two other Neural 
Networks: the Q-Learning algorithm (Watkins & Dayan, 1992) and the Dehaene and Changeux neural model. 
We tested the three different solutions in two different conditions. The first one is learning to cluster object 
according to one similarity criterion versus selecting one class of object according to an arbitrary rule in the 
second one. Each condition has been chosen in order to maximize one of the two testing-networks 
performances, and impair the other one. Our network get a medium score in both condition and –unlike the 
two testing-networks – can work in each condition.  
Our next step is to embody this model in a robot. Its ability to discriminate stimuli will be merged with a 
standard temporal difference learning (Q-Learning algorithm) in order to produce a rule-based behaviour. 
Our final goal is to study the impact of embodiment and low level control on “high” level decision making. 
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2 Decision making with ordered discrete responses 
Ulrik Beierholm, University of Birmingham 
Adam Sanborn, University of Warwick 
 
ABSTRACT 
Analyses of decision-making behavior have often compared people against a normative standard, assuming 
that people are attempting to maximize their expected rewards. The Bayesian formulation of this problem 
prescribes what should be done: people’s prior beliefs are combined with the likelihood of the observed 
stimulus given the response via Bayes rule to produce posterior beliefs about which response is correct. The 
posterior beliefs are then integrated with the loss function, which describes the gain in value for a given 
choice for each possible true answer, to determine which response has the highest expected value 
 
When people are asked to choose from among a small set of discrete responses, the most straightforward 
approach is to treat the responses as unrelated, allowing the use of a multinomial prior distribution. The lack 
of order to the responses calls for an all-or-one loss function that prescribes picking the response with the 
highest posterior probability. However, when asked to make a continuous response, order is very important. 
People’s responses are often modeled with normal distributions for the prior and likelihood, which leads to a 
normal posterior. Most loss functions prescribe choosing the mean of the posterior. 
 
Lying between these two well-explored cases is decision making with ordered discrete responses. This kind of 
decision‐making is prevalent outside the laboratory. People are often asked to make discrete responses about 
variables that are experienced as continuous: On what day this week will you finish the project? Ordered 
discrete responses particularly arise when it comes to counting numbers of objects. Here the ground truth, 
such as the number of horses in a paddock, is irreducibly discrete and a discrete response is necessary. 
 
We investigated how people make decisions with a small number of ordered discrete responses, using a 
numerosity task in which participants are asked to count the number of dots that were shown in a very briefly 
presented display. We characterized the kinds of prior distributions, likelihood distributions, and loss 
functions that people used in this task. People’s choices were not well described by either common discrete or 
common continuous models of normative decision--‐making. The likelihoods and loss functions reflected the 
ordered nature of the responses, but people learned prior distributions that reflected the discrete nature of the 
task. Hence the best explanation of people’s decision making with ordered discrete responses involved 
aspects of both approaches. 
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ABSTRACT 
There are numerous situations in life where fast and accurate perceptual decisions are critical for our well-
being. For example, while driving a car, we may approach a traffic light under suboptimal lighting conditions, 



 

 

e.g., due to the sun low at the horizon. In such noisy conditions, our perceptual decisions need to be fast and 
accurate and need to be upheld as long as the stimulus is present. However, we must also be able to quickly 
revise our decisions: a green light may turn red, and any decision must be updated quickly.  
We consider this situation of continued, instead of trial-based, perceptual decision making and provide a 
computational model which can make such fast, accurate, stable and yet flexible decisions. This model 
combines two successful classes of perceptual decision making models: neurobiologically plausible attractor 
models [1] and models based on Bayesian inference. In particular, we embed an attractor model in a Bayesian 
inference framework by using the attractor model as part of the generative model of the observed stimulus. 
The resulting Bayesian attractor model inherits crucial properties of the attractor dynamics, but provides a 
compact parameterisation in terms of internal uncertainty of subjects. Furthermore, the Bayesian framework 
introduces top-down effects on sensory processing which increase the influence of sensory input when 
uncertain about a decision and, thus, speed up decisions when the underlying stimulus switched.  
We demonstrate that the Bayesian attractor model can be used to explain behavioural results of standard, 
trial-based perceptual decision making experiments by fitting two parameters of the model – stimulus noise 
level and internal sensory uncertainty – to accuracy and mean reaction times of a previous experiment [2]. We 
further show that a third parameter – internal dynamics uncertainty – controls the flexibility of switching 
decisions in a continued perceptual decision making paradigm and can, therefore, account for different 
switching behaviours across subjects. Additionally, we highlight the top-down effects in the model by 
deriving the corresponding Bayesian update equations and providing example trajectories which show their 
typical evolution in different phases of continued decision making.  
We believe that continued perceptual decision making is a fruitful paradigm to investigate novel aspects of 
perceptual decision making and argue that the proposed model can capture the expected range of behaviours 
with a small set of intuitively interpretable parameters. The model may subsequently be used to derive novel 
predictions about the underlying neural processes and may, thus, inform subject-specific, model-based 
analyses of both behavioural and neuroimaging data in continued perceptual decision making experiments.  
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ABSTRACT 
 Habitual performance was investigated using an associative visuomotor mapping task, where the relation 
between visual stimulus, motor response and its outcome is familiar, arbitrary and deterministic (Wise & 
Murray, TINS, 2000). Participants were required to perform a finger movement associated to a digit number: 
the presentation of digit “1” on the screen instructed the execution of the thumb, “2” for the index finger, 
“3” for the middle finger and so on. Tomographic mapping of high-gamma (60-120Hz) MEG activity was 
performed using a novel approach which combines multitaper spectral analysis and frequency-domain 
beamforming algorithm (Dynamical Imaging of Coherent Sources, DICS) . Anatomical information about 
sources was obtained from single-subject MRI and Talairach atlas. Functional and anatomical data were 
merged to compute single-trial high-gamma activity (HGA) at each Brodmann area (BA), defined as the mean 



 

 

z-transformed power values with respect to baseline activity averaged across sources within the same BA and 
cerebral hemisphere, giving a total of 76 Brodmann areas covering both hemispheres. 
 The habit-related brain network was characterised as a set of Brodmann areas (i.e., network nodes) whose 
HGA and internal connectivity measures (i.e., links or edges) displays significant increase during the execution 
of stimulus-response association with respect to mean baseline HGA (averaged from -0.5 to -0.1s prior to 
stimulus onset). Group-level analyses revealed significant increases in HGA over a distributed cortical 
network covering most of the parietal and frontal areas. The largest increase was observed over the left 
parietal lobe, both the dorsal (BA 5L and 7L) and lateral areas (BA 39L and 40L), and over sensorimotor (BA 
1-2-3 and 4) and premotor regions (BA 6). In prefrontal cortex, the strongest activation was present over the 
left dorsolateral and dorsomedial cortices (BA 9L) and, bilaterally, over the ventral and dorsal regions of the 
anterior cingulate area (BA 24 and 32, respectively).  
 We then quantified functional interactions within this network. We first identified the set of pairs of BAs 
displaying significant increase in linear correlation with respect to baseline. Most of the links appeared among 
BAs of the parietal, sensorimotor, premotor and prefrontal cortices. BAs with the strongest node strength 
(i.e., the sum of weights of links connected to each BA) were the superior parietal cortices (BAs 5 and 7), the 
left sensorimotor (BA 1-2-3 and 4), bilateral premotor areas (BA 6) and the bilateral regions of the dorsal 
anterior cingulate area (BA 24). Within the set of linearly-correlated pairs of BAs, we investigated whether the 
total Granger dependence (i.e., the sum between the directed and instantaneous Granger causalities) increased 
with respect to baseline. Only 15 links between BAs exhibited a significant increase and they are concentrated 
over the dorsal fronto-parietal network including the superior parietal cortices, motor (left) and premotor 
(bilateral) areas, and the dorsal anterior cingulate areas (BA 24). Significant increase was also observed 
between the left premotor (BA 8L) and anterior cingulate areas (BA 32L). Such network was characterised by 
a bottom-up directional influence from superior parietal (BA 7) to premotor areas (BA 6) and the left motor 
are (BA 4L). The left premotor areas (BA 6) acted as a relay and further drove the activity in the anterior 
cingulate areas bilaterally (BA 24). Link community analyses of linear correlation and total Granger 
dependence connectivity matrices further confirmed a pivotal role played by the dorsal fronto-parietal 
network in strong conjunction with the medial prefrontal areas (BA 24). 
 These results confirm that habitual performance is mediated by the dorsal fronto-parietal network, 
including motor and premotor areas. Parietal areas seem to drive activity in motor and premotor regions. 
Contrary to classical view, medial prefrontal areas seem to play a key role, acting as “receivers” of Granger 
causality from premotor areas. These results may provide functional support to lesions studies in rats 
suggesting a role of the medial prefrontal cortex in habits (Coutureau and Killcross, Cereb Cortex, 2003; Smith 
et al., PNAS, 2012). 
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ABSTRACT



 

 

Contemporary behavioral learning theory provides a comprehensive description of how we and other 
animals learn, and places behavioral flexibility and automaticity at heart of adaptive behaviors. However, 
to our knowledge, the computations supporting the interactions between deliberative and habitual decision-
making systems are still poorly understood. Previous functional magnetic resonance imaging (fMRI) 
results suggest that the dorsal striatum host complementary computations that may differentially support 
deliberative and habitual processes in the form of a dynamical interplay rather than a serial recruitment of 
strategies, during the acquisition by trial-and-error and early consolidation of stimulus-response-outcome 
associations [1]. From the same instrumental learning task, we develop a dual-system computational model 
of the two systems that can predict both performance (i.e., participant choices) and modulations in 
reaction times during learning. In addition, we propose a model for the dynamics coordination of the 
deliberative and habitual learning systems. 
 
To model the habitual system, we use a simple Q-learning algorithm (QL) [2] whose properties are fast 
responses, but slow convergence. For the deliberative (i.e goal-directed) system, we propose a new 
Bayesian Working Memory (BWM) which searches for information in the history of previous trials and 
stops as soon as the uncertainty regarding which action has to be perform decreases below a certain 
threshold. Last, we also propose a model for QL and BWM coordination. Currently, most models of 
system coordination tend to control action selection concurrently, using either the deliberative or habitual 
model according to uncertainty criteria [3,4]. Only one model has investigated the relation between 
working memory and reinforcement learning [5]. However, none have explicitly modeled the temporal 
aspect of memory manipulation, nor their behavioral effects on reaction times. QL and BWM are merged 
such that the expensive memory manipulation is under control of, among others, the level of convergence 
of the habitual learning. Accordingly, reaction times are estimated as the number of inference level 
reflecting the cognitive load. 
 
To compare the ability for each system to replicate behavioral observations, we constructed Pareto fronts 
using NSGA-2 multi-objective evolutionary algorithm. The first fitness function is the Bayesian 
Information Criterion for individual choices. The second fitness function is a least squares error calculated 
over mean reaction time. At last, the main result shows us that a combination of BWM and QL better 
explains both choices and reaction times for most subjects.  
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Since the discovery of the analogy between the Reward Prediction Error (RPE) computed by the 
Temporal Difference algorithms (TD-learning) and the activity of dopaminergic neurons in a Pavlovian 
case (Schultz et al. 1997), it is widely accepted that TD-learning algorithms can well capture a substantial 
part of animal decision-making behavior. A lot of experiments have been conducted in order to study 
animal behaviors in different cases of uncertainty (Morris et al. 2006, Roesch et al. 2007) where different 
probabilities are associated with a reward delivery. 
Under the project Learning Under Uncertainty (LU2), an experiment with rats has been performed in 
order to study their behavior and learning processes in a probabilistic non-stationary environment. The 
experiment consists in putting rats in front of three different levers where each lever is associated with a 
probability of giving a reward. These probabilities are non-stationary, which means that they are changing 
through time. 
In this work we try to reproduce the behavioral observations in rats using different algorithms from the 
Machine Learning state-of-the-art. We tried very different algorithms, from the TD-learning algorithms 
(Actor-Critic, Qlearning and Sarsa) using different strategies of action selection (SoftMax and ε-greedy), to 
algorithms specialized in multiarmed bandit (Upper Confidence Bound). Furthermore, we tested the 
hypothesis that rat behavior in this task relies on a meta-learning principle, more precisely on a dynamical 
regulation of the exploration level. We modelled this by replacing the free exploration parameter in the 
tested algorithms with a variable exploration computed as a function of the animal’s current performance 
(i.e. average obtained reward). 
The results tend to say that ε -greedy is better than SoftMax in reproducing the biological data and that the 
Meta-learning process is necessary to explain them. 
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ABTRACT 
We confront the computational model of Lesaint et al. (2014) to a new set of experimental data on 
negative automaintenance in pigeons. The model was initially developed to account for autoshaping 
challenging data, and relied on two major concepts: Dual learning systems and factored representations. 
To our knowledge, these concepts had never been combined into a single model in this field of research. 
Without modifications, the model can account for the persistence of pigeons to peck a key light that, 
while predictive of reward delivery, leads to its omission when pecked. It also explains why when 
introducing an irrelevant key light, on which pecking has no effect, pigeons while still unable to refrain 
from pecking successfully shift their pecks towards it. It also explains why introducing a continuous 
irrelevant key light, which is never turned off, is unsuccessful in producing such a attentional shift. Finally, 
the model provides a plausible explanation to conflicting results in the literature. 
 
We suggest that investigating factored representations in computational neuroscience might prove to be 
useful explaining some other phenomena of Pavlovian and instrumental literature, especially regarding 
their possible interactions. Our model suggests that Pavlovian and instrumental systems might be much 
more entangled than usually assumed in the literature and that any conditioning task presents both 
Pavlovian and instrumental aspects, while one possibly masking the presence of the other. 
 
Keywords: Reinforcement Learning, Model-Based vs. Model-Free RL, Factored representations 
Instrumental conditioning, Pavlovian conditioning, negative automaintenance 
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ABSTRACT 
It has long been known that Pavlovian conditioned stimuli can affect instrumental responses. For 
example, a tone paired with food can make a rat press more a lever leading to food as well [1]. This effect 
is called Pavlovian-instrumental transfer (PIT). For its link to both instrumental and Pavlovian processes, 
PIT represents an important means to understand the specific biological mechanisms underlying goal-
directed behaviour and decision making. Recently, it has been shown that there are actually two kinds of 
PIT: specific PIT and general PIT [2]. In specific PIT, a conditioned stimulus (CS) enhances an 
instrumental response associated with the same outcome (e.g. the same food), while in general PIT the CS 
can enhance instrumental responses directed towards other outcomes (e.g. other foods). Specific and 
general PIT have different properties, in particular it has been shown that general PIT is reduced by 
outcome devaluation through satiation whereas specific PIT is not [3]. Although there is ongoing progress 
on the biological mechanisms underlying the two forms of PIT [4, 5], it is still not clear how PIT effects 
work at the computational level and what adaptive functions they have for animals. 
In [6] we put forward an hypothesis on how specific and general PIT might affect instrumental behavior. 
In particular, we suggested that specific PIT affects the estimates of the probability of the reward 
associated to the instrumental action: that is, a CS paired with food rises the estimates of reward 
probability of instrumental responses tied to the same food. In other words, when a CS paired with food 
is present, the subject believes that its instrumental response will have an higher chance of obtaining that 
food. If this is correct, then an instrumental response which delivers food with 100% probability when the 
CS is not present would not benefit of the PIT effect since its reward probability is already at maximum. 
Thus, an inverse relationship between instrumental reward probabilities and specific PIT should be found. 
An alternative hypothesis is that CSs paired with food act as \occasion setters", without altering the 
estimates of reward delivery. For example, CSs might simply reduce uncertainty about an instrumental 
response-food contingency being in effect or not, without altering its reward probabilities when in effect. 
In this case, the prediction switches: specific PIT should be stronger for instrumental responses with high 
probabilities as reducing the uncertainty on a frequently rewarding response would raise the average 
expected outcome more than reducing the uncertainty on the presence of a seldom-rewarding one. 
To test these alternative hypotheses we are currently running a series of PIT experiments with human 
participants and multiple instrumental responses having different reward probabilities. Preliminary results 
from this study will be shown in the poster. 
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ABSTRACT 
The basal ganglia form loops with highly interconnected cortical areas through the mediation of the 
thalamus. This architecture has the potential of generating highly dynamical processes. Traditionally, 
cortex is though to implement fine sensorimotor transformations and more indirect cognitive input-
output processing through its distributed, highly re-entrant circuits. Instead, basal ganglia, with the 
mediation of thalamus and the modulation of dopamine, are thought to select cortical contents through a 
disinhibitory mechanism involving compartmentalised channels. How in detail this basal ganglia-cortical 
architecture integrates these two functions is still an open issue. In this respect, Wickens and colleagues [1] 
proposed a model in which the activation of a cortical assembly disinhibits other assemblies through the 



 

 

basal ganglia, thus producing their sequential activation. Instead, Frank and colleagues [2] proposed that 
basal ganglia act by gating the thalamic input to cortical modules thus switching on and off their intrinsic 
dynamics. 
 
Here we propose an alternative model that aims to explain how the computational processes of basal-
ganglia, characterised by a different granularity in both space and time, interplay to produce adaptive 
behaviour. All components of the model are formed by population of the same type of leaky neuron. A 
first key idea of the model is that cortex forms a system endowed with a complex intrinsic dynamics 
capable of expanding the input in both space and time so as to solve non-linearly separable problems and 
at the same time to form a fading memory of input sequences. These computational processes are 
captured in the model with a dynamic reservoir [3] that abstracts the micro circuits of cortex. The 
dynamics of cortex are sensitive to the high-frequency, detailed input from other cortical areas: this input 
represents body/environment changing states and is represented in the model with different sinusoidal 
signals. The cortical output is “read out” through units trained for simplicity with a supervised learning 
algorithm. The basal ganglia inner architecture is instead based on the GPR model [4] which is however 
integrated with cortex with afferent connections from the targeted cortex and efferent connections to 
thalamo-cortical loops. The functioning of basal ganglia is also regulated by dopamine. A second key idea 
of the model is that basal ganglia circuits lead them to integrate information at a lower temporal and 
spatial resolution with respect to cortex: this allows them to integrate information so as to perform more 
reliable selections. These “selections” are then actually performed in terms of modulation of the cortical 
dynamics at a spatial and temporal coarse scale. 
 
The model is tested by using its reading-out units to control a three degree-of-freedom simulated dynamic 
arm. The arm is requested to learn to perform various rhythmic movements (e.g., drawing a circle or a 
square) or discrete movements (e.g., reaching a point is space) on the basis different “task inputs” sent to 
basal ganglia. The results confirm how the basal ganglia and cortical components of the model are indeed 
best suited to process information at suitable spatial and temporal scales, and that the system performance 
deteriorates if inputs with a certain scale are sent to the wrong component (e.g., the task input to cortex or 
the context input to basal ganglia). 
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ABSTRACT 
The mechanisms of decision making are generally thought to be under the control of a set of cortico-sub 
cortical loops. There are known to be several parallel functional loops through the basal ganglia 
connecting back to distinct areas of cortex, processing different modalities of decision making, including 
motor, cognitive and limbic. Due to convergence and divergence within the network though, these loops 
cannot be completely segregated. We use these properties to develop a connectionist model at a spiking 
neuron level on the bases of the recently published Guthrie's model [1]. This model is demonstrated on a 
decision making task that has been studied in primates and the electrophysiology interpreted to show that 
the decision is made in two successive steps. In this task, the animals are trained to associate recompense 
values to targets in order to maximize their rewards [2]. 
To develop this model, we use two parallel loops, each of which performs decision making based on 
interactions between positive and negative feedback pathways within the loop. The loops communicate 
via divergence in one specific area. This model is tested to perform two level decision making as in 
primates. The whole system is instantiated using leaky integrate-and-fire neurons and its architecture relies 
on commonly accepted data regarding the complex functional connectivity description between basal 
ganglia, cortex and thalamus. 



 

 

We are currently developing the model capability to mimic the monkey behaviour and its learning skills. 
Our goal is to apply a bottom-up approach of the basal ganglia model development in which the learning 
of optimum decision making mechanisms will emerge from the closed-loop interaction between the neural 
circuitry and its sensory-motor interface. This will allow us (i) to avoid the arbitrary choice of a pre-
existing machine-learning derivative model and also (ii) to have the possibility to investigate the cell-scale 
mechanisms impact on the whole model capacities. 
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ABSTRACT 
Efficient regulation of internal homeostasis and defending it against perturbations require complex 
behavioral strategies for seeking outcomes that fulfill homeostatic needs. Such adaptive responses depend 
on interaction between the brain’s homeostatic regulation and associative learning processes. Recent 
findings have shown several pathways for interaction between the hypothalamus and the dopamine-based 
reward learning system. However, the computational principles implemented by this interaction remain 
undefined. Here we use a definition of primary rewards, as outcomes fulfilling physiological needs, to 
build a normative theory showing how learning motivated behavior is modulated by the internal state of 
the animal. The theory proves that seeking rewards is equivalent to the fundamental objective of 
physiological stability, defining the notion of physiological rationality of behavior. We further give a 
formal basis for temporal discounting of reward. The model also explains how animals learn to act 
predictively to preclude prospective homeostatic challenges, and attributes a normative computational role 
to the modulation of midbrain dopaminergic activity by hypothalamic signals. 
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ABSTRACT 
Like all living organisms, humans have to maintain energetic homeostasis. In addition to immediate 
regulation driven by states of hunger, thirst, etc., maintaining homeostasis requires taking actions with 
delayed consequences. For example, humans may have to decide between foraging for attractive but hard-
to-get prey (e.g., hunting deer) or unattractive but easy-to-get prey (e.g., collecting berries) under threat of 
starvation. In such contexts, decisions should minimize the probability of starvation over a particular time 
horizon, given current energy levels. Here, we investigated whether human decisions conform to this 
principle. In addition, we were interested whether our biologically inspired approach to decision-making is 
able to explain human choice better than previously described economic approaches, which have shown 
influences of statistical variables such as expected value, variance, and skewness. 

We devised abstract gambles that mirrored foraging for food. In each trial, participants decided 
between two virtual foraging environments in which they remained for several “days”: a high-energy-gain, 
low-probability environment and a low-energy-gain, high-probability environment. On each day, they lost 
energy by the passage of time, and gained energy according to the environmental statistics. Zero energy 
was framed as starvation. We derived outcome distributions by applying the straightforward mathematics 
of random walks. This allowed us to construct equivalent gambles that were presented in a purely 
economic setting (i.e., gambles with the same outcome distributions framed as wheel-spinning casino-like 
gambles). Twenty-two participants made 480 decisions in the foraging frame and 480 in the casino frame. 



 

 

Participants’ choices took into account the probability of starvation. A choice model based on 
expected value and probability of starvation explained choices better than other models that included 
combinations of expected value, variance, and skewness, for both the foraging and the casino frame. 

In sum, human decision making-both in an abstract foraging setting and in a purely economic 
context-could be better explained by a variable related to maintaining homeostasis (probability of 
starvation) than by variables from standard economic models (variance and skewness). Thus, our 
approach promises a more biologically inspired approach to human decision-making, which in turn may 
lead to a refined characterization of the interaction between different neural decision-making systems. 
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ABSTRACT 
The Multihypothesis Sequential Probability Ratio Test (MSPRT) is an asymptotically optimal, sequential 
test for decision making between several alternatives. It works by integrating ‘evidence’ on each of its 
‘channels’ and makes a decision when the first channel output crosses a threshold. The overwhelming 
majority of its applications focus on making single, discrete decisions with stochastically stationary inputs 
supplying evidence, and in which the evidence is initialized to zero prior to the decision process. Here, the 
decision making process is terminated upon crossing the threshold, which therefore constitutes an 
absorbing boundary. In contrast, ethologically plausible decision making in animals (and situated agents) 
should proceed in a continuous fashion, and will occur in environments where the information supporting 
each alternative changes dynamically throughout the integration process; that is the inputs will be non-
stationary. Models of decision making and action selection in animals are often based on the hypothesis 
that the basal ganglia – a set of sub-cortical brain nuclei – act as the central mechanism mediating 
decisions. These models work with continuously varying inputs, and select actions (make decisions) via a 
threshold crossing which does not terminate the decision making process. Intriguingly, (Bogacz & 
Gurney, 2007) showed there was close correspondence between the functional anatomy of the basal 
ganglia and the algebraic manipulations of the MSPRT, but considered only discrete decision trials in 
reporting their results. However, viewed as an algorithmic abstraction of an anatomical architecture, we 
ask the question: can the MSPRT mechanism be recruited for decision making with non-stationary inputs, 
and without use of an ad-hoc ‘reset’ mechanism? We present a preliminary series of simulation 
experiments exploring this possibility, and comparing the results with the full basal ganglia model 
(Gurney, Prescott, & Redgrave, 2001) working in continuous selection mode. In order to do this, we 
introduced what we call a transparent boundary, which records choices made but does not stop the 
integration. Further, as with the basal ganglia model, threshold crossing from above comprises a selection, 
whereas crossing from below indicates its de-selection. Using inputs in which two out of three channels 
had very similar means, the MSPRT mechanism showed behavior consistent with that obtained from the 
basal ganglia model (Gurney, Prescott, & Redgrave, 2001); thus, closely matched competitors can induce a 
‘selection limiting’ effect on each other and take more time to get selected than a channel with the same 
input but no close competitors. Continuous decision making of the kind we envisage here introduces a 
problem: continuous evidence accumulation, results in unfeasibly large inputs, but also in the inability to 
‘forget’ past evidence and focus on more recent input. We therefore, also introduced an integration window 
so that only the N most recent samples of information are used in the decision process. With this device, 
time-to-select after introduction of a new input signal contrast, was considerably decreased because the 
‘’baggage’ of the previous evidence history could be discarded more quickly. Taken together, our results 
indicate how the MSPRT mechanism may be recruited for continuous, ethologically plausible decision 
making with non-stationary inputs.  
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ABSTRACT 
The DDM [1] has been shown to be quantitatively accurate in describing binary choices [2] and recently 
has been extended to trinary choices [3] and value-based choices [3, 4, 5]. According to the DDM the 
decision-maker integrates the difference in evidence supporting two alternatives; the DDM should be 
insensitive to the absolute magnitude of evidence for the alternatives, and when a subject is presented with 
equal alternatives this should result in a deadlock since there is no difference in evidence to integrate. We 
investigated this aspect of the DDM in two pilot studies, one in a perceptual-judgement decision and one 
in a value-based decision setting. The perceptual experiment involved a numerosity discrimination 
paradigm; in the value-based setting we adjusted the paradigm by instructing participants that they would 
receive a monetary reward in direct proportion to the sum of the dots in the clusters they selected over all 
trials. The main results of the two studies are (i) reaction times with zero net evidence differed according 
to the overall magnitude of the two alternatives, (ii) the pattern affecting equal alternatives is opposite 
between the perceptual and the value task, (iii) in the value task, subjects were faster in the zero net 
evidence condition than in the condition where there was a small proportional difference among the two 
alternatives. These results raise issues with the idea that the DDM can be a comprehensive computational 
framework for all types of decision-making. Moreover, we argue that most naturalistic decisions, which 
animals’ brains should have evolved to optimise, are value-based rather than accuracy-based [6]. In the 
DDM, mechanisms that optimise speed-accuracy trade-offs need to be parameterised, using information 
about the decision problem, in order to deal with value-based decision-making. Mechanisms for value- 
sensitive decision-making have been described, however, which adaptively change between decision-
making strategies without the need for continual re-parameterisation. In the poster, computational and 
theoretical problems related to the DDM will be discussed in detail and alternative ecologically-plausible 
models inspired by studying value-sensitive decision-making systems will be presented. 
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Introduction 
Dynamic Causal Modelling (DCM) of neuroimaging data has become a standard tool for identifying the 
structure and flexibility of brain networks that respond to the experimental manipulation (e.g., sensory 
stimuli or task demands)[Daunizeau et al., 2011]. DCM, however, does not explain how distributed brain 
responses are causally involved in the production of behaviour (e.g. choices, reaction times). 
 
In this work, we propose to merge DCM with decoding approaches [Haynes and Rees, 2006], with the 
aim of identifying a neural transfer function that would map experimental inputs to their behavioural 
response, through activity in the underlying large-scale brain dynamics. In brief, our approach provides a 



 

 

neuro-computational decomposition of behavioural responses, in terms of the contribution of brain 
regions and their functional connections to the input-output transform. In turn, it provides a direct 
quantification of the behavioural relevance of effective connectivity. In this view, neuroimaging data 
serves to identify key parameters (e.g. synaptic weights and their modulation) that control the "transfer 
function" from experimental inputs to behavioural outputs. 
 
We first recall the basics of the DCM framework and expose its behavioural extension. We then evaluate 
the capabilities and limits of the approach using both Monte-Carlo simulations and empirical data. We 
conclude with a few target experimental questions that our framework can address. 
 
Methods 
The original DCM model relies upon ordinary differential equations that explain how experimentally 
controlled inputs shape the observable (BOLD) network dynamics, as a function of key parameters such 
as effective connectivity strength and modulation (plasticity). We augment this model with a parametric 
mapping of hidden (neural) network dynamics onto observable behavioural output (e.g. trial-by trial 
choices in a decision making task). 
This makes both brain and behaviour dynamics explicit functions of network connectivity and plasticity 
(Figure 1). We then use a variational bayesian scheme for probabilistic inference on model structure and 
parameters. Eventually, this allows us to quantify the behavioural relevance of network connectivity and 
plasticity, in terms of its contribution to the input-output transform. 
 
Results 
Face validity 
Using Monte-Carlo simulations of simple behavioural DCM models, we assessed the ability of our 
algorithm to correctly identify (a) the functional connectivity and (b) the behavioural encoding scheme. 
Results of the ROC analysis validated the soundness of our approach. 
Experimental validation 
We simultaneously recorded BOLD timeseries and behavioural responses of a subject in a Go/NoGo  
ask. We then constructed a behavioural DCM using ROI found in the first level analysis. Model estimation 
allowed us to correctly predict almost perfectly behavioural responses (~97% accuracy), well above a 
linear decoder. Model comparison and further analyses also showed that: (a) the premotor cortex is 
responsible for withholding a (contralateral) response in the preparation phase by selectively inhibiting the 
(ipsilateral) motor cortex and (b) the anterior prefrontal cortices are critical for refraining to respond in the 
NoGo condition by sustaining the premotor inhibitory activity. Critically, a (virtual) lesion of the antero-
prefrontal -> premotor network induced an increase in the response rate in the NoGo condition, 
predicting errors similar to what is seen in frontal patients. 
 
Conclusion 
We proposed a generic extension of DCM that aims at capturing how experimental manipulations are 
integrated and processed through large-scale brain networks to generate behaviour. Crucially, our work 
provides an original framework to investigate and assess the causal role a functional network has on the 
behaviour. This might be useful for example to predict the effect of anatomical lesions, but also to help 
anticipating the potential of behavioural recovery. 
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ABSTRACT 
People differ on many dimensions, in particular in what drives their behavior. Remarkably, we manage 
most of the time to live together, cooperate or compete, which may suggest that we are able to attribute 
preferences to others that differ from our owns.  
We investigate experimentally this question in the case of three canonical dimensions such as our 
susceptibility to risk, effort and temporal delay.  
We then propose a modeling account for our ability to learn others’ preferences based on the simple 
observation of their choices. By taking the agent’s own preference as a prior for others’ preference, we 
model the projection bias (also known as the False Consensus Effect), our tendency to think that others’ 



 

 

are more similar to us than they really are. We also propose a computational account for the social 
influence effect, by which we tend to change our preference in the direction of what others like.  
Taken together, our results suggest an interpersonal preference alignment mechanism, which consists of 
two interacting processes. On the one hand, social influence, or the change of our own preferences in the 
direction of others', depends upon the inference process that subtends our identification of others' 
preferences. On the other hand, this inference starts with our own preferences as an implicit prior on 
others. 
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ABSTRACT 
In a previous modelling study, Leblois et al. (2006) demonstrated an action selection mechanism in 
cortico-basal ganglia  loops based on competition between the positive feedback, direct pathway through 
the striatum and the negative feedback, hyperdirect pathway through the subthalamic nucleus. In Guthrie 
et al. (2013), authors investigated how multiple level action selection could be performed by the basal 
ganglia. To do this, the model has been extended in a manner consistent with known anatomy and electro-
physiology in three main areas. Unfortunately, the information provided by the article were not suffcient 
to reproduce the model. If reproducibility is the hallmark of Science, non-reproducibility seems to be the 
hallmark of Computational Neurosciences. In that respect, Guthrie et al. (2013) is a prototypic case of 
such non-reproducible computational neuroscience research even though the proposed model gives a fair 
account of decision-making in the basal ganglia complex. While trying to replicate results starting from the 
article description, we soon realised some information were undisclosed, some other were ambiguous and 
there were also some factual errors. Even after accessing the original sources (more than 6000 lines of 
Pascal), we were still unable to understand how the model worked. In the end, only the original material (a 
binary executable) and a direct contact with the authors allowed us to access the whole picture. After two 
months of intensive refactoring, we were finally able to replicate results using only 200 lines of Python. 
From this experience, which is unfortunately not an isolated case, we would like to share a simple message 
with the computational neuroscience community: designing computational models is not all about writing 
& running programs. If a model is to be reviewed, understood, used, replicated and integrated, it requires 
a minimal amount of coordinated efforts. Or the model will be soon forgotten, even by their own original 
designers.  
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ABSTRACT 
Working memory offers the unique possibility to maintain information during an arbitrary long time. 
However, this possibility comes with the constraint that the number of items that can be maintained this 
way is very limited. This situation creates a computational problem of optimizing working memory 
content by choosing appropriately which items should be maintained and which items should be 
discarded. Previous work by O’Reilly (O’Reilly & Frank, 2006) showed that a reinforcement learning 
scheme could allow training of a basal ganglia dependent gating mechanism to successfully manage 
working memory content in order to complete diverse tasks.  



 

 

The predictive coding framework, proposes that one of the intrinsic purpose of the brain is the prediction 
of future events. Data (Bekinschtein et al., 2009) suggests that the involvement of working memory can be 
crucial, even in the absence of an explicit task to discover long distance temporal dependencies.  
We studied a simplified version of the working memory management problem by reducing working 
memory capacity to one slot. We show that using a value system that is sensitive to prediction accuracy, 
and a reinforcement learning algorithm, the brain can use self-evaluation to learn a successful gating policy 
to control the access to its working memory slot and optimize predictions.  
Specifically, we studied the performance of this value based working memory access (vbWMA) model on 
simple sequences of stimuli whose probability of occurrence was chosen independently of the past, except 
for one long distance predictive relation. The vbWMA model was able to learn to store the predictive 
stimulus for the appropriate duration. The dynamics of policy discovery was non-linear. Comparison with 
other models shows that this strategy offers an excellent trade-off between final performance and learning 
time. We also show that the vbWMA develops appropriate strategies in more complex situations with 
multiple long distance dependencies. 
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ABSTRACT 
Spatial navigation is a complex function requiring the combination of external and self-motion cues to 
build a coherent representation of the external world and drive optimal behaviour directed towards a goal. 
This multimodal integration suggests that a large network of cortical and subcortical structures interacts 
with the hippocampus, a key structure in navigation. Studying navigation through this global approach, we 
focused on sequence-based navigation, which consists in remembering a sequence of turns. This 
navigation specifically relies on the temporal organization of movements at spatially distinct choice points 
thus requires manipulating information in a spatio-temporal framework. Our aim was to identify the 
functional network underlying sequence-based navigation using Fos imaging and computational 
approaches.  
We trained mice in a multi-intersection maze to learn a path without environmental cues. This learning 
required distinguishing locations by the order in which they were met. The functional networks 
dynamically changed across early and late learning stages. The early stage network was dominated by a 
highly inter-connected cortico-striatal cluster. The hippocampus was activated alongside structures known 
to be involved in self-motion processing (cerebellar cortices), in topographical representation 
manipulations (retrosplenial, parietal, entorhinal cortices) and in goal-directed path planning (prefrontal-
basal ganglia loop). The late stage was characterized by the emergence of correlated activity between the 
hippocampus, the cerebellum and the cortico-striatal structures.  
Conjointly, we explored whether path integration, model-based or model-free reinforcement learning 
algorithms could explain mice’s learning dynamics. Only the model-free system, as long as a retrospective 
memory component was added to it, was able to reproduce both the group learning dynamics and the 
individual variability observed in the mice.  
These results suggest that a unique model-free reinforcement learning algorithm was sufficient to learn 
sequence-based navigation and that the multiple structures this learning required adapted their functional 
interactions across learning. 
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ABSTRACT 
Perceptual decision-making has been widely studied using tasks in which subjects have to select between 
two possible actions based on a property of a visual stimulus. These studies have focused on the main 
behavior of subjects, mainly ignoring the possible role that the motor cost of the selected action might 
play in the decision-making process. In a previous theoretical study [1], we investigated the interaction 
between decision-making and behavior using a real-world robot in which actions were constrained by the 
physical properties of the robot. Here, we extend this study by investigating this same issue using a 
combined experimental and computational approach. To this end, we prepared a psychophysical task in 
which human subjects had to execute a movement towards one of two reaching movements with opposite 
biomechanical cost to indicate their decisions. As previously reported,subjects exhibited a strong bias 
towards movements with lower cost when freely choosing between those reaching movements [2]. 
Furthermore, the same motor bias was maintained when subjects reported the direction of motion of 
moving dots presented on a screen with the same reaching movements, their choices also exhibited a bias 
towards the less costly movement. These results suggest that motor costs also bias decisions when the 
correct response does not strictly depend on the properties of the motor apparatus.  
 
 With a spiking neural model of binary decision-making, we propose how the visual and 
biomechanical information considered in this task might be combined to make a decision. The model 
specifically addresses the question whether the cost of movement should be considered as an explicit or 
implicit factor in the neuronal substrate of decision making. The model consists of two populations of 
excitatory neurons, each responsive to one of the two possible actions, that share recurrent excitatory 
connections and compete through mutual inhibition. We propose that the strength of the recurrent 
connection of the two neural pools is plastic and modulated through experience. We propose this 
modulation can explain the bias in behavior observed in the motion discrimination task. In addition, our 
model predicts that the response variability of the neurons that form the decision correlates with the 
confidence about the decision being made, where higher response variability reflects higher uncertainty. 
We show that our simulation results predict a direct link between uncertainty and variability, as previously 
proposed in [3]. 
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ABSTRACT 
The goal of our work is to study Human/Robot Interaction (HRI) for navigation tasks. In this specific 
applicative framework, we investigate autonomous or semi-supervised learning of sensori-motor 
associations through interaction games with a human partner. More precisely, we focus on how the robot 
can decide when and from who it should learn. 
Our previous work in navigation relied on Visual Place-Cell/Action (VPCs/A) associations to allow a 
mobile robot to perform tasks such as a round path [4]. As a stereotypical human/dog training, the 
teacher uses a leash to correct the robot trajectory by pulling it in the desired direction. This intervention 
triggers the VPCs/A association learning. Here, we argue that this coarse communication medium (leash) 
can be replaced by a more ”natural” one leading to intuitive interactions. In order to do that, we take 
inspiration from recent psychological studies suggesting that unintentional synchrony is an important 
parameter for human-human interactions and interpersonal coordination [2]. 



 

 

We previously developed a neural model permitting a robot to adapt its behavior to external stimuli 
(optical flow) and showed that this synchrony-based approach is a good way to engage and maintain the 
interaction. The robot selects and focuses its attention on a selected partner who moves closely in 
synchrony with regard to the robot inner dynamics [1][3]. In this work, we rely on a similar approach to 
modulate the robot interactive learning of navigation tasks. 
The global working flow of the proposed method can be summarized as following: Let us consider a 
mobile robot embedded with a pan camera (simulating the head motion) and a small added arm controlled 
by an oscillator representing its locomotion dynamic. A second pan camera is used for VPCs landmarks 
recognition (simulating the eye saccades). Before any VPC is learnt, the robot navigates randomly. If the 
human partner wants to correct its behavior, he/she just needs to move his/her arm in synchrony in front 
of the camera. An optical flow will be induced, creating a signal which can be used for synchrony 
detection (by comparing it with the robot inner oscillator). In the case of a ”detected synchrony”, the 
human will be selected as an interacting partner (from who to learn) and the learning of the synchronous 
partner’s shape will be activated (neuromodulation by synchrony detection). Thereby, the robot will be 
able to maintain the interaction even during asynchronous phases. The partner can show the desired 
direction by moving toward it. The robot tracks him/her and orients its head in order to center its visual 
attention on the human. Therefore, a deviation can be detected by comparing the robot head and body 
orientations. Thus, partner recognition and deviation detection jointly neuromodulate the learning of 
VPCs/A associations (when to learn) for the navigation task. These associations allow for building an 
attraction basin that represents the desired behavior. 
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ABSTRACT 
The Stimulus-Response (S-R) theory and Tolman’s Cognitive Theory of behavior control both issued 
from behaviorism in the early XXth century still provide a relevant general framework to account for 
animal reward-based adaptive behavior. In this paper, we propose a new paradigm for representing and 
implementing both the cognitive strategy and the S-R habit strategy within a unitary coding frame. Based 
on a parallel learning of both strategies, the model explains how the fast learning cognitive strategy can 
supervise and accelerate the slow learning S-R habit strategy. This parallel representation is inspired by the 
cortico-basal functional loops [Alexander et. al., 1986] and the cooperation between the cognitive 
associative loop, including the dorso-medial striatum and the mPF; and the sensory-motor loop, 
associated to the sensory motor cortex in relation with the dorso-lateral striatum. 
The implementation of S-R habit strategy is different from a classical Q-learning and is based on the 
model of [Hirel et al., 2013], representing the functioning of the sensory-motor loop. This representation 
is based on a neuronal modelisation of the Q-learning algorithm. The states of the model are represented 
by the transitions. 
A transition is an association between two consecutive place-cells during the exploration of the 
environment, learned in the CA1-CA3 regions of the hippocampus. The cognitive strategy is based on a 
map representation of the environment namely the cognitive map [O’Keefe & Nadel, 1978]. Based on the 
association between learned transitions, the cognitive map allows the back-propagation of a reward within 
a tree, allowing the selection of the shortest path to the goal. While the cognitive map is quickly learned, 



 

 

the Q-values associated with the Q-learning are slower to acquire. On the other hand, the Q-learning 
tends to be more accurate than the cognitive map when fully learned. 
The model exploits this speed difference in its parallel learning. The fast acquisition of the cognitive map 
allows the robot to quickly choose correct paths to the goal, and thus the time convergence of the Q-
learning algorithm is optimized. The cooperation is based on the biasing of the selected transition by the 
cognitive map and the Q-learning in parallel. In its early learning stage, the Q-learning biasing is too weak, 
and the cognitive map is dominant, inducing the supervision of the S-R habit by the cognitive strategy. In 
the later learning stages, the Q-learning is stronger and more precise. Cooperation of the cognitive strategy 
and S-R habit enables a faster S-R learning. It is also possible to study the lesioning of one or the other 
path and its effect on the behavior and the learning process. 
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ABSTRACT 
Basic choice models conceive decision-making as a two-step process, with first valuation of available 
options and then selection of the best option. Recent neuroimaging studies have identified the 
ventromedial prefrontal cortex (vmPFC) and the ventral striatum (vS) as the two main structures of the 
human brain valuation system, but their respective role is still a matter of debate. One dissociation present 
in the literature is that simple effort tasks, such as squeezing a handgrip to get a monetary reward involves 
the vS but not the vmPFC. In contrast, the vmPFC is consistently implicated in rating and choice tasks 
(with or without the ventral striatum). However, it remains unclear whether the dissociation relates to the 
task or to the stimulus. Indeed, choice and rating tasks necessitate items that are more complex than the 
monetary incentives used in effort tasks, otherwise they would be trivial. These tasks typically use 
multidimensional goods: food, faces, paintings, trinkets, lotteries etc.  
To clarify this issue, we investigated value encoding in a classical effort task using a complex reward. Our 
hypothesis was that the vmPFC participates in the valuation process whenever several dimensions need to 
be integrated, even if this valuation process serves the purpose of an effort task. We used functional 
magnetic resonance imaging (fMRI) to measure neural responses to compound incentives that participants 
could earn by performing an effort task. More precisely, the force exerted on a handgrip, relative to the 
subject’s maximal force, determined the probability of winning the compound incentive, which was 
composed of two monetary amounts, one for the subject (personal gain) and one for a charity (altruistic 
donation). These amounts were varied across trials such that we could search for the neural correlates of 
their aggregated value, inferred from the pattern of force produced. We found in this situation, the 
vmPFC did encode the incentive value that was driving the effort, together with the vS. We therefore 
conclude that the previously observed dissociation was not. 
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ABSTRACT 
Exploration is an important adaptive process that may help discovering more advantageous alternatives. 
Exploration is motivated by the incentive value of information and uncertainty [1]. Whether the value of 
uncertainty can be directly compared to primary reward, and how this comparison may be implemented in 
nervous systems, have remained elusive. It has been proposed that Acetylcholine (ACh) signals 
uncertainty [2], while dopamine (DA) mediates motivation. We thus hypothesized Ach control of DA 
neurons from the ventral tegmental area (VTA) to underlie the incentive properties of uncertainty. We 
developed a new behavioral paradigm where animals make a continuous series of choices between 
probabilistic brain stimulation rewards [3]. We found that the “uncertainty-driven exploration” model best 
explained the mice behavior in the gambling task. Mice lacking ß2-containing nicotinic acetylcholine 
receptors (nAChRs) subunit showed an altered balance between exploration of uncertain options and 
exploitation of known rewards. Targeted lentiviral re-expression of functional β2–containing nAChRs in 
the VTA was sufficient to restore uncertainty-based exploration. Moreover, this model parsimoniously 
explains a large amount of the behavioral data concerning ß2 knock-out mice (object recognition, open 
field navigation, spatial learning and fear conditioning) in terms of lack of uncertainty-driven exploration. 
Hence, our combination of computational modeling and causal tests based on genetic tools shows that 
uncertainty-driven exploration is underlain by cholinergic modulation of the VTA. 
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Aims  
We live in a changeable environment and, to make optimal choices, it is vital to adapt behaviour after 
receiving new information. One system likely important for this process is dopamine (DA). However, it is 
still unclear what signals DA release provides on a trial-by-trial basis when different aspects of the 
environment – such as the anticipated future reward or the work required to gain that reward – change.  
Methods  
We trained rats on a 2-option decision-making task. Each option was associated with a number of 
responses (cost) to gain a certain quantity of reward (benefit). While the cost/benefit associations of one 
option remained constant throughout testing the benefit or the cost associated with the other was 
selectively altered mid-session. Rats were chronically implanted with carbon fibre electrodes targeting the 
nucleus accumbens core (NAcc). Using fast-scan cyclic voltammetry, we recorded sub-second dopamine 
release as animals performed the task.  

Results 

Animals learned to rapidly update their choices when either the cost or benefit altered. DA at the time of 
reward delivery only reliably coded for changes in reward magnitude and not in response cost.  When 
reward was reduced, DA release decreased in direct correlation with deviations from prediction.  



 

 

Unexpectedly, when reward size increased, phasic DA signals were maximal the second time animals 
experienced this improved benefit. 

Conclusion 

NAcc DA release encodes reward- and not cost-prediction errors. However, unlike midbrain DA neurons, 
phasic DA release following unexpected increases in reward size reflects factors beyond the discrepancy 
between predicted and received reward. 
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Aims 
Dopamine (DA) has been strongly implicated in representing predictive values assigned to cues and also 
updating these predictions when they are not accurate. However, it is not clear what role phasic DA plays 
when rewards are unexpectedly of different identity or how DA responds when the subjective value of a 
reward changes. 
 
Methods Rats were trained on a 2-option choice task where a single lever press was associated with 
delivery 2s later of a particular quantity of a particular reward type (pellet or sucrose solution). On a subset 
of trials, rats unexpectedly received either a larger size of the expected reward (5% of trials) or the 
standard quantity of the alternative reward type (20% of trials). To manipulate subjective value, in 
devaluation sessions, animals were given free access to one of the rewards prior to testing. Using fast-scan 
cyclic voltammetry, we recorded DA release in the nucleus accumbens core as animals performed the task.  
 
Results 
The subjective value of the rewards was titrated to be equal across animals. Following pre-exposure to 
pellets or sucrose, rats biased their choices to the alternative reward type. Phasic increases in DA were 
observed following presentation of the options and also at reward delivery. While large increases in DA 
consistently occurred following unexpected increases in reward quantity, only small and variable changes 
were recorded following surprising changes in reward identity. 
 
Conclusion 
These results suggest that, while rats are sensitive to both reward value and identity, DA primarily encodes 
deviations from expectation of the former. 
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ABSTRACT 
The activity of midbrain dopamine cells and dopamine release in the striatum has been tightly linked with 
reward and reinforcement. However, striatal dopamine also has a motor function, as highlighted by the 
motor symptoms elicited by its depletion in Parkinson’s disease. To date, little is known about how phasic 
dopamine release during reward-guided behaviour is affected by ongoing response demands.  
In order to address this question, we used fast-scan cyclic voltammetry (FCV) to contrast patterns of 
phasic dopamine release in different striatal sub-regions in cued conditions requiring response initiation or 
response suppression to gain reward. We trained rats to perform a symmetrically-rewarded Go/No-Go 
task. Following an initial response, a cue instructed them either to maintain their position (No-Go) or 
disengage (Go) to obtain reward. Rats were implanted with carbon fibre electrodes targeting both nucleus 
accumbens core (NAcc) and dorsomedial striatum (DMS). Using FCV, we recorded sub-second phasic 
dopamine concentration as animals performed the task.  
Rats learned to perform both Go and No Go trials, disengaging faster on the former trials and holding for 
>2s on the latter. Dopamine release in both NAcc and DMS reliably increased following the instructive 
cue on correctly-performed Go trials. By contrast, no comparable fluctuations in dopamine concentration 



 

 

were detected on correctly performed No-Go trials while the animal was maintaining a fixed position. 
Instead, dopamine release was only detected following movement initiation.  
Our results are novel in suggesting that phasic dopamine release in NAcc and DMS correlates better to 
movement initiation than the prediction or delivery of reward. 
 
 
28. Distinct coding properties emerge in a computational model of the hippocampus-ventral 

striatum circuit that are complementary for goal-directed learning and choice 
Ivilin Stoianov & Giovanni Pezzulo  
Institute of cognitive Sciences and Technologies, National Research Council, Rome, Italy. 
 
ABSTRACT 
Recent neurophysiologic data suggest that the hippocampus (HC) and the ventral striatum (VS) might be 
jointly implied in decision-making and vicarious trial and error [1], [2]. One hypothesis is that the HC-VS 
circuit might implement a model-based "controller" supporting goal-directed choices: the HC might 
encode (part of) a "transition function" and afford forward search processes [1], [3], which in turn might 
elicit "covert reward expectations" in the VS [2], thus permitting to associate spatial locations (or even 
prospective paths) with reward information [4]. Further support for this idea comes from a recent 
neurophysiologic study, which revealed that the HC can lead VS activity and the two brain areas have 
different coding properties: HC cells have greater spatial selectivity and VS firing is more correlated to 
reward information and the task phases towards reaching goal sites [5], see also [6]. Here we ask if these 
two distinct coding properties might emerge in two components (putatively associated to HC and VS) of a 
probabilistic model-based controller that learns to reach multiple goal locations and optimize reward 
acquisition. We tested this idea in a "+ maze" task with 2 learning phases, equivalent to [5]. Reward in the 
first 80% of the trials (cue-conditioning phase) was the same for all four rooms of the maze. In the following 
20% of the trials (context-conditioning phase), only stepping on north-room goals brought to 75% of reward, 
while the other goals brought to 25% reward. Our results show that when the two components of the 
model-based controller learn simultaneously (using a standard probabilistic procedure) they self-organize 
internal representations having high spatial selectivity (like the HC) and sensitivity to reward events and 
task phases (like the VS), respectively, and that the latter but not the former codes re-adapt in the context-
conditioning phase. Our computational study helps shedding light on the coding properties of HC and VS 
and their complementarities for goal-directed learning and choice. 
 
REFERENCES 
[1] A. Johnson e A. D. Redish, «Neural ensembles in CA3 transiently encode paths forward of the animal 
at a decision point.», J Neurosci, vol. 27, n. 45, pagg. 12176–12189, nov. 2007. 
[2] M. A. A. van der Meer e A. D. Redish, «Expectancies in decision making, reinforcement learning, and 
ventral striatum», Front. Neurosci., vol. 4, 2010. 
[3] B. E. Pfeiffer e D. J. Foster, «Hippocampal place-cell sequences depict future paths to remembered 
goals», Nature, vol. 497, n. 7447, pagg. 74–79, mag. 2013. 
[4] G. Pezzulo, F. Rigoli, e F. Chersi, «The Mixed Instrumental Controller: using Value of Information to 
combine habitual choice and mental simulation», Front. Cogn., vol. 4, pag. 92, 2013. 
[5] C. S. Lansink, J. Jackson, J. V. Lankelma, R. Ito, T. W. Robbins, B. J. Everitt, e C. M. A. Pennartz, 
«Reward cues in space: commonalities and differences in neural coding by hippocampal and ventral striatal 
ensembles», J. Neurosci. Off. J. Soc. Neurosci., vol. 32, n. 36, pagg. 12444–12459, set. 2012. 
[6] M. A. A. van der Meer e A. D. Redish, «Ventral striatum: a critical look at models of learning and 
evaluation.», Curr Opin Neurobiol, vol. 21, n. 3, pagg. 387–392, giu. 2011. 
 

 
29. Individual differences in trait impulsivity are associated with dopaminergic drug effects on 

ventro-dorsal striatal connectivity 
Payam Piray1, Marieke E. van der Schaaf2, Hanneke den Ouden1, Ivan Toni1, Roshan Cools1,2 

1 Donders Institute for Brain Cognition and Behaviour, Radboud University Nijmegen, Nijmegen, the Netherlands 
Department of Psychiatry, Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands 
 
ABSTRACT 
Recent evidence has highlighted an important functional role for interactions between ventral and dorsal 
subregions of the striatum (Haber et al., 2000; Belin and Everitt, 2008). For example, according to current 



 

 

theories of addiction, dopamine can promote the transition from ventral to dorsal striatal control of 
reward-seeking behavior (Everitt and Robbins, 2005). Here we investigate the role of dopamine in ventro-
dorsal striatal interactions by assessing effects of dopamine D2 receptor stimulation and blockade on 
resting-state functional connectivity. We employed a model-based approach to quantify the effects of 
dopamine on effective connectivity between human striatal subregions. We found that dopamine 
modulates intrinsic striatal connectivity in a hierarchical fashion, consistent with neuroanatomical data in 
nonhuman primates (Haber et al., 2000). A second important finding is that individual differences in trait 
impulsivity were associated with dopamine-induced changes in intrinsic striatal connectivity. Namely, D2 
receptor agonist enhanced the effects of ventral striatal activity via dorsomedial onto dorsolateral striatal 
regions. D2 receptor antagonist evoked the opposite effect, and high trait impulsivity exacerbated those 
pharmacological effects. These observations delineate a mechanism through which high impulsive 
individuals might be more vulnerable to develop compulsive drug seeking behaviors. 
 

 
30. Inference of a change-point process with temporal structure 
Arthur Prat-Carrabin, Rava da Silveira 
Ecole Normale Supérieure, Paris, France 
 
ABSTRACT 
A change-point process is a random signal whose unknown, piecewise constant mean abruptly changes 
from time to time. The task of inferring the mean in an on-line manner is difficult, because upon receiving 
a new signal, there is an ambiguity : is the new signal a simple excursion from the current mean, or is it a 
change-point and the mean has changed? This task has an optimal, Bayesian solution, which gives a 
natural reference when assessing both quantitative and qualitative aspects of human subjects data. 
 
The literature on change-point problems mostly focuses on a Poissonian dynamic of changes, where 
change-points occur with a constant probability. We present this Poisson case along with an "almost 
periodic" case, in which the change-point process has a strong temporal structure. In this case, the optimal 
learner must adapt its learning rate to the evolution of the change probability over time : when  
approaching a period, a new signal is more likely to come from a new mean, rather than be an excursion 
from the current mean. We present results of an experiment conducted on human subjects, and compare 
distinctive features of collected data with the Bayesian solution and other algorithms. 
 
Apart from its contribution to the change-point literature, this work takes the opposite view on the "hot-
hand fallacy" and the "gambler’s fallacy", where subjects seem to incorrectly believe there is a temporal 
structure in the signal, when there is not. Here we present to the subjects a signal that really has a temporal 
structure. One goal is to assess to which extent human subjects can infer the non-Poissonian dynamic of 
the changes; and to find qualitative traits in their behavior. 
 
 
31. Dopamine dependence of hippocampal space coding and spatial learning 
Aude Retailleau, Amir Levinzon and Genela Morris 
Sagol Department of Neurobiology, University of Haifa, Haifa, Israel. 
 
ABSTRACT 
The hippocampus is commonly considered as a cognitive map, or as an internal model by which animals 
plan their behavior. It is still not known whether and how this model is learnt. Moreover, the exact 
parameters that are encoded in the map remain under debate. 
In this project we study information encoding in the hippocampal. We hypothesized that similarly to the 
shaping of state/output associations in the striatum by dopamine, reward related state representations in 
the hippocampus are preferentially consolidated by an increase of dopamine and the reactivation of the 
cells participating in the relevant representation.  
To that purpose, we recorded simultaneously from multiple single units and local field potentials in area 
CA1 of the dorsal hippocampus of behaving rats engaged in a simple navigation task in which either distal 
or proximal cues are relevant to reward collection. The two sets of cues were manipulated in an 
independent manner, so as to be able to dissociate between neuronal activity encoding the proximal or 



 

 

distal dimension. Once rats had learnt to follow one set of cues (after 4-6 days), the paradigm was shifted 
and animals had to use the second set of stimuli in order to get reward.  
Our first results indicate that CA1 neurons can rearrange to represent the reward-relevant representation 
and neuronal activity can follow the behavioral set-shift rapidly after the switch to encode the most 
relevant parameters.  
To examine the dependence of the organization of the internal model on dopamine, we infused locally 
D1/D5 dopamine antagonists (SCH23390) to bi-laterally block dopaminergic receptors in the 
hippocampus before the set shift. Local injection of DA antagonist slows the set shift significantly. 
Neuronal activity in infused rats seems to persist in encoding the previously relevant parameters for the 
first 2-3 days after the switch of paradigm. Then after more training days, blocking of D1 receptors seems 
to lead to substantial deficits in place-cell properties.   
Thus, by manipulating dopamine in the hippocampus, our preliminary results highlight its specific role in 
hippocampal representations in learning, decision making and reward.  
 

 
32. Integration of values and information in decision-making  
Marion Rouault, Jan Drugowitsch and Etienne Koechlin 
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ABSTRACT 

Executive control relies on evaluating action outcomes for subsequent action. Action outcomes, 
however, may convey two types of values signals: 

- Rewarding values (Rv), representing the valorisation of action outcomes over a continuum of 
preferences, such as sugary or monetary values 

- Informational values (Iv), modulating subjects’ belief about the appropriate action in a given 
situation 

Rv stems from reinforcement learning models, whereas Iv stems from Bayesian models (more 
sophisticated mechanism but also rapidly saturated). To our knowledge, previous experimental paradigms 
confounded these two types of values: obtaining a high reward informs that the chosen action was 
appropriate. 

 
Here, we present a probabilistic reversal learning task aiming at distinguishing these two notions of 

values: subjects had to make a decision between two targets representing two underlying states, one of 
which is more frequently rewarded than the other one. The potential rewards to win for each target were 
displayed before each choice. Crucially, we manipulated the reward distributions underlying each target to 
decorrelate Rv and Iv. 

 
Behavioral results show that : 
- Subjects extracted Iv from potential rewards presented before choice, indicating that rewards are 

processed as cues signalling which target is more likely rewarded 
- Subjects extracted Rv from action outcomes occurring after choice 
- Subjects’ choices were influenced by both Iv and Rv, but without explicitly computing an optimal 

expected value (Iv x Rv). 
 
Prospect theory models state that subjects do maximize expected value, but explain the suboptimality 

of behaviour by distortions in probabilities and rewards representations. These models well fit our 
behavioral data but their weakness is that they provide no psychological origin for these distortions. By 
contrast, a computational model involving two parallel systems:  

- Reinforcement learning, dealing with Rv 
- Bayesian inference, dealing with Iv 

better explains our behavioral data than prospect theory models, and provide an explanation for 
suboptimality: subjects monitor beliefs but are biased by values from the ‘default’ RL system. 
 

Preliminary fMRI results show neural activations consistent with a computational model 
integrating concurrent RL and Bayesian inference. Thus the product of the distortions is actually explained 
by an integration of two systems for decision-making. 
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ABSTRACT 
Rationale 
The neurotransmitter serotonin has long been implicated in the motivational control of behaviour. Recent 
theories propose that the role of serotonin can be understood in terms of an interaction between a 
motivational and a behavioural activation axis. Experimental support for these ideas, however, has been 
mixed.  
Objectives  
In the current study we aimed to investigate the role of serotonin (5HT) in behavioural vigour as a 
function of incentive motivation.  
Methods  
We employed dietary acute tryptophan depletion (ATD) to lower the 5HT precursor tryptophan during 
the performance of a speeded visual discrimination task. For each trial, both feedback valence and 
feedback probability were independently modulated, which allowed us to assess valence-dependent effects 
of incentive motivation on behavioural vigour.  
Results  
We show that behavioural responding is inhibited under high incentive motivation at baseline and that 
lowering 5HT levels leads to behavioural disinhibition, while leaving accuracy unaffected. There were no 
differential effects of motivational valence, with serotonin reduction releasing behavioural disinhibition 
under both appetitive and aversive motivation.  
Conclusions  
Our findings are consistent with current theories on the role of 5HT in behavioural inhibition, and 
support the involvement of 5HT in the motivational control of behaviour rather than in general response 
inhibition. We speculate that reductions in serotonin lead to increased behavioural vigour only if there is a 
motivational drive to inhibit behaviour at baseline. 
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ABSTRACT 
Rationale 
The neurotransmitter serotonin (5HT) has long been implicated in the motivational control of behaviour, 
most notably aversive processing and behavioural inhibition. Recent theories 1,2 propose that 
understanding of serotonin’s functions requires us to recognize that aversive processing and behavioural 
inhibition are tightly coupled. According to this account, reduced serotonin levels lead to reduced impact 
of punishment on behavioural inhibition. Experimental support for these ideas, however, has been 
mixed3-5. In the current study we aimed to investigate the role of 5HT at this interface of behavioural 
motivation and vigour during learning.  
Methods  
We employed dietary acute tryptophan depletion (ATD) to lower the 5HT precursor tryptophan during 
the performance of a reinforcement learning task in which response requirements (Go/NoGo) and cue 
valence (reward/punishment) were manipulated independently. Subjects (n=40) performed this task in the 
MRI scanner on two separate days, once after ATD and once in a control condition, in a double-blind 
randomised controlled study. For cues signalling appetitive and aversive primary reinforcers (fruit juice 



 

 

and a bitter MgSO4 solution, respectively), subjects had to track the slowly but continuously changing 
optimal response. This independent manipulation of cue valence and response requirement allowed us to 
assess the neural and behavioural effect of lowered 5HT levels on the hypothesised coupling of affect and 
effect.  
Results  
As expected, all subjects showed a strong bias in responding, such that for rewarding cues they were more 
likely to make a Go response, and were faster when they do so. Responses that were incongruent with this 
response bias, i.e. NoGo for reward cues and Go for punishment cues, were associated with increased 
BOLD responses in the dorsolateral prefrontal cortex (DLPFC), when compared with congruent 
responses. This congruency effect in the DLPFC disappeared under tryptophan depletion.  
Conclusions  
Our neural findings are generally consistent with ideas about the role of 5HT in linking motivational 
valence and behavioural vigour. Lowering 5HT levels abolished the differential response in the DLPFC to 
congruent (‘Go for reward’ and ‘Nogo to avoid punishment’) versus incongruent responses. We speculate 
that under baseline conditions, the DLPFC plays a role in suppressing the predominant response bias, 
allowing for execution of ‘incongruent’ actions6. However, when lowered serotonin levels reduce this 
response bias, its suppression by the DLPFC is no longer needed.  
 
REFERENCES 
1. Cools, R et al. (2011). Neuropsychopharmacology 36, 98-113  
2. Boureau, YL & Dayan, P (2011). Neuropsychopharmacology 36, 74-97  
3. Geurts, DE et al. (2013). Journal of Neuroscience 33, 18932-18939  
4. Crockett, MJ et al. (2012). Neuropsychopharmacology 37, 2244-2252  
5. Guitart-Masip, M et al. (2013). Psychopharmacology doi:10.1007/s00213-013-3313-4  
6. Cavanagh, JF (2013). Journal of Neuroscience 33, 8541-8548 
 
 
35. A Novel Neural Network R-package for Financial Decision Making 
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ABSTRACT 
Non-linear modeling techniques have enjoyed rapid expansion and increasing popularity during the last 
years in quantitative asset management with neural networks assuming a prominent role. Neural networks 
are essentially devices for non-parametric statistical inference. Because of their inductive nature, neural 
networks have the ability to infer complex non-linear relationships between an asset price and its 
determinants. In an uncertain and ever changing financial environment which is experiencing a global 
financial crisis the development of an accurate, low cost and flexible neural networks platform for 
financial (but not limited only to finance) decision making, is particularly important.  
The aim of this paper is to present a novel neural network package in R, that utilizes  the neural network 
methodological frameworks proposed by Zapranis and Refenes (1999) and Zapranis and Livanis (2007) 
and supports decision making through the development of a state-of-art real time application.  
R is a programming language and environment developed for statistical analysis by statisticians and 
researchers. It reflects well on a very competent community of computational statisticians. R has over 
4800 packages available from multiple repositories specializing in topics like econometrics, data mining, 
spatial analysis, and bio-informatics.  
The main characteristics of the proposed neural network R-package are the scalability, the customization 
and reproducible research. The advantages are the minimum cost of purchasing software or coding tools, 
the real time execution of neural network analysis over the internet, the dynamic reporting production and 
the dynamic slideshow presentation. With this package we intend to offer solutions in both research and 
commercial sectors for big data analysis and ultimately support financial (but not only) decision making. 
Finally, we implement the proposed open source package in a financial analysis application. 
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36. Decision Making and Updating Impairments in Right and Left Hemisphere Damaged 

Patients 
Britt Anderson*, Albulena Shaqiri, Elisabeth Stöttinger, Nazanin Sepahvand, James Danckert* 
Dept. of Psychology, University of Waterloo, Waterloo ON Canada 
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ABSTRACT 
Focal brain injury to the right or left hemisphere (RH/LH) can lead to abnormal decision making via 
impairments in the learning and updating of environmental representations. Patients with lesions of the 
RH or LH are impaired in learning the sequential dependencies of simple syllable strings. When exposed 
to a "nonsense" language for 5 minutes, young and older controls are capable of discriminating the 
language's "words" from distractors, but neither RH nor LH damaged participants can. This insensitivity 
to statistical structures is also seen at the level of a simple visual discrimination task involving three, 
midline target locations. 
These statistical learning impairments are associated with impairments in simple sequential decision 
making. In a task involving the game Rock, Paper, Scissors (RPS) both RH and LH brain damaged 
participants can learn an opponent's faulty, biased strategy when it is present from the outset, but RH 
participants show a greater tendency to persist in playing this strategy even after an opponent's shift to a 
new biased strategy. This RH impairment correlates with difficulty updating perceptual representations of 
gradually morphing ambiguous figures. Modeling the patients playing RPS with a simple computational 
model for learning statistical patterns in a non-stationary environment (Entropy Learned Pruned 
Hypothesis Space; ELPH) showed that to best match the LH participants it was necessary to abandon a 
soft-max decision component, and for both the RH and LH participants, the best fits came when the 
model was revised to learn reinforcement rather than the actual, observed RPS choices. In summary, a 
developing body of behavioral evidence suggests that a source of impaired decision making after focal 
brain injury is mediated by difficulties in learning and updating representations of the statistical structure 
of one's environment. 
 

 
37. Mental model updating depends on the saliency of environmental changes 
Alex Filipowicz1, James Danckert1, and Britt Anderson1,2 
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ABSTRACT 
Mental models provide us with an efficient means to represent the observations we perceive in our 
environment (Tenebaum et al., 2011). When faced with observations that do not match our predictions, 
models need to be updated to reflect new environmental contingencies (Danckert et al., 2102). The goal of 
the current study was to test how efficiently models are updated when faced with different degrees of 
mismatching information.  Previous research has shown that damage to the anterior insula, a brain region 
involved in saliency detection (Menon & Uddin, 2010), could contribute to impairments in model 
updating (Danckert et al., 2012; Stöttinger et al., 2014). We hypothesized that, rather than simply relying 
on magnitude of change between a mental model and environmental observations, the salience of the 
mismatch (i.e., the likelihood that an observation could occur given the current mental model) would 
influence the updating process. In order to capture a detailed representation of participant models we 
devised task that can be used to test behavioural and neural measures of updating in healthy and brain 
damaged populations. Participants played a computerized version of Galton's Bean Machine (similar to 
the French game bagatelle) in which they saw a ball fall through pegs and land in slots. Participants adjusted 
bars under each slot to indicate their belief about how likely it was that the ball would land in a particular 
slot. These bars provided a probability distribution on each trial that allowed us to measure participant 
expectations throughout the task. To measure updating, we exposed participants to a first series of ball 
drops generated from a specific probability distribution, and subsequently switched them to a second 
series generated from a different distribution without explicitly informing them that a switch had 
occurred. Participants were exposed to one of four possible switches, each with the same magnitude of 
change (i.e., the overlap between the first and second distributions in each switch condition was identical), 



 

 

but with change occurring with different relative distances to participant likelihood estimates. Our results 
indicate that updating was best when changes occurred in areas that participants had attributed low 
probability and worst when the changes occurred in areas that were attributed high probability. This 
suggests that updating does not rely solely on the magnitude of a probability mismatch. Some unlikely 
events are more salient than others; our results suggest this salience depends more on the presence of 
unexpected events given a current model rather than the absence of expected events. 
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ABSTRACT 
Aging is associated with behavioural slowing and a cautious attitude. At the same time old adults can 
behave recklessly, for example in traffic. Here we aim to reconcile these observations by examining two 
distinct forms of response inhibition. Reactive response inhibition is the process of stopping a response 
and can be measured with stop-signal tasks. Proactive response inhibition entails the preparation for 
stopping and is characterized by proactive slowing of reaction times.  Previous studies have inconsistently 
demonstrated less efficient reactive response inhibition in older participants. Effects of aging on proactive 
response inhibition have not been studied. We investigated the effects of aging on both reactive and 
proactive inhibition as a function of cognitive load, given evidence for load-related deficits in aging. Using 
an adapted stop signal paradigm, we disentangled reactive inhibition and proactive inhibition, with 
ascending levels of cognitive load, in a group of young (n=25, age range 18-32) and older adults (n=24, 
range 61-74) during fMRI. We predicted that aging would be accompanied by load-dependent proactive 
response inhibition deficits, and associated changes in the frontal cortex. Older adults showed greater 
proactive slowing than young adults in the low load condition, but the degree of slowing decreased more 
rapidly with ascending cognitive load. Reactive response inhibition (i.e. SSRT) was also impaired in old 
relative to young adults. The fMRI results revealed a common fronto-striatal network for reactive and 
proactive response inhibition. However, the age effects within this network were very specific: young 
relative to old adults demonstrated greater BOLD responses in the anterior cingulate cortex during 
proactive response inhibition, but greater responses in the caudate nucleus during reactive response 
inhibition. These findings show that aging is accompanied by changes in reactive and proactive inhibition, 
the latter being contingent on cognitive load deficits. Moreover, these age-related changes in reactive and 
proactive response inhibition are accompanied by reduced BOLD signals primarily in the striatum and 
frontal cortex respectively.   
 
 
39. Social status predicts the influence of social information on decisions. 
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ABSTRACT 
Learning via trial-and-error from our own private experience is a primary method of information 
acquisition, but the process can be slow, risky and costly in energy terms. Though social learning can 
overcome such pitfalls, if all members of a group learn socially the information carried by the group can 
diverge from reality [1]. Thus to learn quickly and accurately about their environment a group must 
comprise a mix of social and private learners. Ascription to these roles is influenced by social status [2, 3]. 
For example, subordinate Harris’ sparrows learn about food source location by exploring the 
environment; whereas dominant sparrows are more likely to observe and imitate others [3]. The current 
study investigated the, as of yet untested, hypothesis that like other social animals dominant humans 
exhibit a bias towards social learning. We found that dominance, assessed with ratings scales [4, 5],  was 
predictive of scores on a computerized test of learning strategy [6]: socially dominant individuals were 
more likely, and aggressively dominant individuals less likely, to be social learners. Aggressive dominance 



 

 

was associated with overall poor performance. In a second experiment we used a formally identical 
learning task but changed the framing of the information, so that participants believed that information 
was derived from roulette wheels with varying predictive validity rather than from social sources.  Neither 
social nor aggressive dominance was associated with learning from this non-social source, nor with overall 
performance, suggesting that the effect of dominance is specific to social learning. We conclude that, as 
with other social animals, socially dominant humans exhibit a bias towards social learning whereas 
aggressively dominant individuals are biased away from social learning. 
 
REFENCES 
1. Laland, K., Richerson, P. J. & Boyd, R. in Soc. Learn. Roots Cult. Heyes C M Galef B G Eds 129–151 
(Academic Press, 1996). 
2. Barta, Z. & Giraldeau, L.-A. The effect of dominance hierarchy on the use of alternative foraging 
tactics: a phenotype-limited producing-scrounging game. Behav. Ecol. Sociobiol. 42, 217–223 (1998). 
3. Rohwer, S. & Ewald, P. W. The Cost of Dominance and Advantage of Subordination in a Badge 
Signaling System. Evolution 35, 441–454 (1981). 
4. Kalma, A. P., Visser, L. & Peeters, A. Sociable and aggressive dominance: Personality differences 
in leadership style? Leadersh. Q. 4, 45–64 (1993). 
5. Martinez, D. et al. Dopamine type 2/3 receptor availability in the striatum and social status in 
human volunteers. Biol. Psychiatry 67, 275–278 (2010). 
6. Behrens, T. E. J., Hunt, L. T., Woolrich, M. W. & Rushworth, M. F. S. Associative learning of 
social value. Nature 456, 245–249 (2008). 
 
 
40. Neural top-down influences of food labeling on implicit food wanting 
J. Wegman1, I. van Loon1, P.A.M. Smeets2,3, R. Cools1, E. Aarts1 
1 Radboud University Nijmegen, Donders Institute for Brain, Cognition and Behaviour, Centre for Cognitive 
Neuroimaging, Nijmegen, The Netherlands 2 Wageningen University, Division of Human Nutrition, Wageningen, The 
Netherlands 3 University Medical Center Utrecht, Image Sciences Institute, Utrecht, The Netherlands 
 
ABSTRACT 
Food labels can exert a strong top-down influence on food valuation. The prefrontal cortex (PFC) has 
been shown to be involved in modulation of valuation based on prior beliefs (Plassman et al., 2008; Li et 
al., 2011).  However, it is unclear how food labeling can influence implicit food wanting, i.e. the 
motivation to obtain food rewards. In this fMRI study, we investigated the influence of food labels on 
food anticipation and on motivated actions to obtain food. Participants (N=32) worked to obtain liquid 
food rewards. Prior to the experiment, participants underwent a training, in which three cues (low-caloric, 
high-caloric and neutral labels) were associated with drinks (lemonade and water). Unbeknownst to them, 
the low- and high-caloric drinks were identical, allowing for top-down comparisons in the absence of taste 
experience differences. Trials started with reward anticipation induced by a cue, indicating whether a low-
caloric, high-caloric or neutral drink could be earned. Motivated action was assessed by having participants 
respond to abstract shapes, following the cues. Participants  responded by pushing a joystick away from 
them or pulling a joystick towards them (based on the shape), allowing the investigation of cue-induced 
approach biases. Compared to anticipation induced by the low-caloric cue, the high-caloric cue activated a 
cluster overlapping the bilateral insula. During motivated action, the behavioral results showed no cue by 
joystick-direction interaction. However, the ventral anterior cingulate cortex showed a cue by joystick-
direction interaction by being recruited more during responses incompatible with approach biases (joystick 
push minus pull) for the sweet drinks (both low- and high-caloric labeled) compared to the neutral drink. 
In sum, our results show a top-down neural effect of food labeling in the absence of experienced taste 
differences and offer new insights into the neural basis of approach bias-related effects in the food 
domain. 
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ABSTRACT 
Near-misses during gambling are losing outcomes which come close to a win, such as when the last wheel 
of a slot machine stops one position away from the payline. Near-misses are known to invigorate 
gambling and promote persistent betting behavior (Cote et al., 2003; Kassinove and Schare, 2001). 
Recently, neuroimaging studies have revealed that near-misses elicit similar brain responses as wins, 
specifically in the ventral striatum and anterior insula (Clark et al., 2009, Chase and Clark 2010).  This 
suggests that the positive effect of near-misses on gambling motivation might result from a cognitive 
distortion reflecting a false sense of reinforcement. In the present study we investigated whether those 
brain responses are 1) enhanced in pathological gamblers, known to have enhanced cognitive distortions 
and 2) modulated by dopamine, which has been linked to reinforcement processes and pathological 
gambling. We recruited two groups of pathological gamblers (n=22) and healthy controls (n=22), who 
played a slot machine task delivering wins, near-misses and full-misses in an fMRI scanner. Participants 
played the task twice, once under placebo and once under a dopamine D2 receptor antagonist (sulpiride), 
in a counter-balanced design. Participants were asked about their motivation to continue gambling 
throughout the task. 
Behaviorally, the motivation to continue gambling was higher in gamblers than controls, and was 
correlated with a measure of gambling-related cognitive distortions in gamblers. At the brain level, near-
misses elicited robust brain activity in the ventral striatum and anterior insula, replicating previous results. 
As predicted, striatal responses to near-misses were stronger in pathological gamblers than healthy 
controls. Interestingly, group differences were specific to near-miss events, as the groups did not differ for 
win-related activity. However, preliminary results do not show a reliable modulation of near-miss brain 
responses by sulpiride.   
Our results strengthen the hypothesis that near-misses reinforce gambling behavior by ‘hijacking’ the 
reward system, and that this mechanism plays a role in compulsive gambling behavior. Although the lack 
of effect of sulpiride is consistent with previous negative results showing no effect of haloperidol (Porchet 
et al., 2013), further investigation is needed. 
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ABSTRACT 
Background: Pathological gambling (PG) has recently been reclassified from ‘impulsive control disorder’ 
to an ‘addiction and related disorder’ in the DSM-5 [1]. Diminished D2/D3 receptor binding and 
abnormal dopamine signalling have consistently been shown to correlate with high traits of impulsivity, 
which has a high prevalence in addicted populations, including PG [2]. For example, individual differences 
in midbrain auto-receptor availability were associated with the expression of impulsivity in healthy people, 
an effect that was mediated, in part, through diminished inhibitory auto-receptor control over 
methamphetamine stimulated striatal dopamine release [3]. Yet, dopamine imaging in PG has so far failed 
to reveal significant group differences from healthy controls. This is surprising given the observation that 
dopaminergic treatment can contribute to PG in patients with Parkinson’s disease [4]. Thus the null effect 
might reflect a lack of statistical power in existing studies.  
Methods: We estimated the overall effect size of PG on D2/D3 receptor binding by conducting a meta-
analysis on published papers reporting positron emission tomography (PET) studies which measured 
dopamine D2/D3 receptor binding during rest.  
Results: In contrast to the individual PET studies we did find a significant group difference in dopamine 
receptor binding in the meta-analysis. There was a small but significant effect size showing lower 
dopamine D2/D3 receptor binding in PG compared with controls.  
Conclusions: These findings substantiate the hypothesis that PG is accompanied by abnormal dopamine 
D2/D3 receptor functioning. In ongoing work, we are testing the hypothesis that PD is also accompanied 
by abnormal dopamine synthesis capacity, as measured with [18F]fluorodopa PET. The patients 



 

 

participating in this PET study have also participated in a pharmacological functional MRI study on 
gambling-, reward- and punishment-related brain signals. Thus the study will allow us to investigate the 
degree to which individual differences in dopamine synthesis capacity predict dopaminergic drug effects in 
PG.  
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ABSTRACT 
Introduction Psychopathy is a personality disorder associated with violent criminal behavior, imposing a 
large burden on individual victims and society as a whole. Despite this overwhelming impact, remarkably 
little is known about the neurobiological and neurocognitive mechanisms underlying their ruthlessly 
reward-driven behavior. Recent work has shown that noncriminal healthy volunteers with 
impulsive/antisocial personality traits exhibit enhanced reward-related blood oxygen level dependent 
(BOLD) signal in the ventral striatum1. However, it is unknown whether this finding extends to criminal 
psychopathy and how reward expectation impacts cognitive control in this group of offenders. 
Methods We assessed BOLD signal with fMRI using a monetary incentive delay task in 20 healthy 
subjects without criminal record and 14 criminal psychopathic offenders recruited from the inpatient 
population of a high security forensic psychiatric hospital (psychopathy score of ≥ 26 according to the 
Hare Psychopathy Check List-Revised (PCL-R) 2). Following Buckholtz et al1, we focused in our healthy 
control group on the impulsive/antisocial traits measured with the Psychopathy Personality Inventory3 
and divided this group by median split in a high and a low scoring group. 
Results First, we established that reward-related BOLD signal in the ventral striatum was higher in the 
groups with high impulsive/antisocial traits than in the group with low impulsive/antisocial traits. 
However, reward-related BOLD signal in the ventral striatum did not differ between the high 
impulsive/antisocial group and the criminal psychopathy group. Next, we conducted a 
psychophysiological interaction analysis to assess reward-related connectivity using the ventral striatum as 
seed region. This revealed that connectivity between the ventral striatum and dorsomedial prefrontal 
cortex was different between the criminal psychopaths and the healthy high impulsive/antisocial group: 
All individuals belonging to the healthy high impulsive/antisocial group exhibited negative, while all 
criminal psychopaths exhibited positive reward-related connectivity between the ventral striatum and 
dorsomedial prefrontal cortex. Furhtermore, there was a strong positive relationship between the 
psychopathic lifestyle (PCL-R factor 3) scores and reward-related functional connectivity.  



 

 

Conclusion These data show that not reward expectation per se, but the way in which reward expectations 
are communicated to frontal areas is a marker of criminal psychopathy. This finding suggests that 
psychopathy is accompanied by abnormal contribution of reward signaling to regions regulating the 
cognitive control of behavior. The present results add to our understanding of why some people act 
according to their impulsive/antisocial personality while others are able to behave adaptively despite 
reward-related urges. 
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ABSTRACT 
Background: Dopamine plays a crucial role in translating information about potential rewards into 
cognitive (e.g. task-switching) performance (ref 1). A possible neural mechanism underlying this effect is 
the communication between ventral- and dorsal parts of the striatum, mediating reward processing and 
task-switching, respectively (e.g. ref 2). In aging, the naturally occurring depletion of striatal dopamine (e.g. 
ref 3) appears to follow a spatiotemporal gradient, i.e. the depletion is initially more severe in ventral- 
compared to dorsal parts of the striatum (ref 4).  
Aim: Inspired by the convergence of these two lines of research we set out to test how the effect of 
reward anticipation on task-switching develops with advancing age in humans, hypothesising a decline in 
the beneficial effect of an anticipated high vs. low reward on task-switching. In order to more precisely 
unravel the underlying mechanisms, we additionally developed a paradigm that allows the testing of this 
effect in rodents.  
Methods: We administered a task-switching paradigm with a reward manipulation in 86 healthy subjects 
with an age range of 18 to 69 years old. Moreover, we developed a similar cued task-switching paradigm 
with a reward manipulation which we administered in 27 male Wistar rats.  
Results: We observed a decreased beneficial effect of an anticipated high vs. low monetary incentive on 
subsequent task-switching performance with increasing age. Interestingly, this impairment was due to 
selectively improved task-switching performance on low-rewarded trials. In addition, we show that reward 
can improve task-switching performance in rodents, using the novel paradigm.  
Conclusions: These results suggest that - in line with previous studies (e.g. ref 5) – aging does not impair 
task-switching itself. Insteadaging is associated with a deficit in the translation of information about an 
upcoming reward into cognitive performance, a function assigned to the ventral striatum (ref 6).  
Discussion: Future studies are required to assess the  underlying cause of this deficit. We hypothesise a 
deficit originating in the ventral striatum, more specifically due to a decrease in the communication 
between the ventral and dorsal striatum. One particularly effective way to unravel the underlying 
mechanism would be to use the rodent version of the current paradigm. For example, combining 
behavioural testing on this paradigm with lesions of the nucleus accumbens will allow a direct test of 
whether this region is involved and necessary for successful integration of reward anticipation and task-
switching. If so, a second step could be to look at this effect following a disconnection between the 
ventral and dorsal striatum. 
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ABSTRACT 
Previously, we have found that appetitive motivation can have detrimental effects on cognitive control, 
depending on individual differences (Aarts et al., Psych Sci 2014). Here, we sought to investigate whether 
similar or opposite effects on cognitive control would be obtained with aversive versus appetitive 
motivation. Thirty five participants could earn appetitive (chocolate milk) or neutral (demi water) drinks, 
or avoid an aversive drink (magnesium sulfate) by correct and fast performance on a Stroop-like task. At 
the beginning of each trial, a cue indicated whether 1ml of the appetitive/neutral drink or 0.5ml of the 
aversive drink could be earned or avoided respectively, which was disbursed at the end of the experiment. 
As a group, subjects were faster during both appetitive and aversive trials compared to neutral trials, which 
was similar across congruent and incongruent trials. However, inter-individual differences on the Barratt 
Impulsiveness Scale (BIS-11) predicted differential Stroop interference effects depending on the 
anticipated drink. Specifically, a high BIS-11 score was associated with increased Stroop interference 
effects (incongruent > congruent error rate) when anticipating the appetitive and aversive drinks relative 
to the neutral drink. These data show that both appetitive and aversive motivation can impair focused 
attention in high impulsive individuals. 
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ABSTRACT 
Pathological gambling is thought to be accompanied by abnormal dopamine transmission and problems 
with learning from reward and punishment. Here we test this hypothesis by assessing the effects of the 
dopamine D2 receptor antagonist sulpiride on reward and punishment reversal learning in pathological 
gamblers. Pathological gamblers (N=20) and controls (N=22) were tested according to a within-subject, 
double-blind, cross-over design, following intake of placebo or sulpiride. We employed a deterministic 
reversal learning task which allowed us to disentangle learning from reward and punishment, and which is 
known to be sensitive to dopamine manipulations. Error rates on trials following reversals reflected how 
well participants learned from either unexpected reward or punishment. Consistent with prior work, 
blockade of D2 receptors by sulpiride impaired reward versus punishment learning in controls. By 
contrast, sulpiride did not have an effect on reward versus punishment learning in gamblers. The 
differential effect of sulpiride in controls and gamblers suggests that pathological gambling is associated 
with reduced modulation of reward vs. punishment learning by dopamine. These findings support the 
hypothesis of dopamine dysregulation in pathological gambling. 
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ABSTRACT 
Instrumental decision making has long been argued to be vulnerable to emotional responses. Yet the 
precise nature of these emotional influences remains unclear. Theories based on multiple behavioral 
control systems suggest that emotional biasing of action selection might reflect effects of a system that 
regulates innately specified, evolutionary preprogrammed responses. To test this hypothesis directly, we 
investigated whether effects of emotional faces on instrumental approach and avoidance responses can be 
predicted by effects of emotional faces on bodily freezing, an innately specified response to aversive 
relative to appetitive cues. We tested forty-three women using a novel emotional decision making task 
combined with posturography, which involves a force platform to detect small oscillations of the body to 
accurately quantify postural control in upright stance. On the platform, participants learned whole body 
approach-avoidance actions based on monetary reward or punishment, while being primed by emotional 
faces (angry/happy). Using posturography, it has previously been shown that angry faces elicit reductions 
in spontaneous postural sway, reminiscent of bodily freezing, a defensive reaction to threat. The combined 
set-up in the current study, allowed us to quantify an innately specified response to the emotional face, i.e. 
bodily freezing, as well as its predictive value for the subsequent bias on instrumental response. Our 
results show that the effects of the emotional faces on the instrumental response are action-specific. Thus, 
angry relative to happy faces speeded instrumental avoidance relative to approach responses. Critically, 
individual differences in this emotional effect were predicted by individual differences in bodily freezing.  
This finding strengthens the hypothesis that emotional biasing of instrumental action involves interaction 
with a system that controls innately specified responses. 
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ABSTRACT 
The notion that our past choices affect our future behavior is certainly one of the most influential 
concepts of social psychology since its first experimental report in the 50s (Brehm, 1956), and its initial 
theorization by Festinger (1957) within the “cognitive dissonance” framework. Using the free choice 
paradigm (FCP), it was shown that choosing between two similarly rated items made subjects reevaluate 
the chosen items as more attractive and the rejected items as less attractive (Brehm, 1956). However, in 
2010 a major work by Chen and Risen revealed a severe statistical flaw casting doubt on most previous 
studies. Izuma and colleagues (2010) supplemented the traditional FCP with original control conditions 
and concluded that the effect observed could not be solely attributed to this methodological flaw. 
However, during the second evaluation, Izuma et al. reminded subjects with their previous choice, 
introducing a potential new confound.  
We therefore designed a new experiment taking these two issues into account and allowing us to test the 
role of episodic memory. A total of 90 control subjects were tested in two different experiments. Subjects 
were first asked to rate their preferences for 120 different vacation destinations (Rating 1). Half of the 
destinations were then coupled into pairs according to these initial ratings and subjects were asked to 
choose one destination within each pair (Choice 1). This task was followed by another rating task (Rating 
2) after which subjects performed another choice task (Choice 2) with the second half of the destinations. 
We thus obtained a Rating-Choice-Rating sequence in which we can measure preference change after a 
choice, but also Rating-Rating-Choice control sequence in which we can also measure preference change 
but it cannot have been influenced by subjects’ choices. The experiment ends with a memory test verifying 
whether subjects remember their choices. While this design applied to both experiments, experiment 2 
had an additional N-back task following choices to decrease memory performance. Both of our 
experiments show a strong role of episodic memory in choice-induced preference change. Indeed, choice 
induced preference change was only observed for remembered items, which confirms that the availability 
of choice information in episodic memory is a mandatory condition to the presence of a 
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ABSTRACT 
Human neuroimaging research has shown that cocaine addiction is correlated with structural 
abnormalities and dysfunctions within the orbitofrontal cortex (OFC). Since its important role in decision-
making, these abnormalities could explain pathological decision-making in cocaine addicts, the choice 
being thereby systematically biased toward cocaine. Everything happens as if addicted individuals were 
unable to correctly estimate the value of drug use. However, the OFC neuronal dysfunctions that explain 
how value-based decision-making is impaired in addicted individuals still remain largely unexplored. Here, 
we sought to elucidate what is awry in OFC functions that may explain pathological decision making in 
cocaine addiction. Using a novel choice-based screening method for cocaine-addicted rats, we sought to 
compare OFC neuronal activity during choice in both sweet- and cocaine-preferring rats. We first 
identified OFC action-coding neurons during sampling trials and then followed their neuronal activity 
during choice trials. We found 3 main categories of action-coding neurons: neurons that selectively 
respond to lever pressing for cocaine (cocaine neurons), neurons that selectively respond to lever pressing 
for sweet water (sweet neurons) and neurons that respond to both (overlapping neurons). Importantly, the 
ratio of cocaine to sweet neurons nicely corresponds to individual choices and preferences. Moreover, 
while the proportion of sweet neurons is much higher than that of cocaine neurons in sweet-preferring 
rats, it decreases to that of cocaine neurons in cocaine-preferring rats, suggesting that cocaine preference 
mostly results from a shrinkage of the neuronal representation of the alternative behavior in the OFC 
rather than from an expansion of the neuronal representation of cocaine use. Finally, relative firing of 
sweet versus cocaine neurons at the onset of choice trials predicts individual preferences. Specifically, 
preferred action-coding neurons rapidly increase their firing above that of non-preferred action-coding 
neurons which instead tend to decrease. Since this relative neuronal signal precedes actual choices, it likely 
contributes to drive the choice-making process that leads to the final decision of taking cocaine or not.  
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ABSTRACT 
  Decision-making is a higher brain function that is organized by several fundamental brain functions 
(memory retrieving, evaluation of each possible event, selection of event, updating of memory, motor 
planning etc.) and many brain areas. One problem in traditional decision-making tasks is that the results of 
decision-makings were output as motor actions. Because of this problem, it is not possible to discriminate 
each fundamental brain function and identify the functional roles of brain circuits for each function. 
  To address this issue, we adopted two tasks to segregate a process of motor planning and process of 
selection of event from traditional decision-making task. Subjects were trained to gaze a target in the 
screen (task 1) or push a button that corresponds to the location of the target (task 2). One target was 
chose from two. Each target delivers rewards at different probability. This design enables us to segregate 
the process for selection of event in both task and the process for motor planning in task1. As the first 
stage of this study, we have showed a recording of skin conductance can be used to detect cognitive 
excitation. 
  Rewarding probability dependent skin conductance responses were observed in some experimental 
conditions. These results imply that the recording of skin conductance can detect cognitive excitation and 
it can be used to dissect the fundamental brain functions in the future. But considerable day-to-day 
fluctuations of the responses are also observed. Therefore further modification of task, experimental 
condition and analyses might be required. 
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ABSTRACT 
IntelliCage is a computerized cage for automated recording of mice behavior. A group of up to 16 mice 
can be monitored simultaneously. Corners of the cage act as conditioning units, where rewards or 
punishments can be delivered. Such a system gives opportunity for studying learning in animals living in 
social groups. For example, one can study whether presence of more able cage-mates can alleviate learning 
deficits. We showed this is true for transgenic mice being a model of Alzheimer’s Disease [1], which 
exhibit learning deficits when housed on their own, but markedly improve when co-housed with wild-type 
animals. This suggests transfer of information between mice, or imitation of other animals behavior, or 
some combination of the two. 
However, the social aspect of learning is not restricted to these two mechanisms. Here we show that just 
the simple fact that only one mouse can fit in a corner at a given time has significant consequences on 
how the preference curves should be interpreted. During learning, after the preference of the rewarded 
corner crosses some threshold, the animals cannot visit it as often as desired due to the corner being 
occupied. In result, the circadian modulation of mean activity of the mice in the cage transfers into 
apparent oscillations in learning curves. 
Therefore it is essential to account for social interactions when studying learning in IntelliCage. Otherwise 
it might not be possible to discern preference oscillations caused by crowding from similar oscillations 
reflecting e.g. internal biological rhythms of individual animals. 
 
Additional details 
Studies using IntelliCages for automated recording of behavior in social groups represent a major step 
forward as compared to traditional behavioral tests, with major advantages including increased ethological 
relevance and reduction of experimental stress. In one of the popular paradigms the animals learn the 
position of reward, that is the corner in which sweetened water is provided [1, 2]. 
In the present study we employ computational models of learning and decision making to find specific 
mechanisms responsible for the patterns of behavior observed in [1]. We use the Rescorla-Wagner rule for 
the learned values of the actions (visiting one of the corners of the cage) supplemented by a model-
specific decision-making rule. 
In the simplest case we assume the decisions are based purely on the learned rewards; such a simple model 
fits the trend of the learning curve well. However, it does not capture the circadian oscillations visible in 
the experimental data. Next we study a model in which the interactions between animals are included in a 
minimal form: the probability of visiting given corner is reduced if the corner is already occupied by 
another mouse at the time the choice of the action takes place. In this case we observe that the model 
learning-curve exhibits oscillations around the trend. However, the “desired” fraction of visits, that is, the 
fraction resulting only from the learned rewards, does not show any oscillations; they are present only in 
the model predictions taking the crowding effect into account. 
We postulate that careful examination of social interactions is essential to distinguish any biological  
phenomena underlying oscillations in learning curves from consequences of simple physical properties of 
the setup. 
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ABSTRACT 
How does the ability to imagine future experiences (i.e., episodic prospection), supported by the 
hippocampus and surrounding structures within the medial temporal lobe (MTL), contribute to deciding 
between smaller rewards obtainable immediately and larger rewards available later?  Recent findings of 
delay discounting in amnesic individuals suggest that, under certain conditions, the MTL and episodic 
prospection are not critical to valuing future rewards (Kwan et al., 2012, 2013).  However, MTL damage 
may cause more subtle impairments in the ability to adaptively modulate one’s choices, as hippocampally 
mediated episodic prospection has been shown to do in healthy adults  (Peters & Büchel, 2010, Benoit et 
al., 2011). To learn more precisely how the hippocampus, closely related structures within the medial 
temporal lobe (MTL), and the extended hippocampal system contribute to the valuation of future rewards, 
we compared the performance of 6 individuals with episodic amnesia to that of 20 control participants on 
an established measure of intertemporal choice.  Participants completed an intertemporal choice task with 
and without cues prompting participants to imagine specific personal future events that are temporally 
associated with receipt of a delayed reward.  Without episodic cueing, participants with amnesia 
discounted future rewards at a rate indistinguishable from that of the controls. In contrast, episodic 
cueing, which reduced the rate of delay discounting in controls and the two cases of anoxia-related 
amnesia, had no consistent effect in cases with extensive MTL or thalamic damage.  These findings 
suggest that diffuse damage to the MTL and related structures does not impair intertemporal choice per 
se, but does preclude the use of episodic prospection as a strategy to adaptively modulate intertemporal 
choices involving future rewards.  
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ABSTRACT 
Findings on the role that emotion plays in human behavior have transformed Artificial Intelligence 
computations. Modern research explores how to simulate more intelligent and flexible systems. Several 
studies focus on the role that emotion has in order to establish values for alternative decision and decision 
outcomes. For instance, Busemeyer et al. (2007) argued that emotional state affects the subjectivity value 
of alternative choice. 
However, emotional concepts in these theories are generally not defined formally and it is difficult  to 
describe in systematic detail how processes work. In this sense, structures and processes cannot be 
explicitly implemented. Some attempts have been incorporated into larger computational systems that try 
to model how emotion affects human mental processes and behavior (Becker-Asano & Wachsmuth, 2008; 
Marinier, Laird & Lewis, 2009; Marsella & Gratch, 2009; Parkinson, 2009; Sander, Grandjean & Scherer, 
2005). 
As we will see, some tutoring systems have explored this potential to inform user models. Likewise, 
dialogue systems, mixed-initiative planning systems, or systems that learn from observation could also 
benefit from such an approach (Dickinson, Brew & Meurers, 2013; Jurafsky & Martin, 2009). That is, 
considering emotion as interaction can be relevant in order to explain the dynamic role it plays in action 
and cognition (see Boehner et al., 2007). 
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Introduction 
Decision neuroscience has made important progress in understanding the neural substrates supporting 
perceptual and value-based decision-making. Recent works focused on how metacognitive awareness 
(level of confidence in one’s choice) interact with valuation of choice options [1]. One domain in which 
decision making remains poorly investigated is jury decisions in court. Although their neural substrates 
started to be investigated while an individual decided over a third person punishment [2-4], we still do not 
know how the brain deals with such judgments as part of a jury. This is an important question because 



 

 

decisions made alone or within a group can differ [5,6] and because people tend to adapt their judgments 
to conform to a group [7]. It is also unclear how the brain generates metacognitive awareness of justice 
decisions. Here, we designed a new fMRI study to investigate how the human brain generates confidence 
in own judgment when punishing for a murderer and how weighting a criminal sentence depends upon 
other jurors’ judgments within a group (jury). 
Methods 
We scanned (fMRI) 25 healthy subjects (12 females, mean age = 21.04±2.318) while they performed a jury 
decision task. Subjects first read a scenario of a murder case describing the facts and the circumstance. 
Half of the scenarios were designed to induce sympathy for the defendants and the other half were non-
sympathetic [4]. Then, subjects made 3 successive ratings concerning criminal cases to these murder cases: 
(1) rating the level of the sentence for the defendant (initially 15 years in jail); (2) the level of subjective 
confidence in one’s own decision; (3) and the level of reconsideration in one’s own initial judgment 
relative to other jury members’ judgments. Different behavioral models were compared to explain how 
well they predicted subject’s conformity with the decision of other jury members. The models included 
parameters derived from the level of confidence in one’s own judgment, the level of sympathetic emotion 
to each of criminal case and the differences in judgment between the subject and other jury members. 
Results 
We compared with models predicting the judgment reconsidering with the knowledge of other’s 
judgment. We demonstrated that compared with a model assuming juries changed their judgment to 
conform to the majority, we found that the Bayesian inference model explained better the actual 
behavioral changes. This model incorporated one’s initial judgment as the prior belief and the others’ 
opinion as the likelihood of observed evidence. The level of confidence in one’s own judgment, the level 
of sympathetic emotion, the conflicts with the judgments and the group size were used to define the 
distribution of subjective belief. We estimated the individual parameters made the model minimize the 
defenses between predictions and the reconsidered judgments. The dissimilarity between one’s and others’ 
judgment distribution were computed, and its neural correlates were identified. The conflict with other 
jury members’ sentence was processed in the anterior cingulate cortex (ACC), and negatively correlated 
with activity in the ventral striatum (VS). Moreover, the change in judgments in compliance with other 
jurors was positively correlated with activity in the temporal parietal junctions (TPJ) (PFDR <0.05). 
Conclusion 
We investigated third-party punishment judgment when being part of criminal case jury. Our results show 
how the brain integrates one’s own level of confidence in judgments and the conflict experienced to 
accommodate group’s opinion into the changes in the criminal sentences. While the dlPFC tracks the level 
of individual's confidence in one’s own judgment, the ACC monitors the amount of conflict with group’s 
opinion and the TPJ integrates how much to follow other members of the jury’s opinion. Our results help 
to explain the neural mechanisms and distinct psychological processes underlying third-party punishments. 
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ABSTRACT 
The human orbitofrontal cortex (OFC) has considerable intersubject morphological variability (Chiavaras 
and Petrides, 2000). Cytoarchitectonic studies in postmortem brains have revealed an antero–posterior 
subdivision organization in this brain area (Uylings et al., 2010). In addition, the morphology of the human 
OFC sulci has been classified into three main patterns (Type I, II and III, in order of frequency). In Type 
I, the rostral and caudal portions of the lateral orbitofrontal sulci (LOS: LOSr and LOSc) are connected to 
one another, while the rostral and caudal portions of the medial orbitofrontal sulci (MOS: MOSr and 
MOSc) are clearly separate. As compared with the Type I pattern, the distinct feature of the Type II is that 
rostral portions of both LOS and MOS are connected to their caudal portions, and both sulci are jointed 
by the horizontally oriented transverse orbital sulcus (TOS). In Type III, a critical characteristic is that the 
rostral and caudal parts of both MOS and LOS are clearly disconnected. We recently found an antero-
posterior gradient of experienced value representations in the OFC corresponding to secondary vs primary 
rewards (Sescousse et al., 2010; Sescousse et al., 2013). The aim of this study was to investigate the 
existence of a relationship between OFC local morphology and reward type-dependent activation. We 
therefore performed a subject-by-subject analysis of fMRI data taking into account the three patterns of 
OFC sulci, using methods developed by Amiez et al. (2006, 2009, 2012, 2013). We tested 38 subjects 
engaged in a simple incentive delay task manipulating both monetary and visual erotic rewards, focusing 
on rewarded outcome (experienced value signal). The OFC sulcogyral patterns were identified using the 
medical image analysis software [MRIcro] and were then classified according to criteria described by 
Chiavaras and Petrides (2000). The sulcus continuity was determined by evaluating several adjacent axial 
slices rather than focusing on one slice. The sulcogyral pattern classification in each hemisphere of 38 
subjects was done by Y.L. and C.A. The results showed reliable erotic and monetary experienced value 
signals at specific OFC sulci location regardless of the organization of sulci patterns. More specifically, 
experienced value signal induced by monetary reward outcomes was systematically located in rostral 
portion of medial orbital sulcus (MOSr). Experienced value signals related to erotic reward outcome were 
located more posteriorly, that is at the intersection between the caudal portion of MOS (MOSc) and 
transverse orbital sulcus (TOS), regardless of sulci types. This study indicates that one can predict erotic 
and money reward localization in the OFC on the basis of sulci patterns. It provides a more detailed 
description of the antero-posterior OFC dissociation for secondary and primary rewards and shows that 
the location of distinct experienced value signals can be predicted from the organization of the human 
orbitofrontal sulci. 
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ABSTRACT 
Collaboration can provide benefits to the individual and the group in a variety of contexts. Even in simple 
perceptual decision-making tasks, the aggregation of individuals’ personal information can enhance group 
decision-making. However, in certain circumstances such collaboration can worsen performance, or even 
expose an individual to exploitation in economic tasks. Hormones such as oxytocin are known to promote 
collaborative behaviours in economic tasks, by promoting trust and within-group altruism.  
Here, we examined the effect of oxytocin on collective decision making in a visual detection task. Using a 
double-blind placebo-controlled design over two sessions, 28 pairs of male participants self-administered 
intra-nasal oxytocin (OT) or placebo (PL), and then waited for 25 minutes before completing the task. 
The task was a two-alternative forced choice design with low-contrast gratings visually presented in two 
intervals, with one interval containing a target grating with increased contrast. Each participant initially 
responded without consultation as to which interval contained the target grating, providing measures of 
individual decision-making. If they disagreed, a joint decision was requested, which provided a measure of 
collaborative decision-making (Sdyad).  
First the effect of oxytocin on the collective benefit (CB), the ratio between the joint performance (Sdyad) 
and the best individual subject’s performance (Smax) was examined. We divided the data to sessions in 
order to examine the effect of the timing of OT administration (OT in first session; OT-PL group, or OT 
on the second session; PL-OT group). CB increased significantly in the second session of the OT-PL 
group (p<0.001), but not on other sessions. An overall significant order effect was found using a two way 
ANOVA (p=0.03). CB was previously associated with the similarity in performance between group 
members, explained by a computational model of optimal information integration. We therefore examined 
the similarity between the group members performance, by dividing the performance of the less sensitive 
(Smin) by the more sensitive (Smax) group member. Here as well the second session of the OT-PL group 
showed the highest similarity. While all participants increased their performance in the second session, the 
less sensitive participants in the OT-PL increased their performance more than the PL-OT group, and the 
better participant in the OT-PL had more moderate increase than the PL-OT group. These trends resulted 
in increased similarity and CB. Similarity was also found to be a good predictor of CB in our data (R2 = 
0.6, p = 0.0001), consistent with results from the previous study.  
These results suggest that the timing of OT administration affected the collective benefit of groups 
performing a perceptual decision-making task. When OT was introduced before the participants were 
familiar with each other it had a delayed effect, increasing CB in the second meeting. However, OT had 
no effect when it was administered after the participants were already familiar. Our results suggest that 
benefits from collaboration are dependent on a familiarity stage, in which the participants establish an 
estimation of the other participant performance level. Intervention in this stage may increase future 
collaboration benefits. 
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ABTRACT 
We propose that dorsal anterior cingulate cortex (dACC), anterior insula (AI) and adjacent caudolateral 
orbitofrontal cortex (clOFC), project to lateral habenula (LHb) and D2 loop of ventral striatum (VS), 
forming a functional adversity processing circuit, directed towards inhibitory avoidance and self-control. 
This circuit learns what is bad or harmful to us, evaluates and predicts risks - to stop us from choosing 
and moving for the bad or suboptimal choices that decrease our well-being and survival chances. 
Proposed role of dACC is to generate a WARNING signal when things are going (or might end) bad or 
wrong to prevent negative consequences: pain, harm, loss or failure. The AI signals about bad, low, 
noxious and aversive qualities, which might make us sick or cause discomfort. 
These cortical adversity processing regions activate directly and indirectly (via D2 loop of VS) the LHb, 
which then inhibits dopamine and serotonin release (and is reciprocally inhibited by VTA/SNc, DRN) to 
avoid choosing and doing things leading to harm or loss, but also to make us feel worse, even down when 
overstimulated. We propose that dopamine attenuates output of the adversity processing circuit, thus 



 

 

decreasing inhibitory avoidance and self-control, while serotonin attenuates dACC, AI, clOFC, D1 loop of 
VS, amygdala and pain pathway.  
Thus, by reciprocal inhibition, by causing dopamine and serotonin suppression - and by being suppressed 
by them, the adversity processing circuit competes with reward processing circuit for control of choice 
behaviour and affective states. We propose stimulating effect of dopamine and calming inhibitory effect 
of serotonin on the active avoidance circuit involving amygdala, linked to threat processing, anger, fear, 
self-defense and violence. We describe causes and roles of dopamine and serotonin signaling in health and 
in mental dysfunctions. We add new idea on ventral ACC role in signaling that we are doing well and 
inducing serotonin, when we gain/reach safety, comfort, valuable resources (social or biological rewards), 
affection and achieve goals. 
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ABSTRACT 
Neuromodulation is essential for various aspects of behavior, but to what extent each neuromodulator 
contributes to drive and motivate energy expenditure remains unclear. 
The role of  dopamine (DA) is probably the most clearly defined computationally, with convergent studies 
confirming its role in mediating the influence of  reward on subsequent choices. Conversely, the role of  
noradrenaline (NA) is less clear: although robust evidence shows that NA plays a crucial role in arousing 
behavior and it is a main target of  drugs for motivational deficits, a precise assessment of  the NA 
contribution to motivation is still lacking.  
 
In this study, 64 NA neurons from locus coeruleus (LC) and 80 DA neurons from substantia nigra pars 
compacta (SNc) were recorded and compared in three rhesus macaques. In each trial, monkeys must 
produce a given effort (3 levels of force) in order to obtain a given reward (3 reward sizes). Abandon rates 
rise as reward decreases and effort increases, indicating that the reward value is discounted by the amount 
of physical effort required to obtain it. 
 
Both NA and DA neurons show a significant increase (p<.01) in firing rates 100-400 ms after cue onset 
(DA: 40%; NA: 25%) and -100-400 ms around effort onset (DA: 35%; NA: 62%). Population-level 
analyses reveal that while the expected reward positively modulates the cue-evoked activity in both 
systems (DA: p<.01, NA: p<.01), the anticipated effort cost negatively affects only the DA neurons (DA: 
p<.05). Furthermore, DA cue-activity is predictive of both the subsequent trial acceptance (DA: p<.05) 
and the amount of exerted force in the upcoming action (DA: p<.01). 
During the action itself, we found that only the response magnitude of NA neurons scale with the level of 
imposed effort (NA: p<0.001) and this activity correlates positively with the amount of exerted force (NA: 
r=.17, p<.01) and with pupil dilation (NA: r=.13, p<.01), while DA neurons do not. 
 
We conclude that NA and DA neurons play a complementary role in the integration of the expected value 
and the energetic demands of upcoming actions. On the one hand, DA cells encode the action value by 
increasing proportionally to the expected reward and decreasing with the anticipated effort cost. On the 
other hand, NA cells encode the energetic demands by boosting behavior proportionally to the required 
amount of effort. 
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ABSTRACT 



 

 

Many of the experimental paradigms used to investigate decision making in humans, other primates and 
other vertebrates can also be used on animals with very different brain structures, such as insects. For 
example, even Drosophila larvae, with less than ten thousand neurons, exhibit Pavlovian conditioning, 
changing their approach responses (orienting decisions?) to a stimulus that has been paired with reward or 
punishment. Moreover, there is increasing evidence that learning in this simple animal is not just a simple 
stimulus-response rewiring, but rather that expression of the learned association is mediated by 
expectation of outcome. Adult flies (with around a hundred thousand neurons) have been shown to 
exhibit operant, non-elemental, and second-order conditioning as well as place memory resembling that of 
rats in a water maze; bees with a similar brain architecture but perhaps ten times more neurons, learn even 
more complex tasks, for example, complex context-dependent decisions and optimal foraging patterns. 
These animals have no cortex, basal ganglia, hippocampus, striatum or cerebellum, but can perform at 
least a substantial subset of the tasks commonly designated as ‘decision making’ in these brain areas in 
vertebrates. But do insects have analogous brain areas? Are there connectivity patterns at both the local 
and global level of insect brains that may provide insights into the necessary and sufficient neural circuits 
for these capabilities?  
We are currently exploring the circuitry involved in olfactory learning in Drosophila larvae. The initial stages 
of processing are relatively well known and can be modelled at the single neuron level: from olfactory 
receptors to glomeruli, where learned saliency might modulate responses; then projection onto a larger 
number of Kenyon cells in the mushroom body, supporting a sparse encoding that could enhance pattern 
discrimination; converging on fewer mushroom body output neurons where coincidence with 
bioaminergic reinforcement signals (e.g. dopamine, octopamine) alters output strength. Less clear is how 
this output modulates behavior –through interaction with reflex pathways, through a neural correlate of 
‘value’, or indeed through more explicit prediction of contingencies, e.g. that an odour indicates a 
particular quality and quantity of the reinforcer.  
The larvae learning system offers the further opportunity to link comprehensive modelling to 
neurogenetic manipulation of circuits, including the potential for temporally precise activation or 
suppression of specific neurons, channels, or circuits in the freely behaving animal. With this system we 
hope to uncover the minimal circuit that can support decision making, at least in the form of context-
appropriate anticipatory behavior based on experience of environmental contingencies. We hope also to 
clarify what are the limits of such systems and through a comparative approach shed light on the critical 
mechanisms needed to support higher decision making capacities in other animals. 
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ABSTRACT 
Progressive Supranuclear Palsy (PSP) is a severe parkinsonian syndrome that is often misdiagnosed as 
Parkinson’s disease (PD). The two diseases have distinct underlying neuropathologies, but both affect 
cognitive function including impulsivity. Here we examined the mechanisms of cognitive impairments on 
response inhibition, using saccadic decisions in PSP and PD. 
We tested nineteen PSP, twenty-four PD and twenty-six controls in a saccadic go/no-go task by using a 
head-mounted infrared saccadometer. Subjects were cued on each trial to make a pro-saccade to a 
horizontal target or withhold their reflex saccade. We modelled the paradigm as a diffusion process 
between a “go” and a “no-go” decision boundary and fitted a hierarchical drift-diffusion model to 
behavioural data by using Bayesian parameter estimation approach. The model decomposes saccade 
latencies into four parameters describing latent decision processes: decision boundary, rate of 
accumulation, decision bias, and non-decision time.  
Both PSP and PD patients were impulsive: they had more commission errors in the “no-go” condition, 
but the commission errors and mean saccade latencies were similar between PSP and PD patients. 
However, the posterior model parameters between groups revealed significant disease-specific deficits in 
the mechanisms underlying go/no-go decisions. Both PSP and PD patients had slower information 
accumulation rate and faster non-decision time than controls, but PSP patients were severely biased 
towards the pro-saccade decision boundary than PDs and controls.  
The combination of a well-tolerated occolmotor paradigm and the sensitivity of the Bayesian modelling 
approach provide a useful biomarker for distinguishing different neurodegenerative diseases. The 



 

 

mechanistic differences underlying impulsivity were not observable from classical analyses of behavioural 
data, but were clear from the modelling approach, and provide a rational basis on which to develop and 
assess new therapeutic strategies.  
 
 
61. Human oscillatory activity in near-miss events 
Helena Alicart1, David Cucurell2, Ernest Mas-Herrero1, Josep Marco-Pallarés1,2 
1Cognition and Brain Plasticity Group [Bellvitge Biomedical Research Institute- IDIBELL], L’Hospitalet de Llobregat, 
Barcelona, 08097, Spain 
2Dept. of Basic Psychology, Campus Bellvitge, University of Barcelona, L’Hospitalet de Llobregat, Barcelona 08097, Spain 
 
ABSTRACT 
Introduction 
Near-miss events are situations in which an action has yielded a negative outcome but very close to its 
goal. They are known to have a direct influence on behavior, especially in gambling scenarios. Previous 
functional Magnetic Resonance Imaging (fMRI) studies have described an “anomalous” activity of brain 
reward-related areas following near-miss events. Nevertheless, because of the low time resolution of the 
fMRI technique, the participation of these areas in the expectation and in the outcome phase cannot be 
easily disambiguated. Hence, the goal of the present research was to study electrophysiological correlates 
(event-related potentials and oscillatory activity) in the expectation and outcome phases of near-miss 
events. 
Methods 
Twenty-four healthy volunteers (fifteen female) participated in the experiment. EEG was recorded using 
29 electrodes mounted in an elastic cap with standard positions, while participants were playing in a 
simplified version of a slot machine. Participants had 1000 points at the beginning of the task and they 
could bet 1, 5 or 25 points for each trial (out of 350 trials). There were four possible outcomes that were 
presented in a balanced pseudorandom order to ensure fixed proportions: gain (p=1/7), near-miss 
(p=2/7), loss (or full-miss, p=3/7) and no information (designed as a control condition, p=1/7). 
Results 
In the outcome phase, ERP analysis for the P300 component showed statistically significant differences 
between gain, near-miss and loss conditions. Near-misses presented an intermediate activity between 
gains and losses. In addition, time-frequency analysis for the theta (4-8 Hz), beta (15-22 Hz) and alpha (9- 
13 Hz) frequency-bands showed larger power increases for wins and near-misses compared to losses. The 
results of the beta-gamma (25-35 Hz) frequency-band analysis showed significant differences between the 
three conditions, being larger the power increase for gains followed sequentially by near-misses and 
losses. In the anticipation phase (one second before the outcome), power changes for these 
frequencybands 
were lower than in the resolution phase in all conditions. 
Discussion 
In the present study, we describe the activations in the different frequency-bands for gains, near-misses 
and losses. The oscillatory activity for gain and near-miss responses was larger than for losses in all 
frequencies but no differences, except in the beta-gamma frequency-band, were found between them. 
The current pattern of results is in agreement with previous neuroimaging studies showing that near-miss 
events recruit brain areas of the reward network. Likewise, these results show that near-misses are not 
processed as losses, but their oscillatory activity is very similar to the one elicited in the gain condition. In 
addition, present results suggest that oscillatory activity in the expectation phase does not play a crucial 
role in near-miss events. 
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Learning to adapt our behavior in rapid-changing environments requires, as other complex functions, the 
dynamic interplay of several specialized networks distributed across the brain, including those underlying 
motivational and attentional processes. Oscillatory activity has been suggested to provide a temporal 
context to establish such task-dependent interaction among different networks. In particular, previous 
studies using electroencephalography (EEG) have showed that mid-frontal theta oscillatory activity (4-8 
Hz) might be the responsible of the coordination of different networks during outcome monitoring 
(Cohen et al, 2011). Indeed, changes in the mid-frontal theta activity during feedback evaluation have been 
implicated in motivational processes (with higher responses in negative than positive outcomes,Cohen et 
al, 2007; Marco-Pallarés et al, 2008) and attentional mechanisms (with increases according to unsigned 
prediction errors, Cavanagh et al, 2012; Mas-Herrero & Marco-Pallarés, 2014). However, there are no 
studies investigating whether these two different effects on mid-frontal theta power –outcome valence and 
unsigned prediction error- reflect the activity of different regions engaged in different networks or the 
activity of one single region/network engaged during both effects. In order to tackle this problem, a 
multimodal EEG-fMRI design is required to combine the optimal temporal and spatial precision provided 
by each neuroimaging technique. In this study, seventeen participants performed a reversal learning task in 
two separate sessions in which EEG and fMRI were recorded. Our results indicate that individual 
differences in mid-frontal theta activity at outcome delivery was influenced by at least the activity of two 
different cortical sub-regions, the Supplemental Motor Area (SMA) and the Medial Prefrontal (mPFC) 
cortex,  which responded preferentially to outcome valence and UPE, respectively. Additionally, these two 
regions presented different connectivity profile during feedback evaluation: the SMA was functionally 
connected to the Salience Network (SN), while the mPFC was engaged with the Central Executive 
Network (CEN). Therefore, variations of mid-frontal theta power were reflecting the activity of at least 
two different sub-regions which, in turn, presented different connectivity profiles. Present results might 
suggest the involvement of mid-frontal theta activity in the coordination of the SN and the CEN during 
feedback learning.  
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ABSTRACT 
Using abstract modelling, we recently found a reinforcement learning model to give a good fit to human 
behaviour in a two-choice task [1]. Using this task as inspiration, we now consider neurocomputational 
models of reinforcement learning. 
The basal ganglia are often modelled to investigate the neural processes behind reinforcement learning 
and action selection. Existing models use rate based processing or spiking neuron models. In this work, 
we use population density techniques to model neural dynamics in the basal ganglia. Our population 
density modelling uses the MIIND neural simulator [2], this maintains distributions of membrane 
potentials for homogeneous populations of neurons. These populations influence each other through 
excitatory and inhibitory connections, which may incur a delay. Membrane potentials are calculated using 
an underlying leaky integrate-and-fire model with Poisson statistics, and a population firing rate is 
calculated. Using this technique, the influence of connection delays and refractory periods can be 
modelled in a biologically more plausible way than is possible with rate-based models.  
In this preliminary work, we consider action selection alone, without reinforcement learning, by 
simplifying the task to the following two-choice scenario: An agent is given a stimulus of one of two 
(easily distinguishable) colours and has to respond by pressing one of two response buttons. The agent is 
given an instruction (or rule)  to press button one in response to a red stimulus and press button two for a 
blue stimulus. Inputs to our model represent the two colours and the rule. We represent the rule by the 
strength of connections between neural populations, these connection strengths can then be altered or 
reversed. 
Our simple model of the basal ganglia includes direct and hyperdirect pathways for information flow from 
cortex to basal ganglia output nuclei. We show how the underlying distribution of membrane potentials 
gives an observed pattern of firing in response to the combination of our two inputs. We also examine the 
consequences of different strengths of influence of the hyperdirect pathway on the accuracy of the output. 
We show that population density modelling techniques allow us to observe some of the complex 
dynamics obtained when modelling individual spiking neurons, without the level of overhead of 
computational processing.  



 

 

In future work, we aim to incorporate reinforcement learning to adjust the representation of the rule in 
the model based on feedback given after the selection of actions. We aspire to create a biologically 
plausible model which recreates the behaviour observed in the task [1]. 
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ABSTRACT 
The ability to correctly decode others’ emotional expressions and to rapidly and accurately select the most 
relevant course of action bears survival advantages. Such ability depends not only on the proper 
identification of the emitted signal, often complex or ambiguous under natural settings, but also on the 
evaluation of its significance for the observer. Particularly, an angry face is more relevant when looking 
towards an observer who becomes the target of the threat, whereas a fearful face looking away from the 
observer may signal a potential threat in the environment (Sander et al., 2007; N’Diaye et al., 2009). Here, 
we aim to identify the mechanisms underlying the categorization of facial expressions of emotions and the 
impact of relevance on these mechanisms. More precisely, we intent to establish whether relevant stimuli 
influence category judgments by triggering a more precise encoding of their sensory features, by increasing 
response preparation in favor of one possible interpretation, or both.  
During a perceptual decision-making electroencephalography study (EEG, 63 electrodes), 24 subjects 
performed a fear/anger categorization task on ambiguous facial expressions of emotions. We manipulated 
parametrically the intensity of these emotional expressions (7 levels of angry and fearful expressions) and 
their threat relevance (direct or averted gaze) using 36 identities from the Radboud database (Langner et 
al., 2010), resulting in a total of 1080 stimuli for each subject.  
The ANOVA performed (7 intensities × 2 gaze directions × 2 emotions) on human categorization 
accuracy and reaction times showed a main effect of intensity (p < 0.001), as well as an emotion × gaze 
interaction (p < 0.001 and p < 0.05 respectively). Subjects performed better for averted fearful as 
compared to direct fearful faces (p < 0.01), and were contrarily better (p < 0.001) and faster (p < 0.05) for 
direct angry as compared to averted angry faces. Model fits revealed that the slope parameter of the 
psychometric curve (estimated independently for direct and averted gaze conditions) also showed an 
emotion by gaze interaction (p < 0.05), which indicates that relevant emotions (averted fear and direct 
anger) benefit from an increased perceptual sensitivity. Interestingly, the response bias parameter was also 
different between direct and averted gaze directions (p < 0.05), suggestive of an effect of gaze on response 
preparation.  
We regressed single-trial EEG signals against the intensity of emotional expressions (Wyart et al., 2012). 
Parameter estimates revealed significant correlations between intensity and EEG signals at 250 ms after 
stimulus presentation at frontal and temporal electrodes, and from 500 ms until response time at frontal 
and parietal electrodes. Comparison between relevant (direct anger and averted fear) and other emotional 
expressions at these electrodes revealed that intensity correlated better with EEG signals for relevant 
emotions first at 170 ms after stimulus onset, and later from 500 ms until response time. Time-frequency 
decompositions of motor EEG signals in the mu and beta band (8–32Hz) showed stronger lateralization 
of response preparation signals for relevant emotions as early as 160 ms after stimulus onset.  
To conclude, our behavioral and EEG data strongly support a dual influence of gaze on ambiguous 
emotion categorization in stimulus-selective and response-selective structures. Relevant emotions are 
processed with higher perceptual sensitivity, as reflected behaviourally in an increased psychometric slope, 
and neurally by a stronger encoding of emotion intensity in EEG signals at 170 ms after stimulus onset. 
Relevant emotions also trigger stronger motor preparation, as shown behaviourally by a change in 
response bias, and neurally by a stronger response lateralization in the mu and beta bands starting as early 
as 160 ms after stimulus onset. 
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ABSTRACT 
The dorsal anterior cingulate cortex (dACC) lies at the intersection of motivational, cognitive, and motor 
circuitry. This brain region has well-established monitoring and adjustment functions in reward-based 
decision-making (Rushworth et al., 2011; Hayden et al., 2011). Neuroanatomical connections are the 
foundation of a region’s functionality. The goal of these experiments was to delineate the circuits that 
subserve cingulate decision-making processes. Using traditional neuroanatomical tract-tracing techniques 
combined with 3-D modeling across individual cases, we reconstructed the anatomical links that allow the 
dACC to integrate multiple sources of information to guide future action. We used bidirectional and 
anterograde injections in multiple subareas of the dACC, non-cingulate frontal cortex, and amygdala. The 
dACC has substantial projections to and from emotion-related frontal regions (such as ventromedial 
prefrontal cortex), executive function frontal regions (such as dorsolateral prefrontal cortex), and motor 
frontal regions (such as premotor cortex). Importantly, the dACC contains multiple subregions (“hubs”) 
in which projections from diverse cortical and subcortical areas converge. Specifically, terminal fields and 
cell patches from injections in ventromedial prefrontal cortex, orbitofrontal cortex, dorsolateral prefrontal 
cortex, and amygdala overlap in discrete locations within the dACC. Most of these hubs occur in more 
rostral regions of the dACC, supporting a rostral-caudal functional gradient within this region. 
Anatomically, the hubs do not adhere to strict cytoarchitectonic boundaries, and can only be identified 
with tract-tracing. In addition, preliminary analyses indicate that rostral dACC, relative to caudal, projects 
more strongly to the dorsal raphe nuclei and receives more projections from the basolateral amygdala. 
These patterns of connectivity will constrain the types of information available to specific subregions 
within the dACC. Recently, Heilbronner and Platt (2013) have argued for a role for the posterior cingulate 
cortex (PCC) in performance monitoring, putting it in a similar functional category as PFC more generally, 
and dACC specifically. In order to more fully understand the circuits by which such cingulate-general 
functions may emerge, we have also analyzed the connections of the PCC with the frontal cortex, which 
are substantial. For this, we used bidirectional and anterograde injections in both the PCC and the frontal 
cortex. Preliminary stereological analyses and 3-D models indicate that the PCC connects both more 
strongly and to a greater area within the dorsal prefrontal cortex than the ventral prefrontal cortex. That is, 
anterograde and retrograde connections between the PCC and the dorsolateral prefrontal cortex, dACC, 
and dorsomedial prefrontal cortex are stronger than the connections between the PCC and the 
ventromedial prefrontal cortex, subgenual cingulate, orbitofrontal cortex, and ventrolateral prefrontal 
cortex. In addition, the prefrontal cortex connects to specific hubs within the PCC: terminal fields and cell 
patches from multiple prefrontal areas converge in hubs within the PCC. As in dACC, these PCC hubs 
may integrate the multiple streams of information necessary for monitoring functions. 
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ABSTRACT 
Introduction  
The ability to cancel an action which is no longer appropriate is essential for decision-making in a 
changing world. This type of response inhibition is commonly impaired in Parkinson’s disease, even in the 
absence of impulse control disorders1. The aetiology of this deficit is multifactorial, including the loss of 
noradrenergic and serotonergic projects to the forebrain and structural change in frontostriatal circuits2-4.  



 

 

Our recent studies have showed that selective noradrenaline (atomoxetine) and serotonin (citalopram) 
reuptake inhibitors improve response inhibition in a subgroup of patients with Parkinson’s disease, in 
terms of both performance and brain activity5, 6. However, the impact of treatment depends on individual 
differences in clinical characteristics and brain imaging measures. Here we developed predictive models to 
identify the behavioural response of each single patient to these new candidate therapies, using 
demographic and clinical data in combination with brain imaging measures.  
Methods 
We used a double-blind randomized three-way crossover design, and investigated stop efficiency (as 
measured with stop-signal reaction time) of 34 patients with Parkinson’s disease, after atomoxetine (40mg) 
or citalopram (30mg) versus placebo. Diffusion-weighted and functional MRI measured the structural 
connectivity and regional brain activation, respectively.  
Results 
A support vector machine with leave-one-out cross validation optimized two models: (1) a clinical 
predictive model that predicted the behavioral response of a given patient with 79% accuracy for both 
Atomoxetine and Citalopram, using demographic data (age), clinical measures of disease severity, 
cognitive impairment, levodopa equivalent dose and drug level, as well as structural connectivity measures 
of frontostriatal tracts (fractional anisotropy and mean diffusivity); (2) a mechanistic model that explained 
the behavioral response with 85% accuracy for either drug, including the drug-induced change of 
activation in the pre-supplementary motor area, right inferior frontal cortex and bilateral striatum.  
Conclusion 
We confirmed that increasing noradrenaline or serotonin neurotransmission improves stop efficiency of a 
subgroup of patients with Parkinson’s disease. The value of our mechanistic model lies partly in the link it 
provides to preclinical and comparative studies of noradrenergic and serotonergic systems for motor and 
cognitive control7-10. The predictive model is of special relevance to prospective trialists and clinicians, 
because it enables an accurate prediction of patients’ responses after treatment, and would be applicable to 
the stratification of future clinical trials and treatment decisions for individual patients. 
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ABSTRACT 
Although mood effects on confidence are a well-established phenomenon, its sources remain unclear. 
While economists have shown the desirability of a prospect may influence its probability estimate, 
psychologists have focused on the impact of irrelevant, lasting affective states (moods) on self-confidence. 
Here, we propose a neurobiological explanation to mood-confidence interactions and test its implications: 
because value and confidence judgments rely on the same neural substrate, contaminations across 
valuation and confidence judgments concerning unrelated objects could occur in both directions on a 
short time-scale. In addition to providing a biological explanation for a well-documented psychological 
effect, our theory makes several testable predictions: 1) contaminations should occur in both directions – 
from valuation to confidence judgment and vice-versa –, 2) they should occur even when those two 
judgments concern distinct unrelated objects and, 3) it should be possible to observe such effects on a 
very short time-scale using small variations in mood and confidence. We present two behavioral 
experiments supporting this hypothesis. 
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ABSTRACT 

Previous studies in experimental psychology have suggested that exerting self-control enhances 
impulsivity in subsequent choices. Here, we compare the effects of cognitive and motor efforts on inter-
temporal choices, at both the behavioral and neural levels.  

In total, 81 healthy adults participated in the study, divided into four groups. FMRI data were 
acquired in a subset of 59 subjects, while they were performing cognitive control tasks, intermingled with 
inter-temporal choices (between a small immediate payoff and a larger delayed payoff). There were two 
fMRI sessions, at the beginning and at the end of the experiment. In between, group 1 (n=29) performed 
a series of hard cognitive tasks (3-back and contextual control tasks), group 2 (n=24) exerted intense 
physical effort (on a home bike), group 3 (n=12) performed easy cognitive tasks (1-back and sensorimotor 
control), and group 4 (n=16) read newspapers or played video games.  
 Behavioral data showed an increase in impulsive choices (preference for immediate rewards), after 
hard cognitive work (in group 1), specifically. At the neural level, only group 1 exhibited a decrease in the 
activity of the prefronto-parietal network involved in both cognitive control and inter-temporal choices. 
These findings are consistent with the theory that cognitive control resources might be depleted after 
intensive use, releasing impulsive tendency to go for immediate gratification. 
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ABSTRACT 
A cognitive state of  pathological uncertainty about environmental regularities might represent a key step 
in the pathway to psychotic illness. Early psychosis can be investigated in healthy volunteers under 
ketamine, an NMDA receptor antagonist. Here, we explored the effects of  ketamine on contingency 
learning in a placebo-controlled, double-blind, cross-over design. During fMRI, participants performed an 
instrumental learning task in which cue-outcome contingencies were varied across both trials and blocks. 
Bayesian model comparison indicated that in such unstable environment, reinforcement learning 
parameters are down-regulated depending on confidence level, an adaptive mechanism that was 
specifically disrupted by ketamine administration. NMDA blockade effects were underpinned by neural 
activity in a fronto-parietal network, which reflected the confidence-based shift to exploitation of  learned 
contingencies. Our findings suggest that an early characteristic of  psychosis lies in a persistent doubt that 
undermines the stabilization of  behavioral policy.  
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ABSTRACT 
Introduction: Emotion recognition is the social perceptive domain of social information processing, 
defined as the ability to make rapid online judgments about another person’s emotional state. It is a 
prerequisite for correct attribution of mental states (’Theory of Mind’). Less activation of the left inferior 
prefrontal cortex, an area, which includes the motoric speech area as well as mirror neuron activity, was 
identified as a neurophysiological signature of this deficit in patients with schizophrenia. Transcranial 
direct current stimulation (tDCS) is a non-invasive technology for temporary and polarity specific 
modulation of cortical activity and cognitive function. Anodal tDCS usually induces facilitation and 
cathodal tDCS induces a range of effects, leading to behavioral changes. BDNF regulates synaptic 
transmission and activity-dependent plasticity, modulates NMDAR-dependent LTP and LTD. tDCS 
strengthens synaptic connections through a mechanism similar to long-term potentiation. The effect of 
BDNF Val66Met polymorphism is shown on cortical excitability that exposing to cathodal and anodal 
tDCS, Val66Met BDNF genotype had a stronger tendency in both of increase and decrease in MEPs. 
BDNF may improve signal-to-noise ratio through direct actions at presynaptic terminals and less noise 
reduction may take place in the Met allele carriers. We hypothesized that 1mA cathodal tDCS leads to an 
enhancement of emotion recognition ability in healthy participants of BDNF heterozygotes compared to 
the BDNF-homozygotes (Val66Val). 
 
Method: In a double-blind, randomized, placebo controlled cross-over design, healthy subjects (n=54) 
underwent cathodal tDCS (1mA, 5min prestimulation + stimulation during the task), while performing the 
’reading the mind in the eyes’ (RME) test where subjects have to infer mental states from pictures that are 
depicted on others' eyes. The stimulating electrode was placed over the left iFC (EEG 10/20 system: F3) 
and the reference electrode supraorbital on the right. Following blood samples were taken to be 
genotyped via TaqMan®SNP Genotyping Assays for BDNF polymorphism rs6265 estimation. 
 
Results: No significant difference between the error rates of the two different BDNF genotypes 
(BDNFval66val= 31, BDNFval66met =23) was found. 
 
Conclusion: Cathodal tDCS of the left iFC has no effects on accuracy and speed of emotional 
recognition in healthy subjects; likewise it has no BDNF polymorphism associated effect on accuracy and 
speed of reading mind in the eye task (RME) in healthy subjects.  
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ABSTRACT 
Categorical perception is a ubiquitous phenomenon [1]. Its main characteristic features show up in the 
psychophysics when the stimuli are ambiguous, near the boundary between categories in stimulus space. 
We show that these features emerge as byproduct of optimal neural coding, optimality being defined in 
terms of information content and Bayesian decision when the task is to decide which category the cue 
belongs to [2,3]. We model experiments on monkeys where categorical perception is acquired through a 
reward protocol [5].  
In a difficult discrimination task, the brain has to face two independent sources of uncertainty: 
categorization uncertainty and neuronal uncertainty. The latter stems from neuronal noise, whereas the 
former is intrinsic to the category structure in stimulus space: categories like phonemes or colors typically 
overlap, so that a given stimulus might belong to different categories. Here [2], we propose a general 
neural theory of category coding, in which these two sources of uncertainty are quantified by means of 
information theoretic tools. We analytically show how these two quantities combine at both coding and 
decoding stages of the information process. Considering optimal representations, we derive formulae 
which capture different psychophysical consequences of category learning – a better discrimination 
between categories, and longer reaction times to identify the category of a stimulus lying at the category 
boundary.  
Adopting the diffusion-to-bound approach to model the decisional process, we relate analytically the bias 
and variance of the diffusion process to quantities that are behaviorally measurable. A major consequence 
is the existence of a quantitative link between reaction times and discrimination accuracy. The results 
account for empirical facts, both qualitatively and quantitatively (working on published experimental data 
on phoneme identification tasks) [3].  
In most experiments involving the learning of discrete categories, categorical perception is acquired 
through a particular reward protocol. Remarkably, monkeys can learn discrete categories (such as ‘cat’ / 
‘dog’) while performing a behavioral task without explicit instruction related to the categories [4]. The 
reward protocol is such that the monkey always gains some reward if it performs correctly an easy 
learnable task, but it can considerably increase its cumulative reward if it can make a proper use of 
categorical cues, that is if it is able to distinguish between the two categories. When controlling for the 
degree of ambiguity of the cue, the experiments indicate that the monkey acquires categorical perception. 
To gain some insight on how categorical perception builds up through learning, we have modeled these 
behavioral experiments assuming a reinforcement learning scheme [5]. The neural and behavioral 
properties in the model are qualitatively similar to those derived from assuming optimal coding. The 
model parameters can be fitted to match the experimental behavioral results quantitatively.  
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